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Abstract

 Background—Immunohistochemical staining experiments have shown that both 

hemangiogenesis and lymphangiogenesis occur following severe corneal and conjunctival injury 

and that the neovascularization of the cornea often has severe visual consequences. To better 

understand how hemangiogenesis and lymphangiogenesis are induced by different degrees of 

ocular injury, we investigated patterns of injury-induced corneal neovascularization in live Prox1-
GFP/Flk1::myr-mCherry mice, in which blood and lymphatic vessels can be imaged 

simultaneously in vivo.

 Methods—The eyes of Prox1-GFP/Flk1::myr-mCherry mice were injured according to four 

models based on epithelial debridement of the: A) central cornea (a 1.5-mm-diameter circle of 

tissue over the corneal apex), B) total cornea, C) bulbar conjunctiva, and D) cornea+bulbar 

conjunctiva. Corneal blood and lymphatic vessels were imaged on days 0, 3, 7, and 10 post-injury, 

and the percentages of the cornea containing blood and lymphatic vessels were calculated.

 Results—Neither central corneal nor bulbar conjunctival debridement resulted in significant 

vessel growth in the mouse cornea, whereas total corneal and corneal+bulbar conjunctival 

debridement did. On day 10 in the central cornea, total cornea, bulbar conjunctiva, and corneal

+bulbar conjunctival epithelial debridement models, the percentage of the corneal surface that was 

occupied by blood vessels (hemangiogenesis) was 1.9±0.8%, 7.14±2.4%, 2.29±1%, and 

15.05±2.14%, respectively, and the percentage of the corneal surface that was occupied by 
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lymphatic vessels (lymphangiogenesis) was 2.45±1.51%, 4.85±0.95%, 2.95±1.27%, and 

4.15±3.85%, respectively.

 Conclusions—Substantial corneal debridement was required to induce corneal 

neovascularization in the mouse cornea, and the corneal epithelium may therefore be partially 

responsible for maintaining corneal avascularity.

 General significance—Our study demonstrates that GFP/Flk1::myr-mCherry mice are a 

useful model for studying coordinated hemangiogenic and lymphangiogenic responses.

Keywords

Cornea; bulbar conjunctiva; corneal neovascularization (NV); hemangiogenesis (HA); 
lymphangiogenesis (LA); in vivo imaging

 1. Introduction

Decades of research have revealed that hemangiogenesis (HA) plays many important roles in 

normal development as well as in disease progression [1–3]. In comparison, the importance 

and mechanisms of lymphangiogenesis (LA) remain poorly understood, primarily because 

lymphatic vessels are not perfused with blood cells and thus cannot be visually observed [4]. 

Still, over the past 20 years, molecular markers for lymphatic vessels have been identified 

and characterized using immunohistochemical staining in LA-related research. Markers of 

lymphatic endothelial cells (LECs), such as lymphatic vessel endothelial hyaluronan 

receptor-1 (LYVE-1) [5], PROX-1 [6, 7], podoplanin [8], and vascular endothelial growth 

factor receptor 3 (VEGFR3)[9], have been used to show that while HA and LA are often 

induced independently, under certain experimental conditions, they can be concomitantly 

induced [7, 10–12].

The adult cornea is necessarily avascular to facilitate clear vision, and this characteristic 

makes the cornea an exceptionally good model for in vivo monitoring and for characterizing 

injury-induced HA and LA. While a healthy cornea must not contain blood vessels, it is 

encircled by vessels at the limbus. Neovascularization (NV) describes the formation of new 

vascular structures in areas that were previously avascular. Corneal neovascularization is a 

sight-threatening condition that is usually associated with inflammatory, infectious disorders 

of the ocular surface and loss of immune privilege. After injury, corneal NV arises from 

existing vascular networks and is characterized by the ingrowth of visible blood and 

lymphatic vessels into the cornea from the limbus. Harvested corneas can be 

immunohistochemically stained to explore how HA and LA are induced in the cornea in 

response to various stimuli. Both HA and LA are stimulated by the release of vascular 

endothelial growth factors (VEGFs) from inflammatory cells, which are induced to invade 

the cornea in response to hypoxic or inflammatory conditions [13–15]. However, LA and 

HA can also occur independent of VEGF following the delivery of a low dose of fibroblast 

growth factor (FGF)-2 within the cornea (12.5 ng/pellet) [16]. Using an in vivo model to 

study HA and LA, Cao et al. [17] showed that implanting VEGF-A, VEGF-C, or basic FGF 

(bFGF) into the mouse cornea elicited a robust lymphangiogenic response. We developed a 

different in vivo model that permits the study of both LA and HA that does not require the 
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sacrifice of the animals to visualize blood and lymphatic vessels (for postmortem staining). 

