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Corneal neovascularization is a vision-threatening
condition caused by various ocular pathological con-
ditions. The aim of this study was to evaluate the
function of the ephrin ligands and Eph receptors in
vitro and in vivo in corneal angiogenesis in a mouse
model. The Eph tyrosine kinase receptors and their
ligands, ephrins, are expressed on the cell surface.
The functions of Eph and ephrins have been shown to
regulate axonal guidance, segmentation, cell migra-
tion, and angiogenesis. Understanding the roles of
Eph and ephrin in corneal angiogenesis may provide
a therapeutic intervention for the treatment of angio-
genesis-related disorders. Immunohistochemical
studies demonstrated that ephrinB1 and EphB1 were
expressed in basic fibroblast growth factor (bFGF)-
induced vascularized corneas. EphB1 was specifically
colocalized with vascular endothelial marker CD31
surrounded by type IV collagen. EphrinBl1 was ex-
pressed in corneal-resident keratocytes and neutro-
phils. Recombinant ephrinB1-Fc, which induces
EphB receptor activation, enhanced bFGF-induced
tube formation in an in vitro aortic ring assay and
promoted bFGF-induced corneal angiogenesis in vivo
in a corneal pocket assay. Synergistically enhanced
and sustained activation of extracellular signal-regu-
lated kinase was noted in vascular endothelial cell
lines after stimulation with ephrin B1 and bFGF com-
binations. These results suggest that ephrinB1 plays a
synergistic role in corneal neovascularization. (4mJ
Patbol 2007, 170:764-773; DOI: 10.2353/ajpath.2007.060487)

Angiogenesis, the formation of new vessels from pre-exist-
ing vasculature, is a complex process involving endothelial
cell proliferation, migration, and assembly, as well as re-
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cruitment of perivascular cells and extracellular matrix
remodeling.’™® Recent studies have identified several en-
dothelial cell receptor tyrosine kinases and their corre-
sponding ligands that mediate angiogenesis. These are the
fibroblast growth factor (bFGF)/bFGF receptor, the vascular
endothelial growth factor (VEGF)/VEGF receptor, angiopoi-
etin/Tie2, and the ephrin/Eph receptors.*~°¢

Receptor tyrosine kinases and their ligands play an
important role in the regulation of proliferation, cellular
survival, and differentiation.”® The ephrin receptors are
known as one of the largest tyrosine kinase families and
are activated by cell-cell interactions. The Eph/ephrin
family consists of at least 14 receptors and 8 ligands.®'°
The members of this family are subdivided into class A
and class B, based on structure and ligand-binding char-
acteristics of their receptors.™ In general, EphA recep-
tors bind to glycosylphosphatidylinositol anchored eph-
rinA ligands, and EphB receptors bind to ephrinB ligands
containing transmembrane domains.™ Unlike other fam-
ilies of receptor tyrosine kinases, which bind to soluble
ligands, Eph receptors interact with cell membrane-
bound ephrin ligands.'? Moreover, these receptor-ligand
interactions activate a bidirectional signaling pathway
through both the Eph receptors and ephrin ligands.'® An
Eph receptor can behave as a ligand in the same way
that an ephrin ligand can behave as a receptor. Ephrin
ligand binding to Eph receptor induces Eph receptor
“forward signaling” and ephrin receptor “reverse signal-
ing” as well. Eph/ephrin has been shown to regulate
several biological functions such as vascular develop-
ment, tissue-border formation, cell migration, axon guid-
ance, synaptic plasticity, and embryonic development.'®
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Hepatocellular carcinoma is rich in vessel structure,
and the vessel expresses a higher level of ephrinB1. The
expression of the ephrinB1 transcript is significantly
higher in tumor tissues than in nontumor tissues, and the
ephrinB1-overexpressing cells developed tumors more
rapidly than controls in vivo.'® The role of Ephs and their
ligand ephrins in angiogenesis and oncogenesis are me-
diated through cell adhesion, morphogenesis, capillary
sprouting, and chemoattraction.'®~'8

