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Abstract

Asthma is a chronic inflammatory disease characterized by
airway wall remodeling in which vascular remodeling is
thought to be a main contributor. Vascular endothelial
growth factor (VEGF) is known as a major regulator of angio-
genesis and enhancer of vascular permeability. Here, we de-
fine the spatial nature of vascular remodeling and the role of
VEGF and its receptors (FIt-1 and Flk-1) in the allergic re-
sponse in mice (A/J) susceptible to the development of al-
lergen-induced airway hyperresponsiveness using morpho-
metric and quantitative approaches. Increased vascularity,
vasodilatation, and endothelial cell proliferation were found
in the tracheal and bronchial walls in the early and late phas-
es of asthma. Vascular changes were observed not only in
small vessels but also in larger vessels. In contrast to normal
control, lung tissue from the asthma model showed dual ex-
pression for CD31 and von Willebrand factor in the endothe-
lial cells and a-smooth muscle actin and desmin in the mural
cells of the vessels, suggesting a phenotypic and functional
transformation. The mRNA levels of VEGF isoforms, VEGF 44

and VEGF,gg, were significantly increased in the tracheal and
lung tissue, respectively. In addition, the mRNA level of VEGF
receptor Flk-1 was significantly increased in the trachea.
These results establish the existence of vascular remodeling
in the airways in a mouse model of allergic asthma and sup-
port a key role for the expression of unique VEGF isoform
genes as mediators of structural changes.

Copyright © 2008 S. Karger AG, Basel

Introduction

Asthma is a complex disease characterized by airway
inflammation with exaggerated Th, cell, airway hyper-
responsiveness and airway remodeling. Chronic inflam-
mation leads to structural changes within the airways in-
cluding an increase in the mass of smooth muscle (SM),
the number of blood vessels (angiogenesis), and deposi-
tion of extracellular matrix proteins (collectively referred
to as airway remodeling). In general, remodeling is an
alteration in the size, mass, or number of tissue struc-
tural components that occurs during growth or in re-
sponse to injury and/or inflammation. One of the impor-
tant contributors to airway wall remodeling appears to be
vascular remodeling. Vascular remodeling includes vas-
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cular phenotype changes, increase in vessel number/unit
area and increase in vessel activity, namely vasodilata-
tion, leakage and cell migration to target tissue. All these
processes lead to airway wall thickening and reduced air
flow. It is therefore intriguing to clarify factors involved
in airway vascular remodeling in asthma, which may re-
sult in vascular phenotype changes, increase in vessel
numbers as well as activity suggested by vasodilatation,
vessel leakage, and cellular margination and transmigra-
tion to target tissues. In addition, vascular alterations
have been suggested to contribute to the airway hyper-
responsiveness or obstruction.

In asthma, an increase in vessel size, vessel number,
and vascular surface area, and the overexpression of
VEGF (referred to as VEGF-A) hasbeen suggested. Mouse
VEGF-A mRNA exists in at least five isoforms, VEGF,,
VEGF144, VEGF164, VEGF]gg and VEGF205, produced by
alternative splicing of a primary transcript from a single
VEGEF gene [1]. The different isoforms have been reported
to exhibit distinct biologic activities [2] and expression
levels in different tissues [1] or the same tissue at various
stages from embryo to adult [3]. However, the mecha-
nisms regulating each VEGF isoform remain largely un-
known. The various VEGF isoforms share two main ty-
rosine kinase receptors, Flt-1 (VEGFR-1) and KDR/Flk-1
(VEGFR-2) [4], but fulfill somewhat different functions
in vivo as revealed by targeted gene disruption experi-
ments [5, 6].

The development of a mouse model of asthma has giv-
en new insights into mechanisms of vascular responses.
In the present study, our objective was to assess spatial
and phenotypic changes in vascular remodeling and the
role of VEGF and its receptors Flt-1 and Flk-1 in an oval-
bumin (OVA)-induced mouse model of allergic asthma.
This animal model closely resembles human allergic
asthma physiologically, serologically, immunologically,
pathologically, and molecular biologically [7, 8].

Materials and Methods

Animals and Sensitization

Male A/] mice, a strain known to be genetically predisposed
to airway hyper-responsiveness to acetylcholine [7], purchased
from SLC (Shizuoka, Japan), were initially immunized (IgE) by 4
times intraperitoneal injection of 10 pg OVA + 2 mg aluminum
hydroxide gel (on weeks 0, 4, 5, and 7). Subsequently, 20 mg/ml
OVA inhalations were done for 20 min everyday for 1 week (con-
sidered early phase of asthma, 15-16 weeks old, body weight 17.4-
24.2 g) or 5 weeks (late phase of asthma, 19-20 weeks old, body
weight 26.3-29.8 g), using the ultrasonic nebulizer 3 ml/min
(Omron, Tokyo, Japan). Mean particle diameter was 3.0 pm. Un-
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treated A/] mice were used as control subjects (14-17 weeks old,
body weight 25.9-30.0 g). Care and use of the animals followed
the guidelines ‘Principles of Laboratory Animal Care’ formulated
by the National Society for Medical Research. These mice were
specified as pathogen free.

Intraperitoneal administration of OVA + alum leads to aller-
gen-specific Th, immunity which was necessary for respiratory-
tract antigen challenge to efficiently induce allergic asthma. A
previous report has demonstrated that this mouse model showed
the following characteristics: (i) induces airway hyperresponsive-
ness to acetylcholine, (ii) increased serum total IgE and OVA-spe-
cific IgE, (iii) analysis of bronchoalveolar lavage fluid showed
both increased number of total cells and the fraction of eosino-
phils, (iv) histologically, airway ciliated cells were replaced by mu-
cus-secreting cells and many inflammatory cells accumulated in
the subepithelial area by hematoxylin and eosin (HE) and peri-
odic acid-Schiff staining, and (v) induces inflammatory cytokine
mRNA expression, e.g. IL-4 and IL-5, in the lung [8]. Collectively,
they mimicked human asthma physiologically, serologically, im-
munologically, pathologically and molecular biologically.

