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Abstract We have developed an in vitro model for
studying vascular injury. After 7-10 days in a three-
dimensional collagen gel culture, capillary-like tubes
were formed in the collagen gels. We injured these cap-
illary-like tubes with a laser microdissection system or a
scrape method with razors and then examined the col-
lagen gel culture by phase contrast and electron
microscopy. After laser injury, profuse necrotic cells
were observed around the injured capillary-like tubes
and within the tubular lumen compared to the razor
injury. We then isolated total RNA from these cultures
and prepared cDNA for investigations by quantitative
real-time reverse transcription polymerase chain reaction
(RT-PCR). Quantitative real time RT-PCR revealed the
up-regulation of transcription factor early growth re-
sponse-1 (Egr-1) after both laser and razor injury,
accompanied by the up-regulation of fibroblast growth
factor-2 (FGF-2), a proangiogenic factor downstream of
Egr-1. The effective laser energy is concentrated on the
minute focal spot only. These methods provide a useful
in vitro model for studying vascular injury.

Keywords Egr-1 - FGF-2 - Wound healing -
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Introduction

Angiogenesis, the development of vessels from preex-
isting vessels, is essential for wound healing (Nissen et al.
1998). Several techniques have been developed for in
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vitro studies on angiogenesis. Folkman and Haudens-
child (1980) and Montesano et al. (1983) found that the
formation of capillary-like tubes could be induced by
embedding endothelial cells in collagen gels. Later,
angiogenesis was induced in tissues with the use of fibrin
and collagen gels (Montesano et al. 1985), matrigel,
collagen, fibrin and plasma clot (Nicosia and Ottinetti
1990a). Among these various techniques, the culture of
blood vessels in collagen gels has been used widely and
effectively (Mori et al. 1988; Nicosia and Ottinetti 1990b;
Akita et al. 1997a, b; Fujita et al. 2002, 2004; Suda et al.
2004). In our previous experiment using collagen gels,
the morphological and histochemical structures of the
tubes formed in the gels were similar to the capillary-like
structures of blood capillaries observed in vivo (Akita
et al. 1997a, b). Reverse transcription polymerase chain
reaction (RT-PCR) and immunohistochemical investi-
gations also detected the expression of fibroblast growth
factor (FGF) -2 in the collagen gel cultures (Akita et al.
2000). FGF-2, a potent angiogenic molecule in vivo and
in vitro, stimulates endothelial cell growth (Moscatelli
et al. 1986; Presta et al. 1986), smooth muscle cell
growth, wound healing and tissue repair (Basilico and
Moscatelli 1992; Schwartz and Liaw 1993). Fahmy et al.
(2003) recently reported that transcription factor Egr-1
supported FGF-2-dependent angiogenesis during neo-
vascularization and tumor growth. FGF-2 is assumed to
function as a proangiogenic factor downstream of Egr-1.

The scrape assay method is popularly used as an in
vitro model of the wound healing of vascular injury (Ku
and D’Amore 1995; Unger et al. 1998; van Aalst et al.
2004). This is a method for quantifying the number or
migration distance of newly migrated endothelial cells
scraped from postconfluent monolayer cultures with
rubber policemen or razors. In this study we cultured
aortic explants from mice in collagen gels and injured
the capillary-like tubes formed in the gels with the use of
a laser microdissection system or a scrape method with
razors. After inducing the injury we observed the mor-
phology of the capillary-like tubes and quantified the
expressions of transcription factors Egr-1 and FGF-2 by
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quantitative real time RT-PCR. Quantitative real time
RT-PCR revealed the up-regulation of Egr-1 after both
laser and razor injury, accompanied by the up-regula-
tion of FGF-2. These methods provide a useful in vitro
model for studying vascular injury.

