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ABSTRACT
Purpose: To observe changes of the factors in corneal stroma during corneal neovascularization and
to investigate the mechanism of corneal neovascularization. Methods: Forty-eight Wister rats were
used, including eight in the control group. Corneal neovascularization was induced by alkali burns
in 40 rats. Frozen sections, which were cut across the corneal center, were prepared on days 1,
3, and 7 post-burn, respectively. Transforming growth factor-β1 (TGF-β1) was examined by immunohistochemistry, and fibroblast activation protein (FAP) and a-smooth muscle actin (a-SMA)
were detected by double-labeling fluorescent immunohistochemistry. Blood vessel endothelium
was identified for PECAM-1 (CD31). Expressions of FAP in the cornea with or without neovascularization were monitored with reverse transcription-polymerase chain reaction on days 3 and 7.
Results: In the alkali-burned eyes, TGF-ß1 first expressed in the corneal stroma, and some stromal
cells expressed a-SMA and FAP. The FAP+ keratocytes were found around the CD31+ endothelium
of angiogenesis. FAP was expressed in the corneas with neovascularization, but not in those without
neovascularization. Conclusion: Factors in corneal stroma may change when corneal neovascularization occurs. The stromal keratocytes can express FAP+ cells surrounding the endothelium of
angiogenesis.
Keywords: corneal neovascularization; corneal stroma; factor

INTRODUCTION
A normal cornea is transparent without blood vessels.
Corneal neovascularization (CNV) may damage visual functions significantly. By far, most research
has focused on the vessels only but not the corneal
stroma around the vessels, like the factors related with neovascularization, including basic fibroblast growth factor,1,2 leptin,3 vascular endothelial growth factor,4 angiogenin,5 interleukin-2,6 and
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platelet-derived growth factor.7 The exact CNV mechanism remains unknown. Various pathways may induce CNV. Therefore, the treatment of CNV is still a
challenge to ophthalmologists.
We observed that there was a “white sheath” around
the new blood vessels in the cornea, which may be
a manifestation of stromal changes. Stromal microenvironment can affect the development of tumor and
angiogenesis,8–10 but the effect of the stroma on CNV
is unknown, although CNV is a well-identified process
in many fields. In this study, we detected the changes in
corneal stroma around the blood vessels in neovascularized rat eyes and attempted to investigate the CNV
mechanism.

Stromal Factors in Corneal Neovascularization
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Figure 1. Corneal neovascularization vegetates to the limbus of cornea on day 1 post-burn (A), continues to extend on day 3 (B),
reaches the center on day 7 (C), and remains severe on day 14 (D).

MATERIALS AND METHODS
Animals
This study was conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. Forty-eight Wister rats with an
age of 8 to 10 weeks, weighing 150–200 g each, were
used, including 8 in the control group.

Induction of Corneal Neovascularization
The animals were operated under general and topical
anesthesia. A filter paper disc of 3 mm in diameter and
pre-soaked with 1N NaOH was placed on the corneal
center of each right eye for 2 min. These corneas were
washed with sterile saline solution for 1 min.

Detection of Transforming Growth Factorß1 and A-Smooth Muscle Actin in Corneal
Stroma
Mouse anti rat-CD31 was purchased from BD Pharmingen (1:100 dilution; Palo Alto, CA, USA). Rabbit antimouse transforming growth factor-ß1 (TGF-ß1; 1:100
dilution), mouse anti-rat a-smooth muscle actin (aSMA; 1:100 dilution), and secondary antibodies labeled
with tetramethylrhodamine isothiocyanate (1:300 dilu-

