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Abstract
Purpose To analyze the features of corneal neovascularization and lymphangiogenesis induced by different etiological
factors.
Methods A total of 150 mice were randomly divided into
five groups to establish models of corneal neovascularization and lymphangiogenesis by alkali burn, suturing, fungal
infection, bovine serum albumin (BSA) injection, and
tumor cell implantation, respectively. Morphology and
length and quantity of corneal neovascularization were
monitored daily by slit-lamp microscopy. Histopathological
changes were evaluated on days 1, 3, 7, and 14. New
lymphatic vessels stained by LYVE-1 and neovascularized
vessels stained by anti-CD31 monoclonal antibody were
observed on days 3, 7, 14, and 21. Expression of VEGF-A,
VEGF-C and VEGFR-3 in corneal tissue was detected by
semi-quantitative RT-PCR on days 7 and 14.
Results The shape of corneal neovascularization was
dendritic in the alkali burn model, elongated in the suturing
model, mushroom-like in the fungal infection model,
broadband-like in the BSA injection model, and umbrellalike in the tumor cell implantation model. Inflammatory
cells appeared from day 1 and accompanied neovasculari-
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zation from day 3 to day 14. When the inflammatory cells
retreated, neovascularization was seen in the corneal
stroma. The onset of lymphangiogenesis was later than
neovascularization in all groups. The pathologic lymphatic
vessels grew slowly in the fungal infection and tumor cell
implantation models and at a high density in the BSA
injection model. When the area of neovascularization and
lymphatic vessels increased, the expression of VEGFs
maintained to be effective.
Conclusions Corneal neovascularization and lymphangiogenesis induced by different etiological factors show different
growth patterns. Inflammatory reaction plays a part in the
induction of corneal neovascularization. A certain level of
VEGFs in corneal tissue may sustain the presentation of
corneal neovascularization and lymphangiogenesis.
Keywords Corneal vascularization . Corneal
lymphangiogenesis . Etiological factors . Mouse

Introduction
The normal human cornea is primarily avascular and
devoid of both blood and lymphatic vessels and actively
maintains its transparency, which has been termed ‘corneal
immune privilege’ or ‘corneal angiogenic privilege’. This
‘corneal angiogenic privilege’ is achieved very early during
fetal development and is essential for good vision [1].
Although the corneal tissue is an immune-privileged site,
enabling the extraordinary success of histologically incompatible corneal transplantation, allograft rejection often
occurs after penetrating keratoplasty. Clinically, when there
is graft rejection, many new blood vessels grow into the
corneal allograft and lead to corneal neovascularization
(CNV). Lymphangiogenesis also emerges in the cornea
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after corneal transplantation, which may play an important
role in allograft rejection [2].
We often see various morphologies of CNV on the
surface and in the stroma of abnormal corneas in patients
suffering from different etiological factors. For example,
radiate, dendritic, or brush-like gross neovascularization is
often observed in the infected corneas. Neovascularization
induced by chemical injury is usually accompanied by
fibrous tissue growth. Slender neovascular networks or
vertical, curtain-like and shallow neovascularization is
frequently found in degenerative diseases such as Terrien’s
degeneration. Is there any relationship between neovascularization and etiological factors? Furthermore, it is unclear
whether there is lymphangiogenesis in the cornea under this
circumstance. This study aimed to explore the growth
patterns of corneal neovascularization and possible lymphangiogenesis and their relationship in the animal models
induced by different etiological factors.

contact lens. The eyelid was then sutured, and after 24 h, the
sutures were removed. Five mice as controls were infused
with 5 μl of physiological saline solution. (4) BSA injection
model: 250 μl of BSA (0.1 g/ml, dissolved in normal saline)
was injected into the abdominal cavity for presensitization.
After 15 days, 2 μl of BSA (0.2 g/ml, dissolved in normal
saline) was injected into the corneal stroma using a 32-gauge
needle to form a corneal layer tunnel. Five mice as controls
were presensitized with an equal dose of BSA; after 15 days,
2 μl of physiological saline was injected into the corneal
stroma. (5) Tumor cell implantation model: 2 μl of mouse
fibroma cell suspension (105/ml) was injected into the corneal
stroma using a 32-gauge needle to form a corneal layer
tunnel. Five mice as controls were injected with 2 μl of
inactivated tumor cell suspension (105/ml).
Observation of corneal neovascularization

Materials and methods

After these models were established, the shape, length, and
density of CNV in each group were observed by slit-lamp
microscopy, and then photographed and recorded daily.