Materials and methods
Collagen gel culture and injury

This culture technique has already been described by
Akita et al. (1993, 1997a, b). Thoracic aortae were ob-
tained from 1-month-old ICR male mice (n=15). After
separating the tunica adventitia from the aorta under a
stereoscopic microscope, the blood vessel specimens
were cut into small pieces of about 2 mm in length. Four
pieces were placed at the bottom of each tissue culture
plate (Petri PERM 50 hydrophilic, In Vitro Systems &
Services GmbH, Goettingen, Germany), overlaid with
an even layer of reconstituted collagen solution (0.3%
Cellmatrix type TA, Nitta Gelatin, Tokyo, Japan) and
allowed to gel at 37°C for about 10 min. After the gels
had formed, they were overlaid with Ham’s F-12 med-
ium (Invitrogen Corp., Carlsbad, CA, USA) containing
10% fetal bovine serum (FBS), 1% non-essential amino
acids, 2 mM L-glutamine, 100 Units/ml penicillin and
100 mg/ml streptomycin (Invitrogen Corp., Carlsbad,
CA, USA), and cultured for 10 days in an incubator
(95% air/5% CO,). The culture medium was replaced
halfway through the incubation, at 1 week. Capillary-
like tubes were observed with FITC-conjugated endo-
thelial cell-specific tomato lectin (Lycopersicon esculen-
tum; EY Labo, CA, USA), a lectin that selectively binds
to fucose residues on the endothelial cell surface (Hoft-
mann et al. 1998).

One of newly formed ten capillary-like tubes per one
aortic explant was injured by a laser microdissection
system (337 nm pulsed nitrogen laser; P.A.L.M. Mic-
rolaser Technologies A.G., Bernried, Germany) or a
scrape method with razors (Surgical Blade Steinless Steel
No.23, Feather, Japan) under a phase contrast micro-
scope. The cultures were examined by phase and elec-
tron microscopy after the injury.

Electron microscopy

At 30 min after injury, the cultured materials (laser;
three plates, razor; three plates: each plate consists of
four aortic explants) were fixed once in 0.1 M phosphate
buffer (pH 7.2) containing 2.5% glutaraldehyde for 1 h
and once in 0.1 M phosphate buffer (pH 7.2) containing
1% OsOy4 for another hour. The specimens were then
dehydrated with ethanol, embedded in epoxy resin, cut
into ultrathin sections, and stained with uranyl acetate
and lead citrate. The stained ultrathin sections were
observed under a transmission electron microscope
(H-7000; Hitachi, Tokyo, Japan).

Quantitative real time RT-PCR

Total RNA was isolated by TRIZOL (Synovis Life
Technologies, Minn, USA) from each culture plate
(n=35) without the aortic explant. The first-strand
cDNA synthesis from the template RNA was performed
by Super Script III(Invitrogen Corp., Carlsbad, CA,
USA)according to the manufacturer’s instructions.
Samples were collected before and after laser or razor
injury (30 and 90 min, 18 h) and analyzed by quantita-
tive real-time RT-PCR. Quantitative real-time PCR was
performed using the ABI Prism 7900HT Sequence
Detection System (Applied Biosystems, CA, USA)
according to the manufacturer’s instructions. TagMan
Gene expression assays primers and probes were used for
the mouse target genes Egr-1 and FGF-2 and for the
housekeeping gene GAPDH (assay IDs Mm00656724
ml, MmO00433287_ml, and Mm99999915 gl, respec-
tively: Applied Biosystems). The cycling parameters for
one-step RT-PCR included initial incubations for 10 min
at 95°C, respectively, followed by 40 PCR cycles, each
consisting of 15 s of denaturation at 95°C, followed by
I min of annealing/extension at 60°C on ABI Prism
7900HT. All experiments were performed in triplicate.
CT values were analyzed with Microsoft Excel using the
comparative cycle threshold (ACT) method recom-
mended by the manufacturer of the detection system
(Applied Biosystems).