Using our prox1-GFP/Flk1::myr-mCherry transgenic mice, LA and HA can be 

simultaneously imaged in vivo. We previously demonstrated the feasibility of using these 

mice to evaluate corneal LA and HA [7].

The roles of the limbus and the bulbar conjunctiva in corneal neovascularization (NV) are 

not well understood, and studies have reported conflicting results regarding whether the 

limbus acts as a barrier to infiltrating vessels [18–21]. The limbus contains many specialized 

cell types, including multipotent stem cells that are required for repopulating the cornea 

following injury [22–24]. Within the limbus is a dense vascular network of blood and 

lymphatic vessels. Pathologies such as limbal stem cell deficiency and conjunctival 

epithelial injury can result in corneal inflammation and NV [25]. Minor injuries to the 

cornea rarely result in the invasion of blood and lymphatic vessels from the adjacent, heavily 

vascularized limbus. In contrast, an extensive corneal injury, especially when combined with 

conjunctival epithelial injury, may require LA and HA to repair the damaged tissue.

Here, we present an in vivo, longitudinal, imaging-based comparative analysis of HA and 

LA that was induced by four models of epithelial corneal and bulbar conjunctival injury in 

the same live transgenic mice over time.

 2. Materials and Methods

 2.1 Animal Care

Male and female (6–8 weeks old) Prox1-GFP/Flk1::myr-mCherry mice [7] were divided into 

four groups (n=5 in all groups) according to the injury that was applied: central (a 1.5-mm-

diameter circle of tissue at the apex of the cornea) corneal debridement (Fig. 1A), total 

corneal debridement (Fig. 1B)[26, 27], bulbar conjunctival debridement (Fig. 1C), and 

corneal+bulbar conjunctival debridement (Fig. 1D). Before surgeries and in vivo imaging 

were performed, the mice were anesthetized using an intraperitoneal injection of ketamine 

hydrochloride (100 mg/kg; Hospira, Inc., Lake Forest, IL) and xylazine (5 mg/kg; Lloyd 

Laboratories, Shenandoah, IA) and then treated with topical 1% proparacaine eye drops 

(Sandoz, Inc., Princeton, NJ). The eyelashes were clipped above and below the eye in 

preparation for both surgical procedures and in vivo imaging. All animals were handled in 

accordance with the Association for Research in Vision and Ophthalmology Statement for 

the Use of Animals in Ophthalmic and Vision Research.

 2.2 Epithelial Debridement

A corneal rust ring remover (Alger Brush II, Latham & Phillips Ophthalmic, Grove City, 

OH) was used to brush-debride the epithelium of the cornea and/or the bulbar conjunctiva 

[28]. Following debridement, one or two drops of fluorescein dye were applied to the eye to 

verify the removal of the epithelium within the targeted region. The eyes were visualized 

under a Nikon D3X camera mounted on a Zeiss S88 microscope (Zeiss Microscopy, 

Oberkochen, Germany). After debridement, the eye was rinsed with saline, and an 

erythromycin ointment (Bausch and Lomb, Tampa, FL) was topically applied. Intramuscular 
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injections of 0.1 ml of 0.3 mg/ml buprenorphine (Buprenex; Reckitt Benckiser Healthcare, 

Hull, UK) were administered post-operation and twice on the following day to relieve pain.

 2.3 Fluorescence Microscopy

NV was assessed using in vivo fluorescence microscopy throughout the wound healing 

process. In vivo imaging was performed in all mice using a Carl Zeiss AXIOZOOM V16 

(Carl Zeiss Microscopy) prior to surgery and on post-operative days 3, 7, and 10. The mice 

were immobilized during microscopy using a stereotactic frame. The camera Axiocam HRm 

was focused onto the cornea at 30× magnification. The exposure times were 30 ms and 100 

ms for GFP and mCherry detection, respectively. Z-stack images were taken from the base 

of the cornea to its apex, and the images were merged. Frontal and lateral views of the 

cornea were obtained.