Experimental animals and groups

Histopathological examination

A total of 150 BALB/c mice of either sex, aged 6 to
8 weeks, were purchased from the Beijing Laboratory
Animal Center (Beijing, China). The animals were randomly divided into groups of alkali burn, suturing, fungal
infection, bovine serum albumin (BSA) injection, and
tumor cell implantation. In each group, 25 mice were
included in the experimental subgroup and five in the
control subgroup. All animal studies were conducted in
accordance with the ARVO Statement on the Use of
Animals in Ophthalmology and Vision Research.

On days 1, 3, 7, and 14 after the models were established,
two mice from each model group and one from each control
group were killed. The corneas were removed and observed
for inflammatory cell infiltration or neovascularization in
the corneal stroma by H&E staining.

Animal models
Ketamine (3~4 mg/kg) and chlorpromazine (0.1 mg/kg)
were injected into the mouse peritoneum, and animal
models were established as follows. (1) Alkali burn model:
A round filter paper, 2 mm in diameter, was dipped into
1 mol/l NaOH solution for 15 s before attached to the
central cornea for 40 s. The corneal surface and conjunctiva
were rinsed with physiological saline for 1 min. Five mice
as controls did not undergo any treatment. (2) Suturing
model: A mark was made in the central cornea by a 2-mmdiameter trephine, after which the corneal stroma was
sutured with 11-0 nylon sutures, one suture at the mark in
each corneal quadrant. Five mice as controls did not
undergo any treatment. (3) Fungal infection model: The
central corneal epithelium, 3 mm in diameter, was scraped.
The corneal stroma was infused with 5 μl of Fusarium solani
liquor (108/CFU) before covered with a 3.5-mm-diameter

Immunofluorescence double-staining examination
On days 3, 7, 14, and 21 after the models were established,
three mice from each model group and one from each
control group were killed, and the corneas were subjected
for immunofluorescence double-staining. Whole mounts
were dipped into acetone (–20°C) for 10 min for fixation
and washed three times with phosphate-buffered saline
(PBS) before incubated in goat BSA for 10 min at room
temperature. After 1:100 rat anti-mouse anti-CD31 monoclonal antibodies and 1:800 rabbit anti-mouse 1-lymphatic
vessel endothelial hyaluronic acid receptor-1 (LYVE-1)
polyclonal antibodies were added, the specimens were
incubated overnight in a humidity chamber at 4°C and
then washed three times with PBS. After adding 1:400
fluorescein isothiocyanate (FITC)-labeled goat anti-rat IgG
and 1:400 tetramethylrhodamine isothiocyanate (TRITC)labeled goat anti-rabbit IgG, incubation continued for 40
min at room temperature in a humidity chamber. Finally,
the specimens were washed three times with PBS before
observed using a fluorescence microscope. When the
negative controls were prepared, the steps were the same,
except for the use of PBS instead of the first antibody.
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Image-Pro Plus 6.0 image analysis software was used to
analyze the neovascularization and lymphangiogenesis in
the corneal whole mounts with double-stainings. The length
of new blood and lymphatic vessels was measured.

Molecular biological detection
On days 7 and 14 after the models were established, two
mice from each model group were killed and the corneas

Fig. 1 Growth patterns of corneal neovascular vessels in the models of alkali burn (a), suturing (b), fungal infection (c), BSA injection (d), and tumor
cell implantation (e)
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were examined by semi-quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) for detection of
vascular endothelial growth factor (VEGF)-A, VEGF-C,
and VEGFR-3 mRNA expression. After the cornea was
transformed into a single-cell suspension, total mRNA was
extracted and reversely transcribed to cDNA. The target
gene was amplified by polymerase chain reaction. Each
reaction system was degenerated at 95°C for 90 s, annealed
for 30 s at 55°C→50°C, extended for 30 s at 72°C, and
amplified for 25 cycles. Afterwards, 20 μl of amplified
reaction fluid was used for electrophoresis in 2% agarose
gel with ethidium bromide. The resulting images captured
by a computer fluorescence camera were used to analyze
the length of gene fragments. Finally, the optical density

ratios of target genes and internal reference were determined. Image-J software was used in the analysis. VEGFA, VEGF-C, and VEGFR-3 primers were purchased from
Boshang Biotechnology Co. (Shanghai, China).