The basic fibroblast growth factor (bFGF, bFGF-2) was
first identified as a proangiogenic factor. The FGF family
consists of 20 members. The signal transductions of
bFGF are mediated by structurally related tyrosine kinase
receptors, denoted as FGFR-1, -2, -3, and -4. FGF-de-
rived signaling is essential for development and angio-
genesis, because FGFR-1 or FGFR-2 gene disruption
leads to embryonic death.'®?° Tumor progression de-
pends on the angiogenesis, and FGF-2 and VEGF levels
are elevated in the serum of individuals with various
tumors.?" Recent work using the expression of the dom-
inant-negative FGFR-1 established that FGFR-1 is re-
quired for the development and maintenance of the vas-
culature in the embryo.?®* bFGF has been used
extensively in corneal angiogenesis models and is
thought to be a major factor in the induction of corneal
angiogenesis.?>2° |t has also been shown that the cor-
neal epithelium produces bFGF after injury, whereas un-
injured corneas express very low levels of the bFGF.2®
bFGF has been localized to the corneal epithelial and
endothelial cells, fibroblasts, macrophages,®?” and the
extracellular matrix.?®2°

The cornea is a unique avascular tissue and has a very
important function in the optics of the eyes. To maintain
refractive function in the cornea, corneal transparency
and regularity are essential. Many corneal dysfunctions,
such as infection, injury, and autoimmune reactions lead
to corneal angiogenesis. Vessel invasion in the cornea
induces opacification of cornea and enhances graft re-
jection in corneal transplantation.

The role of ephrinB1 in corneal angiogenesis is still
unclear. In this study, we demonstrate that ephrinB1 was
expressed by keratocytes and neutrophils after bFGF-
induced corneal vascularization and that EphB1 was co-
localized with vascular endothelial cells in cornea. In the
absence of pre-existing new vessel, ephrinB1-Fc did not
induce angiogenesis. However, ephrinB1-Fc showed a
synergistic effect on capillary tube formation in vitro and
on corneal angiogenesis in vivo.

Materials and Methods

Animals

All animal studies were conducted in accordance with
the Animal Care and Use Committee guidelines of the
Massachusetts Eye and Ear Infirmary and the Association
for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research.
C57BL6 wild-type mice, 6 to 10 weeks of age, were used.
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Vascular Endothelial Cell Line

Calf pulmonary artery endothelial (CPAE) cells were pur-
chased from the VEC Technologies, Inc. (Rensselaer,
NY). CPAE cells were cultured in a microvascular growth
medium [endothelial basal medium (EBM-2) with supple-
ment; Cambrex Bio Science, East Rutherford, NJ], which
contained 2% fetal bovine serum and incubated at 37°C
under 5% CO..

Confocal Immunohistochemistry

Confocal immunohistochemistry was performed as de-
scribed previously.3° Cryosections (8 um) from mouse
corneas were fixed in paraformaldehyde for 5 minutes.
After blocking with 1% bovine serum albumin in phos-
phate-buffered saline, sections were incubated for 1 hour
to overnight with primary antibodies. After washing with
phosphate-buffered saline, the sections were incubated
for 30 minutes with secondary antibodies and observed
using a confocal microscope (TCS 4D; Leica, Heidel-
berg, Germany). Primary antibody omission was used
initially as a negative control, and it was further confirmed
using antibodies preincubated (overnight at 4°C) with
their specific blocking antigenic peptides.

The pellet containing 120 ng of bFGF was implanted
into the mouse corneas, after which the eyes were col-
lected on days 1, 4, and 7. The specimens were immu-
nostained with the following primary antibodies: rabbit
anti-ephrinB1 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), goat anti-EphB1 antibody (Santa Cruz Bio-
technology), rabbit anti-type IV collagen antibody (Bio-
genesis, Poole, UK), and rat anti-CD31 antibody (Pharm-
ingen, San Diego, CA). To detect which cells expressed
ephrinB1 in cornea, we used goat anti-vimentin antibody
(Santa Cruz Biotechnology), rat anti-F4/80 antibody (AbD
Serotec, Raleigh, NC), and anti-Gr-1 antibody (BD Bio-
sciences, San Jose, CA). The secondary antibodies used
were fluorescein isothiocyanate-conjugated anti-rabbit
IgG antibody (Jackson Immunoresearch Laboratories,
West Grove, PA), fluorescein isothiocyanate-conjugated
anti-goat 1gG antibody (Jackson Immunoresearch Labo-
ratories), rhodamine-conjugated anti-rabbit IgG antibody
(Jackson Immunoresearch Laboratories), and Cy5-con-
jugated anti-rat IgG antibody (Jackson Immunoresearch
Laboratories). Propidium iodide (Vector Laboratories,
Burlingame, CA) was used for nuclear staining.