tion) or fluorescein isothiocyanate (1:500 dilution) were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Rabbit anti-mouse fibroblast activation protein (FAP)
was a gift from Dr. Jonathan D. Cheng (Fox Chase Cancer Center, Philadelphia, PA, USA; 1:250 dilution).
Six rats were sacrificed with an overdose of sodium
pentobarbital on days 1, 3, and 7 post-burn, respectively, and 6-µm thick frozen sections were cut across
the corneal center, dried on slides in the air, fixed in
cold (−20◦ C) acetone for 5 min, and washed 3 times in
phosphate-buffered saline (PBS; 140 mM NaCl, 8 mM
Na2 HPO4 , 2 mM NaH2 PO4 , pH 7.4) at room temperature prior to incubation. The nonspecific binding sites
were blocked by incubating the sections with 5% normal goat serum in PBS for 15 min. Thereafter, the sections were incubated with a primary antibody at 4◦ C
for 24 hr, followed by three 5-min washings in PBS.
Then the sections were incubated with a secondary antibody for 40 min at room temperature, after which
they were washed 3 times in PBS again, examined, and
photographed under a fluorescence microscope (Nikon
E800; Nikon, Tokyo, Japan).

Detection of FAP in the Sections With or
Without Neovascularization
Four rats were sacrificed with an overdose of sodium
pentobarbital on days 3 and 7 post-burn, respectively.
113

T. Wang and W. Shi

Downloaded By: [Karolinska Institute] At: 08:31 24 February 2009

Figure 2. Expression of TGF-ß1 (green fluor) occurs in the cornea on day 1 post-burn (A) and increases on day 7 (B). Fluorescent
immunohistochemistry shows that a-SMA (green fluor, C) and FAP (red fluor, D) are negative in the control cornea. (E) The
cornea contains cells expressing a-SMA (green fluor) at the peripheral part with neovascularization on day 3. (F) A-SMA+ and
FAP+ cells reach the corneal center (arrows) on day 7 (magnification ×200).

The cornea was divided into central (3 mm in diameter) and circumambient parts. Total RNA was isolated
from the rat corneas with extraction reagents (TRIzol;
GibcoBRL, Grand Island, NY, USA). Two micrograms
of RNA were used for the first-strand cDNA synthesis with an oligo-dT primer and a polymerase chain
reaction (PCR) kit (Superscript II; GibcoBRL), and subsequently 0.5 µg of cDNA was used as a template for
PCR amplification. The primers were as follows: FAP:
114

forward (5 -CATATGGGGATGGTCCTACG-3’) and
reverse (5 -GCTCTTGCCATCACAGTTGA-3’), betaactin: forward (5 -AGCTGAGAGGGA AATCGTG3’) and reverse (5 -CCATACCCAAGAAGGAAGG-3’).
PCR amplification was performed using the following
program: denaturation at 94◦ C for 1.5 min, denaturation at 94◦ C for 30 sec, and annealing at 55◦ C for 30 sec
and at 72◦ C for 45 sec. cDNA was amplified for 35 cycles
with respective primers. The products were separated

Stromal Factors in Corneal Neovascularization

Figure 3. Detection of FAP in the vascularized cornea by
RT-PCR. FAPs express at the peripheral (B) cornea on day 3
and at both the central (A) and peripheral parts on day 7
post-burn. The lane on the far left contains molecular weight
markers.

Relationship Between FAP+ Keratocytes
and Blood Vessel Endothelium
Double-labeling fluorescent immunohistochemistry of
CD31 and FAP showed that the FAP+ keratocytes
were located in and around the CD31+ endothelial cells.
These two types of cells developed with no conspicuous sequence (Fig. 4).
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DISCUSSION

by electrophoresis on a 1% agarose gel, stained with
ethidium bromide, and visualized with an ultraviolet
transilluminator.

RESULTS
Thirty-six rats developed CNV following alkali burns.
CNV started at the circumference of the cornea from
day 3 post-burn and peaked between days 7 and 14
(Fig. 1).

Expression of TGF-ß1, FAP, and a-SMA
TGF-ß1 was detected positive in the corneal stroma
from day 1 post-burn. Double-labeling fluorescent immunohistochemistry showed that a-SMA and FAP
were negative in normal corneas. In the CNV eyes,
a-SMA+ and FAP+ cells were observed at the peripheral corneal stroma where there was neovascularization, but not in the center with no neovascularization
on day 3. On day 7, a-SMA+ and FAP+ cells reached
the corneal center (Fig. 2).

Correlation of FAP and Angiogenesis
Reverse transcription (RT)-PCR showed that the normal cornea had no FAP expression. In the CNV eyes,
there was no FAP expression in the central cornea on
day 3 post-burn, but such an expression was observed
in the peripheral part. On day 7, neovascularization
reached the center of the cornea with the expression of
FAP (Fig. 3).