Results
Growth patterns of new blood vessels in corneas
No new blood vessels grew in any control group (data not
shown). The rate of successfully induced CNV was 97% in
the alkali burn model, 100% in the suturing model, 90% in
the fungal infection model, 90% in the BSA injection

Fig. 2 Corneal neovascularization and inflammation in the models of alkali burn (a), suturing (b), fungal infection (c), BSA injection (d), and
tumor cell implantation (e)
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Fig. 3 The average number of
inflammatory cells and neovascular vessels in the histological
sections from all the models

Fig. 4 New vascular (a) and lymphatic (b) vessels in the alkali burn model. The limbus and the direction of vessel growth are indicated by
arrows in the merged picture (c). (x100)
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model, and 87% in the tumor cell implantation model. All
failed models due to corneal perforation were replaced
promptly by supplementary successful models. On the first
day, the vascular vessels at the limbal cornea expanded and
congested in all models (Fig. 1, Panels A1-E1), and
ansiform neovascularization invaded approximately 0.2
mm toward the corneal center in the fungal infection model
(Fig. 1, Panel C1).
On day 3, arc-like or ansiform neovascularization
occurred in corneas in the alkali burn and suturing models,
approximately 0.3 mm and 0.4 mm in length, respectively
(Fig. 1, Panels A2 and B2). The vessels in the fungal
infection model had mushroom-shaped ends, extending to
0.6 mm (Fig. 1, Panel C2). In the BSA injection model, a
few blood-vessel sprouts in different lengths grew from the
corneal limbus (Fig. 1, Panel D2). In the tumor cell
implantation model, the neovascularization was spear-like
and 0.5 mm long (Fig. 1, Panel E2).
On day 7, clear trunks and dilated, gross branches of
CNV were seen in the alkali burn model, with an average

length of 0.8 mm, shorter than that in the other models
(1.5 mm; Fig. 1, Panel A3). The vessels in the suturing
model presented straight trunks and erupted small branches
and extended to the sutures (Fig. 1, Panel B3). Peaked
density and increased thickness of new blood vessels were
shown in the fungal infection model (Fig. 1, Panel C3). In
the tumor cell implantation model, there was a white
opacity in the central cornea, as well as neovascularization
with intensive branches (Fig. 1, Panel D3). However, only
sparse new vessels could be observed in corneas in the
BSA injection model (Fig. 1, Panel E3).
The neovascular vessels in the alkali burn model,
1.5 mm long, had straight trunks, reduced branches and
slender ends on day 14. It was similar in the fungal
infection model, except that the length was 2.3 mm. A little
CNV vanished in the suturing model, and most new vessels
with curved trunks surrounded the sutures, 2 mm in length.
In the BSA injection model, the new vessels presenting
bent trunks and erupted small branches became thickened
and extended to 2.0 mm. At this timepoint, the CNV also

Fig. 5 New vascular (a) and lymphatic (b) vessels in the suturing model. The limbus and the direction of vessel growth are indicated by arrows
in the merged picture (c). (x100)
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partly disappeared in the tumor cell implantation model; the
new vessels were 2 mm long with enlarged lumens and
reduced branches, and the ends reached the corneal center
(data not shown).
On day 21, although a part of neovascular vessels
appeared to vanish, the thickened and bent trunks continued
to extend toward the corneal center (1.8 mm), and the
branches were like a tree in the alkali burn model (Fig. 1,
Panel A4). In the suturing model, the majority of CNV
disappeared, and the rest thin vessels gathered into small
bundles, crossed the sutures and reached the corneal center,
with a length of 2.5 mm (Fig. 1, Panel B4). Regression of
the CNV also occurred in the fungal infection model; the
vessels became thinner, 2.1 mm long (Fig. 1, Panel C4). In
the BSA injection model, the new vessel trunks were
thickened, and the branches extended to around 2.2 mm
(Fig. 1, Panel D4). While in the tumor cell implantation
model, although most new blood vessels reduced in size,
the rest was integrated into a few big ones; the vessel ends