Vascular Perfusions

Within 24 h after the last aerosol OVA inhalation, animals
were anesthetized with Nembutal (pentobarbital sodium, 30 mg/
kg i.p.) and dissected. Under anesthesia, the diaphragm of mice
was opened keeping the physiological blood circulation in tho-
racic cages aslong as possible in order to avoid damage to the chest
cavity. A catheter with a sharp point (0.9 mm inside diameter) was
inserted into the ascending aorta from the apex of the heart and
clamped. FITC-dextran was infused or instantly 24 ml of 0.5%
heparin sodium was perfused at 5 ml/min, followed by 20 ml of
4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS),
pH 7.4, at the same speed for fixing. After cutting a midline inci-
sion in the sternum, the trachea was removed and opened outward
at the site of the membranous part of the trachea. The examina-
tion site was the 3rd cartilage from the carina of the trachea to the
2nd cartilage site of the left bronchus. Remaining bilateral bronchi
and lung tissue were embedded in OCT compound and frozen in
liquid nitrogen for HE and immunofluorescence staining.

Staining of Whole Tracheal Microvasculature

After the trachea was removed and opened, we treated the
whole flattened tracheal tissue with 0.1% Triton X-100 for osmosis
of antibodies. Briefly, tracheal tissue was placed in a laboratory
dish and treated in a floating fashion with 0.1% Triton X-100 (Sig-
ma, St. Louis, Mo., USA) in PBS for 1 h, followed by rinsing with
PBS for 5 min. Then the tissue was similarly treated overnight at
4°C with primary antibodies; (i) rat anti-mouse CD31 (platelet
endothelial cell adhesion molecule, PECAM-1) monoclonal anti-
body diluted 1:50 with 1% bovine serum albumin in PBS (BD
Pharmingen, Franklin Lakes, N.J., USA), and (ii) rabbit anti-von
Willebrand factor (VWF) polyclonal antibody (diluted 1:400;
DAKO, Copenhagen, Denmark). Next, the tissues were washed
with PBS 3 times each for 5 min, 0.1% Triton X-100 in PBS for 1 h,
PBS once for 5 min, and finally incubated for 2 h at room tem-
perature in the secondary antibodies: (i) Alexa Fluor 594 (Al-
exa594)-labeled goat anti-rat IgG (Molecular Probes, Eugene,
Oreg., USA), and (ii) FITC-labeled goat anti-rabbit IgG (Vector
Laboratories, Burlingame, Calif., USA) diluted 1:100, respective-
ly, followed by rinsing with PBS 3 times, each for 10 min. Fluores-
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cent-stained tracheas were mounted in 10% glycerin in PBS and
examined with a laser scanning confocal microscope (TC-SP;
Leica, Heidelberg, Germany).

Staining of Lung Tissue

Peripheral lung tissue was fixed by vascular perfusion with 4%
paraformaldehyde in PBS. Following removal of the trachea, the
remaining bilateral lung tissue was excised and soaked in 4%
paraformaldehyde/PBS for 1 h. The tissues were treated with 15,
20, and 30% sucrose each for 4 h, respectively, then embedded in
OCT compound (Chiba Medical, Chiba, Japan) and frozen in liq-
uid nitrogen. Frozen blocks were sectioned at 4-6 wm using a
cryostat microtome (Clinicut; Shiraimatu, Shiga, Japan), stained
for CD31/vWF, CD31/desmin and CD31/a-SM actin (aSMA) us-
ing a double immunofluorescence method and observed by alaser
scanning confocal microscope (TC-SP, Leica). Briefly, cryostat
sections were incubated in 10% normal goat serum (Sigma) for 20
min at room temperature to block nonspecific antibody binding.
Next, the sections were incubated overnight at 4°C in humidified
chambers in combinations of two diluted primary antibodies.
Phenotypic characterization of endothelial cells was performed
with the following antibodies: rat anti-mouse CD31 monoclonal
antibody (diluted 1:50 with 1% bovine serum albumin in PBS;
BD Pharmingen), rabbit anti-vWF polyclonal antibody (diluted
1:400; DAKO), rabbit anti-desmin polyclonal antibody (diluted
1:200; DAKO Cytomation, Carpinteria, Calif., USA), and FITC-
conjugated mouse anti- «aSMA monoclonal antibody (diluted
1:250, Sigma). After several rinses with PBS, specimens were in-
cubated for 2 h at room temperature with fluorescent secondary
antibodies: (i) Alexa594-labeled goat anti-rat IgG (Molecular
Probes), and (ii) FITC-labeled goat anti-rabbit IgG (Vector Labo-
ratories) diluted 1:100 followed by several rinses in PBS. Finally,
specimens were mounted in 10% glycerin in PBS.

Sections were stained for CD31/aSMA/TOTO-3 by the triple
immunofluorescence method. After incubation with the primary
and secondary antibodies (same as above), sections were incu-
bated for 0.5 h at room temperature with TOTO-3 for nuclear
staining. Finally, after several rinses with PBS, the sections were
mounted in 10% glycerin in PBS.

All immunofluorescence staining sections were examined by
a laser scanning confocal microscope. OCT compound sections
were also evaluated by routine HE staining and examined with a
light microscope (Eclipse E800M light microscope; Nikon, To-
kyo, Japan) equipped with Nomarski differential interference
contrast technique. We observed and saved immunofluorescence
and HE images from the same vessels. Each group of triple im-
munofluorescence images were merged together for presenta-
tions.

Vessel Measurement and Cell Count

Measurements of vessel perimeter and diameter in each group
were performed using the NIH Image]J, and 150 vessels were mea-
sured in each group (30 vessels per mouse). We divided the vessels
into three groups according to the diameter (large vessels: diam-
eter >100 wm; middle vessels: diameter 40-100 wm, and small
vessels: diameter 10-40 pm). We counted the number of endothe-
lial cells and mural cells and compared them in normal and asth-
ma models among different groups. To avoid errors resulting
from sectioning directions, we selected vessels that were sec-
tioned with respect to the long axis of the vessel.
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RT-PCR Analysis

Bronchial and lung tissue of A/J asthma (5 mice) and control
mice (5 mice) was used for reverse transcription-polymerase
chain reaction (RT-PCR) to assess the expression of mRNA iso-
forms of VEGF and its receptors. For RT-PCR, tissue was isolated
directly after anesthesia and frozen in liquid nitrogen. Total RNA
was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Ger-
many) with DNase treatment. cDNA was synthesized from total
RNA with oligo(dT) as a primer using SuperScript II RNase H-
Reverse Transcriptase (Gibco BRL, Rockville, Md., USA) at 37°C
for 1.5 h. PCR was carried out for VEGF and VEGF receptors
(FIt-1 and Flk-1) using an 1-pl aliquot of cDNA mixed from 5
mice.