 2.4 Quantification of Corneal NV

The collected fluorescence images were compiled, analyzed, and quantified using Adobe 

Photoshop CS5 image software (Adobe Systems Inc., San Jose, CA). Within a particular 

image, the region of interest of the cornea was selected and considered as a total area. Visual 

conditions, such as brightness and contrast, were then adjusted to clearly distinguish blood 

and lymphatic vessels. For some areas in which blood vessels appeared blurry, extreme care 

was taken to properly analyze the vessel area. The percentage of the total corneal area that 

was occupied by blood vessels [(area of blood vessels/total cornea area) × 100] was used as 

a measure of corneal HA. The percentage of the total corneal area that was occupied by 

lymphatic vessels [(area of lymphatic vessels/total cornea area) × 100] was used as a 

measure of corneal LA.

 2.5 Statistical Analysis

All data are expressed as the mean ± standard error of the mean (SEM). To quantify changes 

in corneal HA and LA, the measurements that were taken for each metric at each time point 

were compared to the previously obtained baseline values. Differences in the experimental 

data were analyzed using the Student t-test in MS Excel. In all cases, a value of P < 0.05 was 

considered statistically significant. Statistical values were calculated, and comparison graphs 

were generated in MS Excel.

 3. Results

 3.1 In Vivo Fluorescence Imaging of Injury-induced Corneal NV

When the cornea was injured within a 1.5-mm-diameter circle that was centered on the apex 

of the cornea, the conjunctiva was undamaged and appeared normal at all time points. In 

addition, no significant blood or lymphatic vessel growth from the limbus into the cornea 

was observed at days 7 and 10. (Fig. 2).

When the whole cornea was debrided, the conjunctiva was undamaged and appeared normal 

at all time points. However, HA and LA had progressed from the limbus into the cornea by 

post-operative day 3, and continuous progression was observed on postoperative days 7 and 

10. HA extended farther into the cornea than LA (Fig. 3).
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Prior to wounding, lymphatic vessels were apparent within the limbus. However, when the 

bulbar conjunctiva was debrided, lymphatic vessels were lost by post-operative day 3, and 

this loss persisted for the remainder of the study (Fig. 4). The limbal vessels did not show 

any significant advancement into the cornea on post-operative day 10 (Fig. 4), and HA 

remain unchanged throughout the protocol.

When both the corneal epithelium and the conjunctival epithelium were debrided, well-

defined blood and lymphatic vasculatures were observed on post-operative day 3 (Fig. 5). By 

post-operative day 7, a dense network of blood vessels was observed to have invaded the 

cornea from the limbus, and further progression was observed on postoperative day 10 (Fig. 

5). In contrast, the number of lymphatic vessels remained below the baseline value.

 3.2 Quantitative Assessment of Injury-induced Corneal NV

The percentages of the areas of the cornea that were occupied by new-growth blood and 

lymphatic vessels were calculated for each experimental group at each time point after 

injury. On day 10, the percentages of the corneal surface occupied by HA were 1.9±0.8%, 

7.14±2.4%, 2.29±1%, and 15.05±2.14% in the central cornea, total cornea, bulbar 

conjunctiva, and corneal+bulbar conjunctival epithelial debridement models, respectively 

(Fig. 6A), and the percentages of the corneal surface occupied by LA were 2.45±1.51%, 

4.85±0.95%, 2.95±1.27%, and 4.15±3.85% in the central cornea, total cornea, bulbar 

conjunctiva, and corneal+bulbar conjunctival epithelial debridement models, respectively 

(Fig. 6B).

Figure 6C shows that a significant difference was detected between the experimental models 

in the percentage of HA that was observed on day 10 (central cornea, 1.9±0.8% vs. total 

cornea, 7.14±2.4%, P < 0.01; central cornea, 1.9±0.8% vs. cornea+bulbar conjunctiva, 

15.05±2.14%, P < 0.00001; cornea, 7.14±2.4% vs. bulbar conjunctiva, 2.29±1%, P < 0.05; 

cornea, 7.14%±2.4% vs. cornea+bulbar conjunctiva, 15.05%±2.14%, P < 0.001; and bulbar 

conjunctiva, 2.29±1% vs. cornea+ conjunctiva, 15.05±2.14%, P < 0.05) and in the 

percentage of LA that was observed on day 10 (central cornea, 2.45±1.51% vs. cornea, 

4.85±0.95%, P < 0.05).