surrounded the white opacity like an umbrella; the vessel
length was about 2.1 mm (Fig. 1, Panel E4). On day 35,
very few neovascular vessels, slender and without
branches, remained in each model (data not shown).
Relationship between neovascularization and inflammation
in corneas
There were no inflammatory cells or new blood vessels in
the corneas of control groups (data not shown). Inflammatory cell infiltration occurred in the stroma in all models on
the first day, prior to neovascular vessels sprouting from the
limbus on the third day (Fig. 2, Panels A1–E1, A2–E2). On
day 7, many inflammatory cells and new blood vessels
were located in the middle and deep layers in the alkali
burn model and around the sutures in the suturing model
(Fig. 2, Panels A3 and B3). In the fungal infection model,
the CNV presented in the shallow and middle stromal
layers which were infiltrated by inflammatory cells (Fig. 2,

Fig. 6 New vascular (a) and lymphatic (b) vessels in the fungal infection model. The limbus and the direction of vessel growth are indicated by
arrows in the merged picture (c). (x100)
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Panel C3). In the BSA injection model, epithelial cells
penetrated into corneal stroma, and the vascularized stroma
was infiltrated by large mounts of inflammatory cells
(Fig. 2, Panel D3). Moreover, fusiform fibroma cells,
inflammatory cells and massive new blood vessels formed
an intumescent corneal center in the tumor cell implantation
model (Fig. 2, Panel E3).
On day 14, many blood vessels and inflammatory cells
infiltrated the stroma in the tumor cell implantation model,
although the inflammatory reaction relieved (Fig. 2, Panel
E4). Most inflammatory cells and neovascular vessels
reduced, but residual vessels were still seen in certain
regions in the other four models (Fig. 2, Panels A4–D4).
Inflammatory cell infiltration and neovascularization in
the corneal tissues varied in degree at each timepoint in the
five models. Combining the data from all the models,
the number of inflammatory cells peaked on day 3, and the
amounts of CNV peaked on day 7. Both inflammatory cells
and CNV retreated on day 14 in all the models (Fig. 3).

Relationship between lymphangiogenesis
and neovascularization in corneas
There were no new blood or lymphatic vessels in the
corneas of control groups (data not shown). Pathologic
lymphatic vessels sprouted from corneal limbus, following
the CNV, in the alkali burn, suturing and BSA injection
models on day 3 (Fig. 4, Panel C1; Fig. 5, Panel C1; Fig. 7,
Panel C1). On day 7, many lymphatic vessels with small
and short branches were observed in the corneal tissues in
the alkali burn model, but the density and length were less
than the neovascularization (Fig. 4, Panel C2). In the
suturing model, the extended new lymphatic vessels, which
were shorter, smaller than the new blood vessels, but with
larger lumens, showed a high density (Fig. 5, Panel C2). No
lymphatic vessels were seen in the fungal infection model
(Fig. 6, Panel C2). The flame-like lymphatic network in the
BSA injection model had an equal length to but larger
vessel lumens than the neovascularization; the lymphatic

Fig. 7 New vascular (a) and lymphatic (b) vessels in the BSA injection model. The limbus and the direction of vessel growth are indicated by
arrows in the merged picture (c). (x100)
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vessel density in this model was highest, but the branches
were fewest among the five models (Fig. 7, Panel C2). In
the tumor cell implantation model, the sprouted lymphatic
vessels grew thicker than the blood vessels, but the length
and number decreased more (Fig. 8, Panel C2).
The new lymphatic vessels in the alkali burn model
continued to elongate and increase in number on day 14. In
the suturing model, the extended and thickened new
lymphatic vessels were similar to neovascularization in
length. In the fungal infection model, a few slender new
lymphatic vessels without branches emerged from the
limbus in a smaller number and a shorter length than
neovascularization. Moreover, the new lymphatic vessels
were uniform in thickness in the BSA injection model and
feather-like, some separating from the roots, in the tumor
cell implantation model (data not shown).
On day 21, some lymphatic vessels disappeared, but some
grew thicker and longer in the alkali burn model (Fig. 4,
Panel C3). The shovel-like lymphatic vessels sprouting from
the limbus had larger lumens and a slightly shorter length
than the neovascular vessels. In the suturing model, some