We devised an RT-PCR strategy to analyze different murine
VEGF isoforms using one common forward and reverse primer.
Since all VEGF isoforms share the same exons (1-5 and 8), the
common forward and reverse primers were able to amplify all
VEGEF isoforms. The following primers spanned these variable
splice regions of VEGF mRNA: forward: TAC ATC TTC AAG
CCG TCC TGT, and reverse: TCC TCT TCC TTC ATG TCA
GGC. Using the described primers, the expected PCR products
for each VEGF variant would be: 382, 454, 514, 586 and 637 bp for
the VEGF isoforms of 120, 144, 164, 188 and 205 amino acids, re-
spectively. The following primers of VEGF receptor (Flt-1 and
Flk-1) mRNA were used: Flt-1 forward: GTC AAT GAG CCA
TCA AAA GGA; Flt-1 reverse: TGT TCT CAT CCG TTT CTC
TGG, and Flk-1 forward: ATA TCC CAT TGG AGG AAC CA,
and Flk-1 reverse: TCA ACA CA CAA AGC ATT GCC. Using the
described primers, the expected PCR products for VEGF Flt-1
and Flk-1 would be 598 and 690 bp, respectively. The PCR of
VEGF was performed at 94°C for 30 s, 57°C for 30 s, and 72°C
for 1 min. After 30 cycles of amplification, cDNA products were
electrophoresed on 2% agarose gels and visualized with SYBR
green I (Molecular Probes), and band images were captured using
Molecular Imager FX, and normalized to or against glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) signal intensity.
GAPDH was used as an internal control and detected at uniform
levels. The analyses were done using NIH Image Software. The
PCR of VEGF Flt-1 and Flk-1 was performed at 94°C for 30's,56°C
for 45 s, and 72°C for 1.5 min for 30 cycles.

Statistical Analysis

Experimental group sizes consisted of 5 mice per group. All
values were recorded as means £ SEM (SE). The significance of
differences between means was assessed by the t test for compar-
isons, with statistical significance set as p < 0.05.

Results

Histological Features of Normal Lung Tissue, and

during Early and Late Phases of Asthma

The representative micrographs from HE-stained sec-
tions of control lung and early- and late-phase asthma in
A/] mouse lung focusing on the bronchial structures are
depicted in figure 1. Compared to the controls (fig. 1a),
inflammatory cell infiltration, prominent SM cells

Suetal.



‘ L
e 5 Conto

| 27
N -

Fig. 1. Representative micrographs from HE-stained sections of control, early-phase and late-phase asthmatic
A/] mouse lung showing bronchial structures (asterisks). Compared to the control (a), inflammatory cell infil-
tration, prominent SMCs (arrows), collagen deposits, edema, and thickening of the bronchial wall are seen in
the early (b) and late phase (c) of asthma. Also, bronchial epithelial cells demonstrate metaplastic change into
mucin-producing type (b, c).

60 — [ Control *
[ Early phase ]
50 4 [ Late phase
Fig. 2. Enhanced vascularity and vasodilatation were observed in § 40 *
the tracheal (a-c) and bronchial walls (d-f) in the early (b, e) and =z
late phases (c, f) compared to the control (a, d); twisting of the é 307
capillaries, dilatation and leakage (arrows) were observed in the ¢ 204
tracheal wall vessels in the late phase, too (c). Vascularity in mu- < -
rine tracheal and bronchial wall vessels was detected by morpho- 10+
metric measurements of area densities (% of total tissue area),
showing a significantly enhanced vascularity in the tracheal walls g 0 Tracheal wall vessels Bronchial wall vessels

in the late phase, and in the bronchial wall, both in the early and
late phase of asthma (g). * p < 0.05.
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(SMCs), collagen deposits, as well as edema leading to the
thickening of the bronchial wall are noticed in the early
(fig. 1b) and late (fig. 1c) phase of asthma. In addition,
bronchial epithelial cells show a metaplastic change into
the mucin-producing type (fig. 1b, ¢). These findings
confirm that the A/] mouse model of asthma presents the
typical histopathological features of human asthma.

Visualization of Tracheal and Bronchial Wall Vessels

To assess changes in the lung vascular network of the
A/] mouse asthma model, we attempted to visualize the
complex network of microvessels in tracheobronchial
trees and lung parenchyma by injection of FITC-dextran
via the bronchial artery as previously reported [9]. In the
membranous part of the trachea, capillaries were ar-
ranged in parallel along the longitudinal axis of the tra-
chea figure 2a. They occasionally anastomosed with ad-
jacent vascular branches. In a thin layer covering carti-
lage matrices (approximately 50 wm thick), capillaries
showed a rather parallel array along the longitudinal axis
as found in the membranous part, and they converged
into a polygonal capillary meshwork in the intercartilage
soft part. These capillaries were connected with venules
running exclusively in intercartilage soft tissue of the tra-
chea. In the bronchial airways (fig. 2b), capillaries were
arranged in a ring-like pattern with a relatively constant
distance (about 20 pwm) between them. Each capillary
ring rarely made anastomoses, while the bronchial arter-
ies ran obliquely along the longitudinal axis of the bron-
chial tube. Peribronchial soft tissue was scarce in the
mouse lung and contained only a few microvessels.

By FITC-dextran infusion, enhanced vascularity and
vasodilatation were observed in the tracheal (fig. 2a—c)
and bronchial (fig. 2d-f) walls in the early (fig. 2b, e) and
late (fig. 2¢, f) phases as compared to the controls (fig. 2a,
d). In addition, twisting of the capillaries, dilatation and
leakage (arrows) were observed in the tracheal wall ves-
sels in the late phase (fig. 2c).

Vascularity in tracheal and bronchial wall vessels was
detected by morphometric measurements of area densi-
ties (% of total tissue area). The result showed a signifi-
cantly enhanced vascularity in the late phase in the tra-
cheal and bronchial wall, and in the early phase in the
bronchial wall of asthmatic mouse (fig. 2g).

Immunofluorescence Phenotypes of Endothelial and

Mural Cells

Whole tracheal tissue was stained for CD31 and co-
agulation factor, vWF, and the peripheral lung tissues
were stained for CD31/vWE, CD31/desmin and CD31/
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aSMA by a dual immunofluorescence method. Pheno-
typic characteristics of endothelial cells and remodeling
of blood vessels were observed in tissue sections from tra-
cheobronchial walls in the A/] mouse asthma model.