In contrast, in the central corneal and bulbar conjunctiva, only the epithelial debridement 

mouse models showed no significant differences in HA and LA compared to the control 

mice (Fig. 6C). This finding suggests that a substantial amount of corneal debridement may 

be necessary to induce corneal NV. However, bulbar conjunctival debridement appears to 

play a significant role only when combined with total corneal debridement, because this 

prominent HA but no significant HA or LA was observed with conjunctival debridement 

only.

The quantified results shown in Figure 6 demonstrate that central corneal debridement and 

conjunctival debridement did not induce significant vessel growth at any time point, whereas 

total corneal debridement and debridement of both the cornea and the bulbar conjunctiva 

induced significant HA and LA by post-operative days 7 and 10 (all P < 0.05). In both the 

total corneal debridement and the corneal+bulbar conjunctival debridement groups, the 

observed HA was considerably more extensive than the observed LA.
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Figure 7 shows that the number of endpoints of blood vessels increased gradually. A decline 

in the number of lymphatic vessel endpoints at day 3 was caused by the loss of lymphatic 

vessels during corneal+bulbar scraping. The number of blood vessel endpoints remained 

unaffected, as they are generally more prominent in the basement area than in the 

epithelium. The lengths of blood and lymphatic vessels that grew into the cornea were 

compared over the course of 10 days. Lymphatic vessels did not show any significant growth 

in terms of length by day 3 after corneal+bulbar scraping, because more time is needed for 

these vessels to re-grow into the cornea from the basement membrane. Beyond day 3, the 

length of growing lymphatic vessels increased gradually.

To illustrate how HA and LA can be visualized in tissues other than the cornea using this 

mouse model, we collected samples of skin and tail for confocal imaging (Figure 8). The 

observation of distinct blood and lymphatic vessels in these samples via confocal imaging 

demonstrates the potential of this platform for extending our research of HA and LA beyond 

the cornea. Notably, surface tissues such as skin and tail are easily accessible for inducing 

HA and LA using injury models and then imaging subsequent vessel growth.

 4. Discussion

Using Prox1-GFP/Flk1::myr-mCherry mice, in which blood and lymphatic vessels are 

fluorescently labeled, we were able to observe the HA and LA response to injuries inflicted 

on the cornea and bulbar conjunctiva using epithelial debridement. Our results demonstrate 

that substantial corneal epithelial debridement is required to induce corneal NV because 

neither central corneal debridement nor bulbar conjunctival debridement induced a 

significant amount of growth of either vessel type. In contrast, total corneal debridement and 

corneal+bulbar conjunctival debridement induced prominent NV, suggesting that the corneal 

epithelium is critically responsible for maintaining corneal avascularity. In addition, the 

absence of lymphatic vessels in the corneas of eyes in which the bulbar conjunctiva was 

debrided suggests that lymphatic vessels are located more superficially than blood vessels 

within the corneal epithelium, while blood vessels reside deeper in the corneal stromal 

layers.

In these experiments, we used a cornea rust ring remover to selectively remove the bulbar 

conjunctival region in a controlled manner. Previously used methods to remove the 

conjunctival region have involved the use of caustic agents, but these also cause additional, 

unnecessary damage to the eye because it is inherently difficult to control the application of 

the agent. The use of a cornea rust ring remover is beneficial for studying the effects of 

removing the bulbar conjunctiva because this tool offers fine control and thereby prevents 

unnecessary damage.

A number of causal pro- and anti-angiogenic factors have been identified, including 

members of the VEGF family of ligands and receptors, bFGFs, and matrix 

metalloproteinases (MMPs) [3, 20], while anti-angiogenic factors include other members of 

the VEGF family in addition to angiostatin and endostatin [29]. The corneal epithelium 

produces both pro- and anti-angiogenic factors. The secreted forms of VEGFR-1, -2 and -3 

are also produced in the corneal epithelium [30–33]. The VEGFR family is involved in both 
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HA and LA, depending on the receptor subtype. VEGFR-1 is anti-angiogenic, and the 

deletion of soluble VEGFR-1 resulted in the spontaneous invasion of blood vessels into the 

cornea [30]. In contrast, VEGFR2 prevents LA, and the deletion of sVEGFR2 resulted in 

spontaneous lymphatic vessel growth into the cornea [31]. Therefore, both of these factors 

are required for the maintenance of avascularity in the cornea.