Aortic Ring Assay

Aortic ring assays were performed as described by Ni-
cosia and colleagues.®'? In brief, aortas were obtained
from wild-type mice. Fatty tissues around the aorta were
carefully removed under a surgical microscope. One-
millimeter-long aortic rings were cut and rinsed in five
consecutive washes of EBM (Cambrex, Walkersville,
MD). Forty-eight-well plates were coated with 150 ul of rat
tail type | collagen (BD, Bedford, MA). After gelling at
37°C for 30 minutes, an aortic ring was placed on its side
on top of the gel and sealed in place with an overlay of
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100 wl of the same collagen. After gelling at 37°C for 1
hour, 300 wl of culture medium (EBM) containing 20
pmol/ml ephrinB1-Fc or 50 ng/ml bFGF (R&D Systems,
Minneapolis, MN) with or without ephrinB1-Fc (20 pmol/
ml) was added to each well. EphrinB1-Fc was clustered by
preincubation with goat anti-Fc antibody (Jackson Immu-
noresearch Laboratories) at a ratio of 1:2 (molar ratio). On
days 1, 4, and 7, the gels were photographed with a phase
contrast microscope equipped with a digital spot camera
(Micro Video Instruments, Avon, MA). The tube formation
was analyzed by counting the number of microvessels ac-
cording to the reported criteria.' The endothelial nature of
the outgrowth was confirmed by immunostaining with CD31
antibody (BD Biosciences Pharmingen).

Corneal Pocket Assay

A mouse corneal micropocket assay was performed as
previously described.?*33 The mice were anesthetized
by a combined ketamine and xylazine injection. Propara-
caine eye drops were used for local anesthesia. Corneal
micropockets were created using a modified von Graefe
knife in wild-type littermates (n = 10). Hydron pellets
(0.4 X 0.4 mm) containing 50 ng of human recombinant
bFGF (R&D Systems), 6 pmol of ephrinB1-Fc (Sigma, St.
Louis, MO) or 6 pmol of recombinant human Fc (R&D
Systems), and 40 ug of sucrose aluminum sulfate were
implanted into the corneal pockets. Ofloxacin eye drops
were instilled after surgery. The eyes were examined and
photographed on postoperative days 1, 4, and 7 by slit
lamp microscopy (Nikon, Tokyo, Japan). Color images
were digitized, and the images were resolved at 300
pixels/inch and analyzed with NIH ImageJ software (Na-
tional Institutes of Health, Bethesda, MD). This software
was used to calculate the corneal neovascularized areas.

Western Blot Analysis for the Evaluation of ERK

CPAE cells were plated at a density of 5.0 X 10° cells in
a 75-cm? flask and were then starved for 18 hours in
nonserum EBM (Cambrex). EphrinB1-Fc and Fc proteins
were clustered by preincubation with goat anti-Fc anti-
body (Jackson Immunoresearch Laboratories) at a molar
ratio of 1:2. After stimulation by either ephrinB1 (2 ng/ml)
or bFGF (20 ng/ml) or by a combination of ephrinB1 and
bFGF, cells were lysed by an ice-cold radioimmunopre-
cipitation assay buffer containing a protease inhibitor and
phosphatase inhibitor. The proteins from cell lysate were
subjected to sodium dodecyl! sulfate-polyacrylamide gel
electrophoresis, and the electrophoresed proteins were
transferred to Immobilon P membranes (Millipore, Bed-
ford, MA), blocked with 3% bovine serum albumin for 60
minutes, and then incubated overnight with either goat
anti-ERK (Santa Cruz Biotechnology) or rabbit anti-pERK
antibody (R&D Systems). Blots were incubated with horse-
radish peroxidase donkey anti-rabbit or -mouse antibody
(Amersham Life Science, Piscataway, NJ). After washing
with Tris-buffered saline-Tween-20 for 60 minutes, immuno-
blots were developed with an enhanced chemilumines-
cence reagent (NEN life Science Products).