Phenotypes of Endothelial Cells in Mouse Trachea

CD31/vWF Expression

In dual immunofluorescence staining, CD31 was la-
beled with Alexa594 (red) and vVWF with FITC (green).
CD3l1 is also known as PECAM-1 that mediates cell-to-
cell adhesion and is constitutively expressed by endothe-
lial cell membrane.

Figure 3 demonstrates that the vascular network (all
types of blood vessels) expressed CD31. In contrast, com-
paratively larger vessels located in the intercartilage soft
part (morphologically looking like venules) expressed
both CD31 and vWF as illustrated by yellow color
(fig. 3a). In a thin layer covering cartilage matrices (ap-
proximately 50 wm thick), capillaries showed a rather
parallel array along the longitudinal axis and converged
into a polygonal capillary meshwork in the intercartilage
soft part (fig. 3d). These capillaries were connected with
venules running in intercartilage soft tissue of the tra-
chea corresponding to vWEF-positive vessels. In the
healthy control mouse, endothelial cells of venules lo-
cated in the intercartilage showed vWF positivity and
any other capillaries in the trachea were negative for
vWE. At higher magnifications, the microvessels located
in the border zone between cartilage and intercartilage
were characterized by a mosaic-like mixed distribution
pattern of CD31 and vWF expression in endothelial cells
(fig. 3d).

In contrast, the intercartilage capillaries in the asthma
model showed irregularity, enlargement, tortuousness,
having knob or boss, and sometimes interruptions in the
CD31 expressional pattern (red), reflecting angiogenesis
or vascular remodeling (fig. 3b, e). Concerning the char-
acteristics of the endothelial cell phenotype, in contrast
to normal control, we observed less and spotted CD31
expression in venules located in the intercartilage soft
part in the asthma model. The positive expression for
VWF (green) appeared in the endothelial cells located in
the cartilage and occasionally in the border zone between
cartilage and intercartilage (fig. 3b, c, e, f).

Phenotypes of Endothelial Cells in Mouse Lung

CD31/vWF Expression

In dual immunofluorescence staining, CD31 and
vWF were labeled by Alexa594 (red) and FITC (green),
respectively. In the normal mouse lung, the cytoplasm of
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Cartilage zone

Fig. 3. Immunofluorescence phenotypes of endothelial cells
(CD31/vWF) in mouse trachea. CD31 is labeled with Alexa594
(red) and vWF with FITC (green). In normal control (a), larger
vessels were double-positive for CD31 and vWF as yellow distri-
bution, and capillaries in the trachea did not express vVWF. At
higher magnification, the microvessels located in the border zone
between cartilage and intercartilage showed a mosaic-like mixed

alveolar capillary endothelial cells was devoid of vVWE,
though peribronchiolar and interlobar microvessels ex-
pressed VWF, as expected (fig. 4a). In areas beneath the
pleural tissue, the cytoplasm of capillary endothelial
cells tended to show an irregular positive reaction for
VvWF (fig. 4a, d). Previously, we identified that the capil-
laries in this area had blood supply from bronchial arte-
ries via pleural connective tissue by infusing carbon par-
ticles. The histological examinations of the carbon-in-
fused lungs proved that the carbon particles were
diffusely scattered in the capillary networks of bronchial
trees and pleural and perivascular connective tissue.
Thus the capillary endothelial cells in this area were con-
sidered to have the same phenotypic characteristics as in
the peribronchial lesion, and it seemed reasonable that
the subpleural capillary endothelial cells expressed vVWF
(tig. 4a).

Capillaries just under the bronchiolar epithelium in
the lamina propria showed CD31-positive and vVWF-neg-
ative expression (fig. 4b, e, arrows), and furthermore, the
number of capillaries located in this area seemed to have

Vascular Remodeling in Mouse Asthma

distribution pattern of CD31 on the surface of endothelial cells
and VWF inside the cells (d). The intercartilage capillaries in
the asthma model (b, c, e, and f) showed irregularity, enlarge-
ment, and tortuousness. Interrupting structures by Alexa594-
labeled CD31 (red), and positive reaction of FITC-labeled vWF
(green) appeared in the endothelial cells of capillaries. Scale bar:
100 pm.

increased. The vessels accompanying the bronchiole
seemed to express less VWF compared to normal mice.
Because plasma components produced as a part of asth-
matic inflammation may have attached to the inner sur-
face of the endothelium of this vessel, false red color ex-
pression of CD31 looked like double lining (nonspecific
change). Observation of the portion of mixed distribu-
tion of green and yellow color in the relevant blood ves-
sel wall at high magnification revealed that they might
be a coagulant complex containing vVWF rather than real
VWF expression in the cytoplasm of endothelial cells
(fig. 4e, f).

CD31/Desmin Expression

In dual immunofluorescence staining, CD31 and des-
min were labeled by Alexa594 (red) and FITC (green),
respectively. Vascular and bronchial SMCs containing
desmin were green. We focused on the pericytes around
the vasculature that immunoreactively expressed des-
min. Within normal peribronchial soft tissue, especially
at the margins of bronchial SM layers, some microvessels

Pathobiology 2008;75:42-56 47



Fig. 4. Immunofluorescence phenotypes
of endothelial cells (CD31/vWF) in mouse
lung. CD31 is labeled with Alexa594 (red)
and vVWF with FITC (green). In the normal
mouse lung (a), the cytoplasm of alveolar
capillary endothelial cells was negative for
vWE, though peribronchiolar and interlo-
bar microvessels expressed vVWF spottedly.
The capillary endothelial cells in the sub-
pleural area expressed vWF. The number
of capillaries located under the bronchio-
lar epithelium were apparently increased
in the asthma model (b, c). The vessels ac-
companying the bronchiole seemed to ex-
press less VWF than normal mice. Notic-
ing the part of mixed distribution of green
and yellow color on this blood vessel wall
at high magnification, it was considered
that they were coagulant complexes con-
taining vVWF rather than real vWF expres-
sion in the cytoplasm of endothelial cells
(e, f). Scale bar: 100 pm.