Using methods allowing the simultaneous in vivo imaging of HA and LA in the corneas of 

live Prox1-GFP/Flk1::myr-mCherry mice, the experiments described in the present study 

characterize the patterns of HA and LA that were induced in response to injury by 

debridement in addition to the relative contributions of the corneal and conjunctival epithelia 

to injury-induced HA and LA. This study confirms that GFP/Flk1::myr-mCherry mice are a 

useful model for observing coordinated hemangiogenic and lymphangiogenic responses in 
vivo, and these findings can be applied in the future research aimed at developing therapies 

targeting HA and/or LA in the cornea.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Corneal hemangiogenesis and lymphangiogenesis were imaged after 

corneal injury.

Only debridement of the entire corneal epithelium induced 

neovascularization.

Bulbar conjunctival epithelial debridement did not induce 

neovascularization.

More hemangiogenesis than lymphangiogenesis was observed after 

debridement injury.
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Figure 1. 
The four injury models used to perform epithelial debridement of the: (A) central cornea, 

(B) total cornea, (C) bulbar conjunctiva (excluding the forniceal and palpebral conjunctiva), 

and (D) cornea+bulbar conjunctiva.
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Figure 2. 
Central (1.5 mm) corneal debridement. In vivo observation of LA and HA in a single Prox1-
GFP/Flk1::myr-mCherry mouse eye during the 10 days following debridement of the 

epithelium in the center of the cornea (a 1.5-mm-diameter circle centered at the corneal 

apex). Representative images were obtained using Axiozoom microscopy of GFP-expressing 

lymphatic vessels (green, left column) and mCherry-expressing blood vessels (red, right 

column). The images shown in the figure were acquired at each time point in the same eye.
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Figure 3. 
Total corneal debridement. In vivo observation of LA and HA in a single Prox1-GFP/
Flk1::myr-mCherry mouse eye over 10 days after total corneal epithelial debridement was 

performed. Representative images were obtained using Axiozoom microscopy of GFP-

expressing lymphatic vessels (green, left column) and mCherry-expressing blood vessels 

(red, right column). The images shown in the figure were acquired at each time point in the 

same eye.
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Figure 4. 
Bulbar conjunctival debridement. In vivo observation of LA and HA in a single Prox1-GFP/
Flk1::myr-mCherry mouse eye over 10 days after bulbar conjunctival epithelial debridement. 

Representative images were obtained using Axiozoom microscopy to obtain images of GFP-

expressing lymphatic vessels (green, left column) and mCherry-expressing blood vessels 

(red, right column). The images shown were acquired at each time point in the same eye.
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Figure 5. 
Total corneal+bulbar conjunctival debridement. In vivo observation of LA and HA in a 

single Prox1-GFP/Flk1::myr-mCherry mouse eye during the 10 days following corneal

+bulbar conjunctival epithelial debridement. Representative images were obtained using 

Axiozoom microscopy of GFP-expressing lymphatic vessels (green, left column) and 

mCherry-expressing blood vessels (red, right column). The images shown were acquired at 

each time point in the same eye.
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Figure 6. 
Quantification of corneal NV after injury by debridement. (A) Percentage of the corneal area 

that was occupied by HA at the observed time points after injury. (B) Percentage of the 

corneal area that was occupied by LA at the observed time points after injury. *P < 0.05 

compared to the untreated group (day 0). (C) Comparison of quantitative data for HA and 

LA at day 10 in the four treatment groups. *P < 0.05 compared to the total corneal 

debridement group at the same time point.
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Figure 7. 
Comparison of the length of growing vessels and number of endpoints observed in both 

blood and lymphatic vessels at time points over a period of 10 days in the total corneal + 

bulbar conjunctival debridement model.
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Figure 8. 
Confocal microscopy imaging of Prox1-GFP/Flk1::myr-mCherry skin and tail. Mouse skin 

and tail were harvested and subjected to confocal microscopy imaging.
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