Data Analysis

Results are expressed as mean = SEM, and statistical
analysis was performed using a Student’s t-test using
Excel (Microsoft, Redmond, WA). Differences were con-
sidered significant when P < 0.05.

Results

Immunolocalization of ephrinB1 Ligand in
Normal Corneas and in bFGF-Induced Corneal
Neovascularization

In uninjured corneas, and on day 1 after bFGF pellet
implantation, there was no detection of ephrinB1 in the
stromal cells in the immunohistochemistry staining (Fig-
ure 1, A-F.). However, ephrinB1 was localized to the
corneal stroma on day 4 (Figure 1, G-I), and ephrinB1
expression was enhanced on day 7 (Figure 1, J-L). The
bFGF-induced angiogenic response in the corneas was
detected by an antibody against CD31, a specific marker
of vascular endothelial cells (Figure 1, H and K). Eph-
rinB1 was mainly localized to the stromal cells surround-
ing the invading vessels. Furthermore, to determine
which cells express ephrinB1 in the corneal stroma dur-
ing neovascularization, vascularized corneas were har-
vested 7 days after bFGF pellet insertion and were
stained with a keratocyte marker (vimentin), a macro-
phage marker (F4/80), or a neutrophil marker (Gr-1) (Fig-
ure 2). The stromal expression of ephrinB1 was colocal-
ized with vimentin to the keratocytes (Figure 2, D-F).
There was some colocalization with Gr-1 (Figure 2, G-I)
but not with F4/80 (Figure 2, A-C).

Immunolocalization of EphB1 Receptor in
Normal Corneas and in bFGF-Induced Corneal
Neovascularization

EphB1 was not detectable in the corneal stroma before
bFGF pellet implantation (Figure 3, A-F). On day 4, it
colocalized with vessel growth (Figure 3, G-1). EphB1
colocalization with CD31 was increased on day 7 and
was associated with increased angiogenesis (Figure 3,
J-L).

Triple Immunohistochemistry of EphB1 in
Invading Corneal Vessels

The expression of EphB1, CD31, and type IV collagen
was determined using triple-staining confocal laser scan-
ning microscopy. The newly synthesized vessels were
simultaneously detected with the expression of EphB1
shown as green (Figure 4, A and E), CD31 as red (Figure
4, B and F), and type IV collagen as blue (Figure 4, C and
G). The longitudinal part of the corneal vessel was con-
firmed with intraluminal localization of EphB1 compared
with that of surrounding expression of type IV collagen
(Figure 4, E-H). The confocal images suggested that
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Figure 1. EphrinB1 immunolocalization in normal and bFGF-induced neovascularized cornea. Uninjured normal eye was enucleated and stained with ephrinB1
(A) and propidium iodide (B). Overlay image was shown in C. After bFGF pellet (120 ng/pellet) insertion, mouse eyes were enucleated at days 1, 4, and 7 and
stained with ephrinB1 (green) (D, G, and J) and CD31 (red) (E, H, and K) antibodies. Overlay images are shown in F, I, and L. Bar = 20 um. Antibodies

preincubated with cognate peptides were used as control (M-O).

EphB1 was localized specifically to the corneal vascular
endothelial cells.

Effect of ephrinB1-Fc on Vascular Endothelial
Cell EphB1 Receptor Phosphorylation

Recombinant ephrinB1-Fc was clustered using anti-hu-
man Fc antibodies to mimic dimerization before adding it
to the culture medium. CPAE cell cultures were treated
with ephrinB1-Fc for 0, 15, 30, and 60 minutes. EphB1

was stably expressed through the time course, and
phosphorylated EphB1 was detected at 15 minutes and
enhanced at 60 minutes after ephrinB1-Fc stimulation
(Figure 4l).