Fig. 5. Immunofluorescence phenotypes
of endothelial cells (CD31/desmin) in
mouselung. CD31 islabeled with Alexa594
(red) and desmin with FITC (green). With-
in normal peribronchial soft tissue, espe-
cially at the margins of bronchial SM lay-
ers, some microvessls stained for CD31
(red) with dappled yellow or green (a, d).
Occasionally, the endothelial cells in these
vessels were blended with yellow or green
distribution in the early phase of asthma
(b, e) but reappeared in the late phase of
asthma (c, f). Scale bar: 100 pm.

stained for CD31 (red) with yellow or green spots (fig. 5a,
d). Pericytes were present on the surface of endothelial
cells and might stabilize vessel walls, participate in the
regulation of blood flow in the microcirculation, and also
influence endothelial permeability, proliferation, surviv-
al, migration, and maturation [10].

In asthmatic mice with perivascular and peribronchi-
lolar edema and cell infiltration, CD31-positive micro-
vasculature was detected. Occasionally, endothelial cells
in these vessels were blended with yellow or green distri-
bution in the early phase of asthma (fig. 5b, e), though it

48 Pathobiology 2008;75:42-56

was obscure whether the expression indicated the real
desmin reactivity. However, desmin reactivity was ob-
served in the late phase of asthma (fig. 5¢, f). Overall, we
obtained the impression that there were less desmin-im-
munoreactive pericytes involved in asthmatic peribron-
chiolar microvessels than in normal mice.

CD31/aSMA Expression

In representative micrographs from double/triple im-
munofluorescence-stained sections of control, early-
phase and late-phase asthmatic A/J] mouse lung showing
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Fig. 6. Immunofluorescence phenotypes of endothelial cells (CD31/aSMA) in mouse lung. Vascular and bron-
chial SMCs contain aSMA (green color) and vascular endothelial cells express CD31 (red color). TOTO-3
stained in the nucleus (blue color). Inflammatory cells infiltrated around the vessels and vascularity increased
in early and late phases, being related with disease interval (a-I). The CD31/aSMA-stained tracheal wall in the
late phase of asthma showed numerous microvessels in the subepithelial layer and a SM A adjacent to the capil-
laries suggesting an arteriole or venule type (m). Scale bar: 50 pm.

Table 1. Subepithelial bronchial capillary phenotype

Endothelial cells Mural cells

CD31 vWF aSMA Desmin
Normal + - _ _
Asthma +

vascular structures and cells on the vascular wall (endo-
thelial and mural cells), vascular and bronchial SMCs
containing aSMA are shown by green color and vascular
endothelial cells expressing CD31 are shown by red color.
CD31-positive microvasculature was detected in asth-
matic mice. We counted the number of endothelial cells
and mural cells using a triple immunofluorescence stain-
ing (fig. 6a-1).

In the late phase of asthma, CD31/aSMA-stained tra-
cheal wall showed numerous microvessels in the subepi-
thelial layer and aSMA adjacent to the capillaries, sug-
gesting an arteriole or venule type (fig. 6m).

Vascular Remodeling in Mouse Asthma

In contrast to normal controls, lung subepithelial
bronchial vessels in the mouse model of asthma showed
dual expression for CD31 and vWF in the endothelial
cells, and aSMA and desmin in the mural cells, suggest-
ing a phenotypic and functional transformation (ta-
ble 1).

Endothelial and Mural Cell Changes in Mouse

Asthma

The number of endothelial cells per millimeter in-
creased in the late phase of asthma, showing a significant
difference in small vessels (fig. 7a). It is known that the
endothelial cells proliferate in asthma. Endothelial cell
proliferation correlated with suffering time of disease
probability. There are several origins of endothelial cells,
e.g. bone marrow-derived endothelial cells. It will take a
long time to reach the target tissue and become mature
cells. Endothelial cell proliferation was mainly noted in
small vessels, i.e. angiogenesis in asthma originated from
microvessels. Angiogenesis starts with a loss of pericytes
at the beginning and an increase in the number of en-
dothelial cells, possibly followed by branching (neovas-
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Fig. 7. Mean number of endothelial cells of large, middle and small vessels in control and asthmatic mice. En-
dothelial cells per length increased in the late phase of asthma especially in small vessels (a). Mural cells (SMCs)
per length decreased in early- and late-phase asthma, especially in large vessels (b). All the vessels included in

the results had mural cells.

cularization) and reappearance of pericytes. Confocal
scanning microscopy in control and asthmatic A/J mice
showed enhanced vascularity plus vasodilatation in the
periphery of lung tissue in the early and late phases com-
pared to the control blood vessels; enlarged, congested
capillaries are now known to be a manifestation of micro-
vascular remodeling instead of simple vasodilatation [11].

The number of mural cells (SMCs) per millimeter de-
creased in the early and late phase of asthma, especially
in large vessels (fig. 7b). All the vessels included in our
results had mural cells. Microvessels with diameters <10
pm were not included in the results. These vessels in-
cluded some non-mural cell capillaries and some new
capillaries which had no pericytes.

VEGF Isoforms in Mouse Asthma

All VEGF isoforms were visualized as clear and spe-
cific single bands, corresponding to the molecular weight
of each product (fig. 8a, c). The densities of VEGF mRNA
which were normalized against GAPDH density values
(tig. 8b, d) showed relatively higher expression of all iso-
forms in asthmatic tracheal and lung tissue compared
with those in normal tissue (mean * SE). The expression
of diffusible VEGF ;44 mRNA and VEGF;g3g mRNA was
significantly upregulated in the trachea and lung tissue,
respectively, in late-phase asthma (p < 0.05).

The possibility that VEGF plays an active role in mi-
crovascular remodeling was recognized by Hoshino et al.
[12], who also found that VEGF was upregulated in asth-
ma, confirming our observations. Using RT-PCR, we
successfully detected the signals from all three abundant
isoforms, VEGF,,, VEGF,44, VEGF,gg, and one rare iso-
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form VEGF,5 in both trachea and lung, but VEGF 44, the
other rare isoform, was only detected in the lung. The
expression of diffusible VEGF;q4, mRNA and VEGFg
mRNA was highly upregulated in late-phase asthma at a
statistically significant level in trachea and lung tissue,
respectively.

VEGEF Receptors in Mouse Asthma

The expression of Flt-1 mRNA, which was normalized
against GAPDH expression, did not differ between asth-
ma tracheal tissue and normal tissue (fig. 9¢c). Flk-1 was
not detected in normal tracheal tissue. The VEGF recep-
tor Flk-1 is increased in tracheal tissue in asthma. It is the
major mediator of the mitogenic, angiogenic, and perme-
ability-enhancing effects of VEGF-A. However, the im-
portance of Flt-1 signaling in the vascular endothelium is
largely unclear. There was no difference in the expression
of Flt-1 and Flk-1 mRNA, which was normalized against
GAPDH, between asthmatic lung tissue and normal tis-
sue.