Results
Light and electron microscopy

The newly formed capillary-like tubes began appearing
after 7-10 days of culture in the collagen gels. These
capillary-like tubes were strongly positive for FITC-
conjugated endothelial cell-specific tomato lectin
(Fig. 1). Figure 2 shows phase contrast micrographs of
the capillary-like tubes before and after the laser injury.
Figure 3 shows phase contrast micrographs after the
razor injury. Both injured sites were detectable by the
phase contrast microscope. A pulsed ultra-violet (UV)
laser of high beam quality is interfaced into the micro-
scope and focused through an objective to a beam spot
size of less than 50 pm in diameter. The effective laser
energy was concentrated on the minute focal spot only.
However, concentration of razor to the specified objec-
tive is difficult and injured size was become larger (more
than 250 pm) than laser.

Transmission electron microscopy revealed profuse
necrotic cells around the capillary-like tubes and in the
tubular lumen after the laser injury compared to the
razor injury (Fig. 4).

Quantitative real time RT-PCR

The expression of Egr-1 increased after both laser and
razor injury, and this increase reached a significant level
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Fig. 3 Thirty minutes after razor injury. Phase contrast micro-
graphs of the capillary-like tubes. The arrow indicates the edge of
Fig. 1 Fluorescent micrographs of the capillary-like tubes. Capil- ~ capillary-like tube by cutting with razor. Injured site is shown by an
lary-like tubes were strongly positive for FITC-conjugated endo- ~ dsterisk. After razor injury, collagen gels are contracted, and the
thelial cell-specific tomato lectin. To the bottom is an aortic explant. ~wound is opened. To the bottom right is an aortic explant. Scale
Scale bar=250 pm bar=250 pm
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Fig. 2 Phase contrast micrographs of the capillary-like tubes. To the bottom right is an aortic explant. Scale bar =250 pm. a Before laser
injury. b 30 min after laser injury. The arrow indicates the injured site
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after 90 min (laser; P<0.05 and razor; P<0.01). At
18 h, however, the expression of Egr-1 was decreased
(Fig. 5a). The expression of FGF-2 increased with time.
After both laser and razor injury, the expression of
FGF-2 increased significant level after 90 min (razor;
P <0.01) and after 18 h (laser; P <0.05) (Fig. 5b).

Discussion

The present collagen gel culture has many advantages
over the monolayer culture. Compared to the envi-
ronments of monolayer cultures, the environment of
the three-dimensional culture using collagen gels is
much closer to the actual condition in vivo. Once the
injury is applied, the healing of the tubes can be ob-
served with time laps in vitro, and transcription factors
and other angiogenic factors can be analyzed simulta-
neously. Compared to the present scrape method with
razors, the effective laser energy is concentrated on the
minute focal spot only. The laser method also makes it

Fig. 4 Transmission electron
micrographs of the capillary-
like tubes. Scale bar=75 pm a
30 min after laser injury.
Necrotic cells (arrows) were
observed around the injured
capillary-like tube end and in
the tubular lumen. b A
capillary-like tube before laser
injury as a control. Necrotic
cells were not observed. ¢

30 min after razor injury.
Electron micrograph shows the
injured capillary-like tube end.
Arrows indicate some necrotic
(or apoptotic) cells in the
tubular lumen. Erythrocytes
were seen, although the origin
was obscure