Tube Formation Influenced by ephrinB1-Fc

To address whether ephrin B1 plays a role in vascular
endothelial cell growth ex vivo, aortic rings were analyzed
in a type | collagen bed in the presence of recombinant
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Figure 2. The bFGF-induced vascularized cornea (day 7 after pellet insertion) was stained with ephrinB1 (A, D, and G) and vimentin (E), F4/80 (B), or Gr-1 (H).
Overlay images are shown in C, F, and L. The ephrinB1 colocalized with vimentin (keratocyte marker) and Gr-1 (neutrophil marker) (F and I) but not with F4/80

(C). Bar = 20 wm.

ephrinB1. The endothelial nature of the microvessels in
the aortic ring assay was confirmed by staining with
CD31 (data not shown). The aortic rings cultured in se-
rum-free media displayed little or no sprouting (Figure 5,
A-C). Sprouting of microvessels was initially noticed on
day 4 when cultured in the presence of bFGF. The num-
ber and length of microvessel tubes were increased at
day 7 (Figure 5, G-1). Incubation of ephrinB1-Fc alone did
not promote the microvessel tube formation (Figure 5,
D-F). The number and length of microvessel tubes were
dramatically increased when ephrinB1-Fc was added to
bFGF-containing media (Figure 5, J-L). In addition, the
capillary network became dense when the aortic ring was
cultured in medium containing bFGF and ephrinB1-Fc.

To address whether ephrinB1 receptors were expressed
in the cultured aortic rings, immunostaining with EphB
antibodies was performed. EphB1 and EphB2 were de-
tected in the newly formed microvessels (data not
shown).

Corneal Pocket Assay

To evaluate the potential synergistic biological activity of
ephrinB1-Fc in the corneal in vivo assay, we implanted
hydron pellets impregnated with 6 pmol of ephrinB1-Fc
(Figure 6, A-C), 50 ng of bFGF (Figure 6, D-F), 6 pmol of
Fc plus 50 ng of bFGF (Figure 6, G-I), or 6 pmol of
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Figure 3. EphB1 immunolocalization in normal and bFGF-induced neovascularized cornea. Uninjured normal eye was enucleated and stained with EphB1 (A)
and propidium iodide (B). Overlay image was shown in C. After bFGF pellet (120 ng/pellet) insertion, mouse eyes were enucleated at days 1, 4, and 7 and stained
with EphB1 (green) (D, G, and J) and CD31 (red) (E, H, and K) antibodies. Overlay images are shown in F, I, and L. Bar = 20 um. Antibodies preincubated

with cognate peptides were used as control (M—O).

ephrinB1-Fc + 50 ng plus bFGF (Figure 6, J-L) into the
mouse corneas. Neovascularization responses were Vi-
sualized and photographed at 7 days after pellet implan-
tation. Photographed images were analyzed by the NIH
ImagedJ program (Figure 6M). Recombinant ephrinB1-Fc
alone did not induce neovascularization (Figure 6C), but
ephrinB1-Fc significantly promoted bFGF-induced cor-
neal neovascularization (Figure 6L). No synergistic effect
on bFGF-induced corneal neovascularization was ob-
served with implantation of the Fc protein (Figure 61).

ERK Activation by ephrinB1-Fc

To determine whether the ERK pathway (known to be
activated after bFGF stimulation) is involved in the proan-
giogenic role of ephrinB1, we used CPAE cell cultures to
quantify the phosphorylated ERK. We treated the cell
lines with ephrinB1-Fc, bFGF, bFGF with Fc control, or
bFGF with ephrinB1-Fc (Figure 6N). When the cells were
treated by ephrinB1-Fc alone, ERK activation was slightly
enhanced. On the other hand, the stimulation by bFGF
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EphB1

CD31
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alone enhanced ERK more than ephrinB1-Fc alone. In-
terestingly, the simultaneous stimulation by bFGF and
ephrinB1-Fc dramatically enhanced and sustained ERK
phosphorylation. The control Fc protein did not show any
difference compared with bFGF stimulation alone (Figure
6N).