Discussion

Allergic asthma is a disease characterized by inter-
mittent airway obstruction that causes difficulty in
breathing and, in the most severe cases, death from as-
phyxiation. Airway obstruction is mediated by hyperre-
sponsive bronchial SMCs, secreted airway glycoproteins,
and inflammatory debris produced by airway goblet
cells and other cells, as well as edema or swelling of the
airway wall [13]. These changes lead to the development
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of airway wall remodeling in which vascular remodeling
plays a major part. Vascular remodeling includes vascu-
lar phenotype changes, increase in vessel number/unit
area and increase in vessel activity, namely vasodilata-
tion, leakage and cell migration to target tissue. How-
ever, the knowledge as to what extent tracheobronchial
vessel walls undergo remodeling to cope with these phe-
nomena remains limited and specific changes in the vas-
culature that occur in the bronchial wall in asthma have
not been sufficiently investigated. Recent developments
in experimental animal models of allergic asthma have
helped us to understand some basic mechanisms that
take place in asthma. In a mouse model of asthma, we
address this issue with regard to the changes in the mi-
crocirculatory network of tracheobronchial walls and
endothelial cell expression.

Vascular Remodeling in Mouse Asthma

The vascular wall is composed of two principal cell
types. Endothelial cells that form the inner layer of blood
vessels need pericytes and SMCs (mural cells) to form a
stable and functional structure [14-16]. Large vessels are
covered by SMCs. In contrast, pericytes are confined to
newly formed vascular structures, and also present in
continuous and fenestrated capillaries, venules and arte-
rioles <30 wm in diameter. Defective mural cell coverage
is associated with a poorly organized and leaky vascula-
ture seen in tumors or other human diseases [17].

Vascular remodelingin asthmais controlled by growth
factors (e.g. VEGF). Currently, there is increasing evi-
dence to support a key role for VEGF, a major regulator
of angiogenesis and enhancer of vascular permeability, as
a mediator of structural changes in the airway wall in
asthma. VEGF has been postulated to act as an angio-
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genic agent in subepithelial vascularity alterations. Blood
vessels respond to VEGF by angiogenic sprouting [18],
and increased levels of VEGF have been suggested to ex-
ist in asthmatic airways [12]. Indeed, a central role for
VEGF in the pathogenesis and pathophysiology of asth-
ma has been proposed on the basis of sophisticated ani-
mal studies [19]. VEGF is a dimeric glycoprotein essential
for many angiogenic processes in normal and abnormal
states, such as tumor vascularization, mainly by interact-
ing with two tyrosinekinase receptors, FLT-1 [also known
as Flt-1 (Fms-like tyrosine kinase-1)] and FLK-1 [also
known as Flk-1 (fetal liver kinase-1) and, in humans, as
KDR (kinase insert domain-containing receptor)]. VEGF
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exhibits two major biological activities: one is the capac-
ity to stimulate vascular endothelial cell proliferation,
and the other is the ability to increase vascular permea-
bility. VEGF also promotes the survival and migration of
endothelial cells. In addition, recent studies have revealed
a variety of biological functions and the precise molecu-
lar mechanisms of the VEGF/VEGER system. In the cur-
rent study, RT-PCR detected increased mRNA expression
in VEGF isoforms, VEGF,s4 and VEGFgg, in the trache-
al and lung tissue, respectively, and Flk-1 receptor in the
trachea in mouse asthma. Further studies are needed to
confirm functional differences in these isoforms in the
mouse model of asthma.
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In normal airways, the tracheal and bronchial vascu-
lature has several functions that are essential for main-
taining homeostasis. These include provision of oxygen
and nutrients, temperature regulation, and humidifica-
tion of inspired air, as well as being the primary port of
the immune response to entering organisms and anti-
gens. We found enhanced vascularity and vasodilatation
in the tracheal and bronchial walls in the early and late
phases of asthma compared to the control tissue. More-
over, twisting of the capillaries, dilatation and leakage
were observed in the tracheal wall vessels in the late phase
of asthma. In asthma, the vasculature might contribute
to an alteration in tracheal and bronchial wall dynamic
properties through increased vessel caliber (vasodilata-
tion), increased vessel number (angiogenesis), and the
formation of interstitial edema within the airway wall
(microvascular leak) [20, 21]. Indirectly, submucosal ves-
sels act as ports of entry for inflammatory cells via up-
regulation of cell adhesion glycoproteins. They produce
cytokine growth factors, such as VEGF, that are capable
of autoregulation of endothelial function. All these find-
ings are consistent with previous reports and suggest that
angiogenesis and vascular remodeling are developed in
asthma.

Vascular endothelial cells are a heterogeneous cell
population whose morphology and function are specific
for a particular organ, vascular bed or microenviron-
ment. Endothelial cells express multiple antigenic deter-
minants and their expression is influenced by the organ
and the microenvironment in which these cells are found.
Alveolar capillary endothelial cells are immunohisto-
chemically distinct from those in the pulmonary mi-
crovessels. Previously, we have shown that the surface of
alveolar capillary endothelial cells expresses anticoagu-
lant thrombomodulin and their cytoplasm is devoid of
procoagulant vVWF in the human lung [22]. In contrast,
the cytoplasm of any other vessel, including the bron-
chial capillaries, venules, arterioles, and larger vessels in
the lung, consistently expresses vVWF. The connective tis-
sue microvessels (measuring >10 wm diameter) of the
bronchial circulation exclusively show positive reaction
for vWE, but they are unreactive for thrombomodulin.
Endothelial cells of the bronchial capillaries (<10 pm di-
ameter) and juxta-alveolar microvessels (approximate
mean <40 wm) located along the borders to the alveolar
zone are characterized by a mosaic-like mixed distribu-
tion pattern of thrombomodulin and vWF [22]. The
above-mentioned structural characterization of mouse
bronchial vasculature suggests that the phenotypic char-
acteristics of microvessel endothelial cells appear to be

Vascular Remodeling in Mouse Asthma

similar to those described previously in the human
lung.