possible to select a specific capillary-like tube to injure
by laser. It is also possible to perform microsurgery on
the specific site. The main disadvantage of the present
laser method is the need for specialized equipment with
which to apply the laser. The principle of laser cutting
is a locally restricted ablative photodecomposition
process without heating of adjacent material (Sriniva-
san, 1986). He noted the excimer wavelength of 193 nm
has been found to be particularly suitable for surgery
on the cornea since the morphology of the cut is
superior to those obtained when radiation at other
wavelength in the UV (e.g., 248 nm). In the present
study, we used 337 nm pulsed nitrogen laser. Therefore,
it is more likely to cause a thermal damage. The dif-
ferences obtained by electron microscopy and quanti-
tative real time RT-PCR between laser and razor injury
may attribute the thermal effect. Another possibility is
the difference of the injured size between laser and
razor injury, but otherwise it is a fact that both laser
and razor injury causes the up-regulation of Egr-1 and
FGF-2 genes.
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Fig. 5 Quantitative RT-PCR analysis of the (a) Egr-1 and (b)
FGF-2 genes after laser or razor injury (laser = gray column, razor
= black column). Egr-1 and FGF-2 mRNAs expressions, measured
by real-time RT-PCR as ratios of Egr-1 mRNA to GAPDH
mRNA and FGF-2 mRNA to GAPDH mRNA at different time
points. Student’s r-test for unpaired data was used for statistical
analysis. Data represent the mean (£ SE) of five dishes containing
20 aortic explants. There was a significant difference (‘P <0.01,
P <0.05)
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The transcription factor Egr-1 is an immediate early
response gene known to regulate a number of patho-
physiologically relevant genes involved in the growth,
differentiation, immune response, wound healing, and
blood clotting of the vasculature (Pendurthi and Rao
2000). According to Khachigian et al. (1996), Egr-1 is
rapidly activated by multiple extracellular agonists (such
as growth factors and cytokines) and environmental
stresses (such as hypoxia, fluid shear stresses and vas-
cular injury). Once activated, Egr-1 controls the
expression of a diverse array of proangiogenic genes
such as encoding growth factors, cytokines, receptors,
adhesion molecules and proteases (Gashler and Suk-
hatme 1995; Khachigian and Collins 1997). Egr-1 in turn
can bind and activate the promoters of many genes
whose products influence vascular repair as angiogenic
factors (Fahmy and Khachigian 2002).

Egr-1 stimulates the production of platelet-derived
growth factor-AB (PDGF-AB), hepatocyte growth fac-
tor (HGF), vascular endothelial growth factor (VEGF),
FGF-2 (Biesiada et al. 1996) and transforming growth
factor-f1 (TGF-p1) and its receptor (Liu et al. 1999; Du
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et al. 2000; Houston et al. 2001). Fahmy et al. (2003)
recently reported that Egr-1 supports FGF-dependent
angiogenesis and the cellular growth and neovascular-
ization of the microvascular endothelium. According to
Cancilla et al. (2001), fibroblast growth factors (FGFs)
are a family of at least 21 heparin-binding proteins in-
volved in numerous biological processes, including
angiogenesis. FGF-2, a potent angiogenic molecule in
vivo and in vitro, stimulates endothelial cell growth
(Moscatelli et al. 1986; Presta et al. 1986), smooth
muscle cell growth, wound healing and tissue repair
(Basilico and Moscatelli 1992; Schwartz and Liaw 1993).
The present study revealed the up-regulation of FGF-2
following the up-regulation of Egr-1 after both laser and
razor injury. In our previous experiment we confirmed
the expressions of FGF-9 (Akita et al. 2000; Nagatoro
et al. 2003) and FGF-7 (Akita et al. 2004) during
angiogenesis in collagen gels. Pilcher et al. (1997) and
Miyagi et al. (1998) reported that FGF-9 relates to the
expression of matrix metalloproteinases (MMPs) and
their inhibitors. The MMPs play a key role in the pro-
cesses of endothelial cell migration and matrix remod-
eling during angiogenesis (Haas et al. 1998). Little is still
known about the angiogenic roles of FGF-7 and the key
transcription factors regulating angiogenesis and vas-
cular injury in general. Further studies on the relation-
ship between FGF-9 and FGF-7, including their
associations with FGF-2 and transcription factors, will
be needed for a fuller understanding of the mechanisms
and crucial role of angiogenesis in wound healing.

The present study revealed the up-regulation of Egr-1
after both laser and razor injury, accompanied by the
up-regulation of FGF-2. The effective laser energy could
be concentrated on the minute focal spot only compared
to the razor, although thermal effect of laser should be
considered. The present methods using capillary-like
tubes have many advantages over the conventional
scrape assay method using monolayer culture, and
provides a useful tool as an in vitro model for study-
ing angiogenesis and the wound healing of vascular
injury.
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