Discussion

Our current findings demonstrated that ephrinB1 was
expressed in the keratocytes and EphB1 receptors were
expressed in the invading vascular endothelial cells dur-
ing bFGF-induced corneal neovascularization. Eph-
rinB1-Fc promoted bFGF-induced corneal angiogenesis
in vivo in a corneal pocket assay and had a synergistic
effect with bFGF in an aortic ring tube formation assay.
When the vascular endothelial cell cultures were treated
by ephrinB1-Fc with bFGF, ERK activation was enhanced
and sustained. To our knowledge, this is the first report to
show that ephrinB1 and EphB1 are expressed in vascu-
larized corneas and to reveal the synergistic function of
ephrinB1 and bFGF in vivo.

Eph receptors and the ligand ephrin families are criti-
cal determinants of embryonic patterning, neuronal tar-
geting, and vascular assembly. Initially, Eph/ephrin have
been found to regulate pre- and postnatal vascular re-
modeling during development.>*3> EphrinB2 is ex-

Type IV collagen

Overlay

Figure 4. Confocal micrographs of corneal neovascularization in wild-type
mice 7 days after bFGF (120 ng/ml) pellet insertion. Immunohistochemical
localization of EphB1 (green) (A and E), CD31 (red) (B and F), type IV
collagen (blue) (C and G), and triple staining (D and H). Triple staining
demonstrates EphB1-specific localization to the vascular endothelial region.
I: Activation of pEphB1 on ephrinBl-Fc stimulation. EphB1 was stably
expressed through the time course. The pEphB1 was detected faintly at 15
minutes after ephrinB1-Fc stimulation and then enhanced at 60 minutes.

pressed in adult arterial endothelium and vascular
smooth muscle cells surrounding arteries, and EphB4 is
expressed in adult venous endothelium3® and regulates
branching and vascular network formation.3” Transgenic
mice with lacZ reporter gene inserted into the 3'end of the
ephrinB2 or EphB4 gene have demonstrated that eph-
rinB2 and EphB4 are equally essential for the angiogenic
remodeling of blood vessels in the early embryo, which
suggests that they mediate vascular morphogenesis
through reciprocal interactions. The lethality of ephrinB2
and EphB4 knockouts indicates an essential function in
the endothelium because vascular endothelial-specific
inactivation of the ephrinB2 gene is also incompatible with
embryonic angiogenesis and survival beyond mid-gesta-
tion. Recombinant ephrinB2 promotes adhesion and mi-
gration of endothelial cells in vitro.®® In addition, recom-
binant ephrinA1,83° ephrinB2,° and the ectodomain of
EphB1 induce corneal angiogenesis in adult mice in
vivo.*" These data demonstrate that adult vascular endo-
thelial cells can respond to ephrin and Eph receptor
tyrosine kinase signals.

Daniel et al*? reported that EphB1 and ephrinB1 were
immunolocalized in microvascular endothelial cells and
the developing capillary walls of the newborn murine
kidney. EphrinB1-Fc induced capillary assembly in hu-
man renal microvascular endothelial cells. In addition,
ephrinB1 multimers promoted endothelial capillary-like
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Figure 5. Effect of ephrinB1-Fc on aortic ring assay. Aorta was embedded in
type I collagen and then bathed in different media. Photographs were taken
on days 1, 4, and 7 after embedding the aortas. All ephrinB1-Fc were
clustered as described in Materials and Methods. Media: EBM only (A—C), 20
pmol (2 ug)/ml Fc (photograph is not shown), 20 pmol (2 ug)/ml eph-
rinB1-Fc¢ (D-F), 50 ng/ml bFGF (G-I, 50 ng/ml bFGF with 20 pmol (2
ung)/ml Fe (photograph is not shown), and 50 ng/ml bFGF with 20 pmol (2
ng)/ml ephrinB1-Fc (J-L). M: Seven days after incubation, the number of
microvessels was counted under the microscope. EphrinB1-Fc synergistically
enhanced the tube formation. Results are representative of at least three
independent experiments and represent the mean = SEM. *P < 0.05.

assembly, cell attachment, and recruitment of low-molec-
ular-weight phosphotyrosine phosphatase in the human
renal microvascular endothelial cell line.*® Involvement of
ephrinB1 in abnormal vascular development such as
cancer has also been reported. The ephrinB1-overex-
pressing cells develop tumors more rapidly than the
controls in vivo. The tumor vessel number significantly
increased in the ephrinB1-overexpressing tumors. In
addition, in vitro studies revealed that ephrinB1 induced
migration and proliferation of human umbilical vein endo-
thelial cells.®