CD31 mediates cell-to-cell adhesion and is constitu-
tively expressed on the surface of all types of vascular
endothelial cells. vVWF is localized in the cytoplasmic in-
clusions (Weibel-Palade bodies) of endothelial cells and
is widely accepted as one of the biological markers of en-
dothelial cells, except that normal alveolar capillary en-
dothelial cells often lack immunohistochemical reactiv-
ity for vWF [23]. In the mouse asthma model, vascular
endothelial cell phenotypes changed to CD31-, vVWF-,
aSMA-, or desmin-positive staining, suggesting a pheno-
typic and functional transformation. Airway vascular
networks increased, their lumens dilated, and the endo-
thelial cells proliferated. The number of endothelial cells
per unit vascular length increased in late-phase asthma.
The proliferation of endothelial cells, occurring mainly
in small-sized vessels, showed a positive correlation with
the suffering period of the asthmatic attacks. Mural SMCs
per unit vascular length decreased in larger vessels of
asthmatic animals, however, in chronic asthma, they re-
turned nearly to the level in the controls, suggesting that
vascular remodeling in large vessels may be reversible. In
addition, vascular remodeling in asthma occurred not
only in small vessels but also in large vessels.

Since VEGEF is also a potent permeability factor, our
data together with others suggest that VEGF may pro-
mote vascular SMC permeability and increase fibrin de-
position, as was observed in the late phase of asthma.
Further evidence suggests that VEGF receptors, Flt-1 and
Flk-1, are present not only on endothelial cells but also on
anumber of other cell types. Moreover, two independent
groups have detected functional VEGF receptors on vas-
cular SMCs that can induce migration but not prolifera-
tion [24, 25]. Local and environmental factors, including
blood pressure shear stress and a variety of toxic agents,
may contribute to the development of altered phenotypes
in vascular endothelial cells and mural cells.

It is well known that VEGF induces angiogenesis. In
the mouse, five VEGF mRNA variants encoding VEGF
isoforms of 120, 144, 164, 188 and 205 amino acids are
produced by alternative splicing of VEGF mRNA. The
important biological properties that distinguish the dif-
ferent VEGF isoforms are their heparin and heparan sul-
fate binding capability. VEGF,, lacks the amino acids en-
coded by exons 6 and 7 of the VEGF gene and does not
bind to heparin or to the extracellular matrix. The ad-
dition of the 44-amino-acid-long peptide encoded by
exon 7 of the VEGF gene distinguishes VEGF44 from
VEGF,pand confers heparin-binding ability on VEGF 4.
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VEGFy4 is distinguished by the presence of the 21-ami-
no-acid peptide encoded by exon 6. These amino acids
contain a second independent heparin-binding domain
and also elements that enable the binding of VEGF,44 to
the extracellular matrix. VEGF, g3 and VEGF,y; contain
the peptides encoded by exons 6 and 7 and display higher
affinity to heparin and heparan sulfates than do VEGF44
and VEGF44. VEGFgg is not secreted into the medium of
VEGFgg-producing cells. It is sequestered on heparan
sulfate proteoglycans on the cell surface and in the extra-
cellular matrix, and there are indications that it is less ac-
tive than either VEGF,,, or VEGF44 in vivo [26]. Most cell
types were found to produce several VEGF splice variants
simultaneously. Usually, the VEGF,,y and VEGF¢4 forms
are the predominant forms, but expression of the VEGF g5
isoform has also been seen in most VEGF-producing cell
types. In contrast, VEGF,44 expression is more restricted.
It was found to be expressed in cells derived from repro-
ductive organs [27]. The conditions of metabolic stress
and hypoxia are responsible for the upregulation of
VEGF44, as previously demonstrated in mouse ovarian
cancer cells under glucose starvation. Our results show
that VEGF 44 was expressed in the lung tissue but not in
the trachea, although differences among normal, early-
phase and late-phase asthma were lacking.

Zhang et al. [28] reported that human VEGFgy con-
tains a conserved nuclear localization motif, and is trans-
located to the nucleus. These findings also support the
unique biological features of the VEGFg3 isoform.
VEGFgs, which binds tightly to heparan sulfate and is
sequestered locally, may be involved in vessel mainte-
nance and specialization. In particular, the expression of
the VEGFg3 isoform is related to angiogenesis in certain
human solid tumors. The relative levels of the different
VEGF isoform mRNAs also differed from organ to or-
gan. VEGF, 44 was the most abundant isoform mRNA de-
tected in most of the adult organs. Among the organs
examined, the lung had the highest relative level of the
VEGF 33 mRNA.

During pathological neovascularization, both the ab-
solute and relative expression levels for VEGF ¢, increased
to a greater degree than during physiological neovascu-
larization. Under the same situation, VEGF ¢4 selectively
induces inflammation and cellular immunity. The cur-
rent paper demonstrates that the differential expression
of VEGF ¢4 results in leukocyte adhesion at the leading
edge of pathological, but not physiological, neovascular-
ization. However, VEGF isoforms other than VEGF4, in
combination, may be sufficient to promote normal phys-
iological neovascularization.
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The binding of VEGF ¢4 to endothelial cell surface re-
ceptors such as Flk-1 can be strongly enhanced by hepa-
rin. However, other studies have shown that heparin-like
molecules do not significantly potentiate the binding of
native VEGF 44 to Flk-1. Oxidized VEGF ;44 and VEGF,
lose their ability to bind to Flk-1. Cell surface heparan
sulfate proteoglycans restore the Flk-1-binding ability of
oxidized VEGF44. In contrast, the Flk-1 binding ability
of VEGF), cannot be restored by heparan sulfate proteo-
glycans after oxidative damage. These observations ex-
plain why VEGF, is less potent than VEGF4,4 for angio-
genesis. The VEGF isoforms have also been shown to
have different binding affinities for the two known high-
affinity VEGF receptors, Flt-1 and Flk-1. Recently, neuro-
pilin-1 was reported to be a coreceptor for VEGF¢,, but
it is unable to bind the VEGF,( isoform. These findings
suggest that differential receptor binding and/or extra-
cellular localization may result in distinct functions for
the different VEGF isoforms. VEGF binds to and acti-
vates two tyrosine kinase receptors and both receptors
are located on the vascular endothelium, but have diver-
gent functions in vivo. FIk-1 has been demonstrated to be
the active receptor involved in the mediation of major
growth and permeability actions of VEGF, whereas Flt-1
has been postulated to act as a modulating decoy to Flk-1,
thereby inhibiting Flk-1-VEGF binding [29]. Interesting-
ly, it is the decoy receptor Flt-1 that has the higher affin-
ity for the VEGF ligand [30], emphasizing its potential
strategic importance. Flk-1 mediates most of the endo-
thelial growth and survival signals, but Flt-1-mediated
signaling plays important roles in pathological condi-
tions such as cancer. Recent progress in the molecular
and biological understanding of the VEGF/VEGEFR sys-
tem provides novel and promising therapeutic strategies
for overcoming a variety of diseases. Flk-1 is the major
mediator of the mitogenic, angiogenic, and permeability-
enhancing effects of VEGF-A. Further studies are re-
quired to determine additional importance of Flt-1 sig-
naling in the vascular endothelium.