lymphatic branches vanished. The new lymphatic vessels,
thicker than the new blood vessels, were in a form of loops,
and some separated from the limbus (Fig. 5, Panel C3). In the
fungal infection model, the thickened new lymphatic vessels
in an irregular shape presented an increased density; the
lymphatic lumens were larger than the vascular lumens.
Lymphatic vessels still lay in the location where the CNV
retreated (Fig. 6, Panel C3). At this timepoint, the new
lymphatic vessels increased in length but decreased in density
in the BSA injection model, while the lymphatic lumen was
largest among the five models (Fig. 7, Panel C3). In the
tumor cell implantation model, the new lymphatic vessels
became slender and decreased in number, and the shape was
irregular (Fig. 8, Panel C3).
The CNV area was largest on day 7 in the alkali burn
model and on day 14 in the other models, whereas the area
of lymphangiogenesis remained expanding from day 3 to
day 21, although the speed was slower than the CNV, in all
the models. The fungal infection model displayed fewest
lymphatic vessels but densest blood vessels on day 14.
When most neovascularization retreated, the number of

Fig. 8 New vascular (a) and lymphatic (b) vessels in the tumor cell implantation model. The limbus and the direction of vessel growth are
indicated by arrows in the merged picture (c). (x100)
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new lymphatic vessels was still increasing in all the models
(Fig. 9).
Relationship between expression of VEGF/VEGFR
and areas of neovascularization and lymphangiogenesis
When the CNV was in the thriving period (day 7 in the
alkali burn model and day 14 in the other models), the level
of VEGF-A was relatively high in all models. Whether the
expression of VEGF-C and VEGFR-3 decreased or
increased on day 14 compared with that on day 7, as long
as it maintained in a certain range, the area of new
lymphatic vessels kept increasing in these models. Although the levels of VEGF-C and VEGFR-3 in the fungal
infection model were lowest among the five models, a
slowest increase was still observed (Fig. 10).

Fig. 9 The area of neovascularization (a) and lymphatic
vessels (b) in the corneal flat
mounts from all the models