In neovascularized corneas, ephrinB1 was localized to
the keratocyte, and EphB1 was immunolocalized to the
vessel on day 4 after bFGF pellet implantation. Localiza-
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Figure 6. Effect of ephrinB1-Fc on corneal pocket assay. The pellet contain-
ing ephrinB1-Fc (A—C), bFGF (50 ng/pellet) (D-F), bFGF + Fc (G-D), and
ephrinB1-F¢ + bFGF (J-L) was inserted into corneal stromal pocket as
described in Material and Methods. Photographs were taken on days 1, 4, and
7 after implantation. bFGF-induced corneal neovascularization was signifi-
cantly enhanced by ephrinB1-Fc in vivo. M: Seven days after pellet insertion,
the area of corneal neovascularization was calculated using NIH Image]
software. Results are representative of at least three independent experi-
ments and represent the mean = SEM. *P < 0.05. N: Activation of ERK by
bFGF and ephrinB1-Fc. CPAE cell lysates were immunoblotted with anti-
phospho-ERK1/2 antibody and anti-ERK1/2 antibody. When the cells were
treated by the ephrinB1-Fc with bFGF, the activation of ERK was dramatically
enhanced and sustained.

tion of EphB1 to the vascular endothelial cells was further
confirmed by triple co-immunostaining with CD31 and
collagen type IV. This result is consistent with other re-
ports showing EphB1 expression in vascular endothelial
Ce”S.16,42—44

In the in vitro aortic ring assay, we used recombinant
ephrinB1-Fc fused with human Fc and clustered with
anti-human Fc antibody to form a dimer (or multimer) and
mimic the ephrin ligand and Eph receptor interaction. Our
results showed that recombinant ephrinB1-Fc promoted
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the bFGF-induced neovascular network formation when
compared with that of Fc controls. In vivo corneal pellet
implantation provides a special advantage because it is
reproducible and facilitates maneuvering exogenous fac-
tors and substrates to assay their effects on angiogenesis
in the avascular background.?* Using this in vivo model,
we demonstrated that ephrinB1-Fc pellet implantation
synergistically promotes bFGF-induced angiogenesis. In
addition, we showed that ephrinB1 induced VEGF-B ex-
pression in the corneal stromal cells.

Using CPAE cell lines, we revealed that phospho-ERK
was up-regulated when the cells were treated by the
combination of bFGF and ephrinB1-Fc. This result is con-
sistent with the data from in vitro aortic ring assay and in
vivo corneal pocket assay.

bFGF is expressed in various pathological conditions
such as corneal wounding and neovascularization. We
hypothesize that bFGF expression up-regulates ephrinB1
in corneal keratocytes or recruited neutrophils and that
the interaction of ephrinB1 with the EphB1 vascular en-
dothelial receptors may be involved in vessel guidance in
the cornea. When ephrinB1 binds with EphB1, interac-
tions with the FGF receptor or with adaptor molecules
may enhance the bFGF angiogenic effect and aggravate
corneal neovascularization. Likewise, one may speculate
that in tumor tissue that expresses ephrinB1, such as
hepatocellular carcinoma, ephrinB1/bFGF signaling may
play a key role in angiogenesis and tumorigenesis.

Based on our data, we could not directly confirm that
forward signaling induces corneal neovascularization in
vivo because we could not duplicate our cell culture
results in vivo; we could not detect EphB1 activation in the
cornea using immunohistochemistry and Western blot-
ting. It is not clear how ephrinB1 and bFGF synergistically
activate the ERK pathway. Judging from the important
role of Eph and ephrinB1 in angiogenesis, understanding
the mechanism of Eph/ephrin signaling and regulation in
angiogenesis may provide a therapeutic intervention for
the treatment of not only corneal neovascularization but
also angiogenesis-related disorders such as diabetic ret-
inopathy, macular degeneration, and cancers. Further
studies regarding the association between EphB1 and
FGF receptor are needed.
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