Although we did not observe any significant differenc-
es between the subjects with asthma and control subjects
in terms of Flt-1 mRNA expression either in trachea or
lung tissue, as well as Flk-1 mRNA expression in the lung
tissue, Flk-1 mRNA expression increased significantly in
the asthmatic trachea. This might suggest an abnormal
balance of VEGF signaling activity in asthma. It is plau-
sible, although somewhat speculative, that the Flk-1 re-
ceptor is actively engaged in enhanced VEGF signaling
and VEGEF activity in asthma, possibly contributing to an
increase in VEGF-induced microvascular remodeling.
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The relationships observed between VEGF or its re-
ceptors and vascularity suggest a complex, coordinated
control feedback system, even within the remodeling
process. Angiogenesis is the growth of new blood vessels
from existing vessels, whereas microvascular remodeling
involves structural alterations (usually enlargement) of
arterioles, capillaries or venules, without the formation of
new vessels. Changes in the microvasculature in chronic
disease may be in proportion to the increased metabolic
needs of tissues because of the overproduction of growth
factors that stimulate vessel growth and remodeling.
Also, blood vessels in diseased tissues usually have mul-
tiple abnormalities, ranging from the expression of mol-
ecules not found on normal vessels to alterations in en-
dothelial barrier function and leakiness. The presence of
angiogenesis in asthma and other airway diseases is be-
ing documented by an increasing number of studies. Fur-
thermore, blood vessels previously described as enlarged
congested capillaries are now known to be a manifesta-
tion of microvascular remodeling instead of simple vaso-
dilatation [11]. Nonetheless, the mechanism and thera-
peutic implications of alterations in airway blood vessels
are just beginning to be elucidated, and changes in the
microvessels still represent an important gap in the un-
derstanding of the pathophysiology of asthma and other
chronic inflammatory airway diseases.

In the healthy control mouse, endothelial cells of ve-
nules located in the intercartilage zone showed vVWF pos-
itivity and any other capillaries in the trachea were nega-
tive for vVWF. Paucity of the vVWF expression in cartilage
zone capillary endothelium seems to be reasonable for
maintaining fluent blood flow by inhibiting the induc-
tion of a coagulation cascade. This result reveals that en-
dothelial cells in tracheal vessels of the mouse asthma
model change their phenotype not only in respect to
structural, but also to functional features. These altered
or activated endothelial cells might contribute to the ves-
sel leakage associated with interstitial edema, and the cel-
lular migration involving various inflammatory media-
tors and growth factors consequently leads to airway-wall
thickening and hyperresponsiveness.

Vascular SMCs produce extracellular matrix and elas-
tic fibers that provide vessels with the necessary struc-
tural stability and elasticity. In early- and late-phase asth-
ma, SMCs in large vessels decreased according to our ob-
servation. The mural cells in large vessels are SMCs. In
the early and late phase of asthma, SMCs in large vessels
decreased according to our observation. These changes
may be related to vascular permeability and elasticity in
asthma. The changes in vascular SMCs suggested that

Vascular Remodeling in Mouse Asthma

vascular remodeling occurred in large vessels and vascu-
lar SMCs participated in vascular remodeling in the ear-
ly and late phases of asthma. Vascular wall remodeling is
a complex phenomenon in which the loss of differentia-
tion of vascular SMCs occurs. This phenotypical change
in vascular SMCs occurs after endothelial cell activation
and production of soluble factors in the microenviron-
ment, and is modulated by cell-to-cell interactions [31].

The morphological and molecular vascular changes
described in this study were based on the comparisons
between bronchi from asthmatic A/] mice and non-asth-
matic control A/] mice. Previous studies have shown
changes associated with the bronchovascular remodel-
ing process in non-allergic inflammation. In a study by
Garippo et al. [32], nasal instillation of nitric acid in a
mouse model of bronchiolitis showed distortion and re-
duction in the terminal bronchiolar lumen, increase in
bronchiolar and arteriolar wall thicknesses, deposition
of collagen fibers, and diffuse immune cell infiltration.
It was concluded that immune cell infiltration and col-
lagen/vascular remodeling are related to the spectrum of
histological changes in this mouse model. Furthermore,
to study the pathological features of airway inflamma-
tion and remodeling in rats with chronic bronchitis and
emphysema, Zhong et al. [33] demonstrated a signifi-
cantly increased neutrophil count in bronchoalveolar la-
vage fluid, thickening of SMs and collagen in the bronchi
and excessive depositions of extracellular matrix. Al-
though some of the changes found in our study may also
be seen in non-asthmatic bronchial inflammations, the
phenotypic changes of dual expression for CD31 and
vWF in the endothelial cells, and «SM A and desmin in
the mural cells of the vessels may be related to asthma.
Nevertheless, further studies comparing these findings
to those from the mechanically or chemically induced
bronchial injury are needed to confirm their specificity
to asthma.

Several methods of anti-angiogenic therapy have been
developed and evaluated with variable degrees of success
[34, 35]. Inhibitors of angiogenesis are heterogeneous in
terms of origin and potency, including proteolysis prod-
ucts of larger molecules with a different function, such as
endostatin, vasostatin and angiostatin, modulators of
VEGEF, such as sFlt-1, and some cytokines/chemokines
with marked anti-endothelial activity, such as IL-12,
IFN-o, and CXCL10 [34]. It may be possible that such ap-
proaches could help in alleviating allergic asthma as
well.

In conclusion, vascular alterations are involved in the
pathophysiology of allergic asthma. Angiogenesis and
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airway vascular remodeling not only lead to an increase
in the number and size of blood vessels in the airway but
also result in abnormality in the function of blood ves-
sels. Unique VEGF isoform genes appear to play an im-
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