Corneal neovascularization remains a challenging
problem in clinical practice. There are many theories
concerning this process, with a focus on regulating
vascular endothelial cells. However, the mechanism
of CNV still could not be explained logically. In this
study, we made a CNV model induced by alkali burns.
During the course of neovascularization, we examined whether there were changes in the stroma around
blood vessels and whether the changes were related
with the neovascularization.
The effect of the tumor stromal microenvironment
on angiogenesis has been well investigated, and the
key factor was FAP, which helped us understand
the growth mechanism of the tumor and tumorous
angiogenesis.8–10 FAP, as a type II integral membrane
glycoprotein, belongs to the serine protease family. It
may directly dissolve flanking extracellular matrices
(ECMs) or activate other proteases to indirectly dissolve ECMs. Stroma is involved in the tumor microvascularization process. The proliferation and movement
of the endothelial cells need protease-mediated dissolving of ECMs. In the absence of fibroblasts and
fibroblast-poietic ECMs, it is impossible to form tumor
microvascular network and microcirculation.8–13 However, it was not clear whether this key factor expresses
in corneal stroma.
In this study, we observed the FAP expressions
in corneal stroma in the neovascularization model.
Meanwhile, the expressions of a-SMA were found in
FAP+ cells by double-labeling fluorescence immunohistochemistry. Previously, it was reported that normal
corneal stromal cells did not express a-SMA.14 When
the cornea is injured, corneal stromal cells transform
to a-SMA+ type, which are also called myofibroblasts.
In the current study, we first detected that this type of
myofibroblasts expressed FAP.
The double-labeling immunofluorescence study of
CD31 and FAP showed that the FAP+ keratocytes developed around the CD31+ endothelium during angiogenesis, but not in a conspicuous sequence. They are
not the same as FAP+ myofibroblasts. According to the
results of RT-PCR, FAP could express where the new
115
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Figure 4. (A) CD31+ cells are vascular endothelial cells (green fluor). Corneal neovascularization occurs at the circumference
(arrow) of cornea on day 3 post-burn. (B) The stromal cells express FAP (red fluor) at the corneal circumference on day 3.
Double-labeling fluorescent immunohistochemistry identifies that the FAP+ keratocytes are around the CD31+ endothelium at
the peripheral cornea on day 3 (C) and in the center on day 7 (D–F; A–D magnification ×200; E magnification ×400; F
magnification ×600; E and F, cross sections).

vessels reached, which indicates the close correlation
of FAP and angiogenesis.
Therefore, we hypothesize that FAP+ stromal cells may
contribute to the neovascularization in corneas through
two mechanisms: (1) these FAP+ stromal cells secrete
hydrolytic enzyme, which aids in hydrolysis and directly or indirectly dissolve ECMs to clear the way
for the proliferation and movement of the endothelial
116

cells; and (2) they make up cell lumens to construct the
vacuity bracket for the growth and migration of the
endothelial cells.
Moreover, how do the keratocytes change into FAP+
myofibroblasts? It was reported that normal stromal
cells changed to a-SMA+ myofibroblasts when TGFβ1 was put in the cultured corneal stromal cells in
an experiment in vitro.14 TGF-β1 contributes to tissue
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repair by inducing fibroblasts to myofibroblasts and
producing ECMs and soluble bioactive factors. Myofibroblasts proliferate and migrate to vessel tunica and
endomembrane, which plays an important role in remodeling vessels.14–17 In the present study, TGF-β1
was expressed before the growth of neovascularization
in the model. The regulatory mechanism may be that
TGF-ß1 stimulates fibroblasts to transform to myofibroblasts, which express FAPs and secret ECMs. This
is consistent with the molecular regulatory mechanism
in tumor stromal microenvironment.
To sum up, there are changes in the corneal stroma
when the neovascularization is formed. FAPs express
in the stroma around new vessels in the vascularized
corneas, and the FAP+ cells circle the new vascular
endothelial cells. The factors regulating corneal stroma
and the vascular endothelial cells may both participate
in the process of CNV.
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