Discussion
There have been many well-established methods for the
investigation of CNV. Animal models of corneal neovascularization and lymphangiogenesis can be established
through physical and chemical methods, corneal microcapsule bags method, and immune-inducing method [3–5].
Damms et al. [6] induced CNV in New Zealand rabbits by
injecting BSA into corneal stroma. In our study, this
method was successfully used in BALB/c mice. Some
researchers implanted tumor cells into mouse or rabbit
corneas. La Montagne et al. [7] induced neovascularization
in the mouse ear dorsal skin by injecting a tumor cell
suspension. We injected a fibroma cell suspension into the
corneal stroma of BALB/c mice and achieved favorable
results. In this study, five kinds of mouse models of
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Fig. 10 Expression levels of
VEGF-A, VEGF-C, and
VEGFR-3 in the five models on
days 7 and 14. a The relationship between the levels of
VEGF-A and the area of corneal
neovascularization. b, c The
correlation between the levels of
VEGF-C and VEGFR-3 and the
area of new lymphatic vessels
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neovascularization were successfully established for the
study of corneal neovascularization and lymphangiogenesis
as well as their relationship.
The features of corneal neovascularization and lymphangiogenesis induced by different etiological factors were not
reported previously. In our study, we found that the CNV
grew earliest and densest in the fungal infection group. The
neovascular area peaked earlier in the alkali burn model
than the other models. The corneal inflammation induced
by fungal infection and alkali burn was severe, which
indicated that the infiltration of inflammatory cells can play
a part in the development of CNV. Difference in the degree
of inflammatory cell infiltration may be one of the reasons
why the patterns of CNV varied in the models induced by
different etiological factors, which is in accordance with the
findings of Jackson et al. [8].
The typical CNV patterns were different in the five
models. The neovascular network was dendritic in the
alkali burn model, crossed with the sutures in small
bundles in the suturing model, mushroom-shaped in the
fungal infection model, broadband-shaped in the BSA
injection model, and umbrella-shaped in the tumor cell
implantation model. This difference may also be related
to the expression of cytokines in the course of inflammatory cell infiltration. For example, the expression of
VEGF mRNA and protein was significantly high in the
area infiltrated by inflammatory cells. The expression of
basic fibroblast growth factor and matrix metalloproteinasis also increases in proximity to inflammatory cells
induced by different etiological factors. Among all
models in the current study, the pathological corneal
lymphatic vessels grew latest into the corneas with
fungal infection or tumor cell implantation and disappeared latest in those with BSA injection which showed
largest lymphatic lumens and highest lymphatic density.
The typical patterns of corneal lymphangiogenesis varied
in the five groups, which may be attributed to the
different expressions of VEGFs.
VEGF is one of the strongest factors promoting neovascularization and lymphangiogenesis. The family has five
members: VEGF-A, VEGF-B, VEGF-C, VEGF-D, and
placental growth factor [9]. In the normal cornea, VEGF
expresses in epithelium, endothelium, corneal limbal
vascular endothelial cells, and corneal cells. Its biological
effect is achieved through the VEGF receptor. Many reports
demonstrated that VEGF is required for CNV [10–12],
especially VEGF-A [12, 13]. The expression of VEGF-C
and its receptor VEGFR-3 is correlated closely with corneal
lymphangiogenesis [14–17]. In this study, the level of
VEGF-A, VEGF-C, and VEGFR-3 was found to be in a
certain range when the neovascularization and lymphangiogenesis were in their thriving period. It indicated that
VEGF expression in certain levels can induce and maintain

corneal new vascular and lymphatic growth, which was
also demonstrated in the other reports [10–12, 15]. Maybe
just exceeding the threshold value, e.g., the EC50 of VEGFA concentration was 0.4 pM [18], the expression level of
VEGF is sufficient for a functional response at the corneal
limbus. In our study, the level of VEGF-A was significantly
high when a large area of neovascular response occurred in
the alkali burn model. In eyes with fungal infection, the
levels of VEGF-C and VEGFR-3 were lowest among all
the models, but the continuous expansion of new lymphatic
vessels was similar to the other models. This suggested that
the levels of VEGF-C and VEGFR-3 were not below the
threshold value. More investigations on the relationship
between VEGFs and vessels need to be done from a protein
level.
The relationship between new vascular and lymphatic
vessels in corneas has remained controversial. Cursiefen
et al. [19] found that corneal lymphangiogenesis developed following neovascularization through corneal transplantation in mice. They speculated that VEGF-C
excreted by neovascular endothelial cells induced new
corneal lymphangiogenesis from the branches of lymphatic vessels at the limbus, but not from the trunks, and
new lymphatics retreated ahead of neovascularization.
On the contrary, Chang et al. [20] reported that new
corneal lymphatics continued to grow after the CNV
was blocked by imbedding basic fibroblast growth
factor in the model prepared by the corneal pouch
method. They persisted that the lymphatic endothelial
cells can proliferate in the absence of neovascularization and form new lymphatic vessels. Recent findings
on the molecular mechanisms of lymphatic vessel
development and regulation elucidated the modulation
of the lymphangiogenic process and specific targeting
of the lymphatic endothelium. VEGF-C may induce
lymphangiogenesis, and high levels of VEGF-C also
can result in new blood vessel leakage and growth [21].
In this study, new lymphatic vessels developed following
neovascular vessels in all the models, which is consistent
with the report of Cursiefen et al. [19]. The regression of
new corneal lymphatics was found to be later than that of
neovascularization.
In summary, the inflammatory reaction may play an
important role in inducing neovascularization in corneas.
The corneal neovascularization and lymphangiogenesis
induced by various etiological factors show different
features. A certain level of VEGFs in corneal tissue may
sustain the growth of new vascular and lymphatic vessels
in corneas. The specific mechanism requires further
investigations.
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