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SUMMARY:
Here, a protocol for creating a central corneal epithelial abrasion wound in the mouse using a trephine and a blunt golf club spud is described. This corneal wound healing model is highly reproducible and is now being used to evaluate compromised corneal wound healing in the context of diseases.

ABSTRACT:
The cornea is critical for vision, accounting for about two-thirds of the refractive power of the eye. Crucial to the role of the cornea in vision is its transparency. However, due to its external position, the cornea is highly susceptible to a wide variety of injuries that can lead to the loss of corneal transparency and eventual blindness. Efficient corneal wound healing in response to these injuries is pivotal for maintaining corneal homeostasis and preservation of corneal transparency and refractive capabilities. In events of compromised corneal wound healing, the cornea becomes vulnerable to infections, ulcerations, and scarring. Given the fundamental importance of corneal wound healing to the preservation of corneal transparency and vision, a better understanding of the normal corneal wound healing process is a prerequisite to understanding impaired corneal wound healing associated with infection and disease. Toward this goal, murine models of corneal wounding have proven useful in furthering our understanding of the corneal wound healing mechanisms operating under normal physiological conditions. Here, a protocol for creating a central corneal epithelial abrasion in mouse using a trephine and a blunt golf club spud is described. In this model, a 2 mm diameter circular trephine, centered over the cornea, is used to demarcate the wound area. The golf club spud is used with care to debride the epithelium and create a circular wound without damaging the corneal epithelial basement membrane. The resulting inflammatory response proceeds as a well-characterized cascade of cellular and molecular events that are critical for efficient wound healing. This simple corneal wound healing model is highly reproducible and well-published and is now being used to evaluate compromised corneal wound healing in the context of disease.

INTRODUCTION:
The cornea is the transparent anterior one-third of the eye. The cornea serves several functions including protecting the inner structures of the eye and forming a structural barrier that protects the eye against infections1. More importantly, the cornea is critical for vision, providing about two-thirds of the refractive power of the eye2,3. Crucial to the role of the cornea in vision is its transparency. However, due to its outward position, the cornea is exposed to a wide variety of injuries on a day-to-day basis that can lead to disruption of its barrier function, loss of transparency, and eventual blindness. Loss of corneal transparency is a leading cause of visual impairment worldwide4,5. Corneal abrasions are a common reason for visits to the emergency room (ER), accounting for half of the eye-related cases presented at the ER6. Over 1 million individuals are estimated to suffer from eye-related injuries annually in the United States7. Efficient corneal wound healing in response to these injuries is pivotal for maintaining corneal homeostasis and preservation of its transparency and refractive capabilities. In events of compromised corneal wound healing, the cornea becomes vulnerable to infections, ulcerations, and scarring8,9. Also, the increasing popularity of refractive surgeries places a unique traumatic challenge on the cornea10. Given the fundamental importance of corneal wound healing to the preservation of corneal transparency and vision, a better understanding of the normal corneal wound healing process is a prerequisite to understanding impaired corneal wound healing associated with infection and disease.

To that end, several animal models of corneal wound healing have been developed11–15. Murine models of corneal wound healing have proven useful in furthering our understanding of the corneal wound healing mechanisms operating under normal physiological conditions. Different types of corneal wounds have been employed in studying corneal wound healing, each suitable for investigating different aspects of the wound healing process. The commonest types of wound models used in corneal wound healing studies are the mechanical and chemical wound models. Chemical corneal wounds, mostly involving the creation of alkaline burns on the cornea, are useful for studying corneal ulcers, opacification, and neovascularization13. Mechanical corneal wounds involve debridement (abrasion) wounds and keratectomy wounds14–16. An intact or breached corneal epithelial basement membrane defines debridement and keratectomy wounds, respectively. In debridement wounds, the epithelial basement membrane remains intact, while in keratectomy wounds, the basement membrane is breached and is mostly restricted to the anterior stroma. Debridement wounds are most useful for studying re-epithelialization, epithelial cell proliferation, immune response, and nerve regeneration following corneal wounding. Keratectomy wounds, on the other hand, are most useful for studying corneal scarring14,15.
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PROTOCOL:
All animal protocols were approved by the Institutional Animal Care and Use Committees at the University of Houston and Baylor College of Medicine. The guidelines outlined in the Association for Research in Vision and Ophthalmology (ARVO) statement on the use of animals in vision and ophthalmic research were followed in handling and using the mice.
[bookmark: _Hlk80992803][bookmark: _Hlk82421026]
1. Preparation

1.1.	Preparation of fluorescein solution

1.1.1.	Prepare 1% fluorescein solution by dissolving 10 mg of sodium fluorescein salt in 1 mL of sterile saline or sterile 1x phosphate buffered saline (PBS).

NOTE: Prepare sodium fluorescein solution on the day of use or a day before to avoid microbial contamination. When prepared a day before use, store fluorescein solution at 4 °C away from light. Wrap tubes with aluminum foil to prevent photobleaching.

1.1.2.	Divide the solution into aliquots suitable for use in a single experiment. 1–1.5 µL of fluorescein solution is used per mouse per time point. Use the following formula to calculate the volume of aliquot appropriate for a single experiment:



NOTE: For example, if six mice are studied in a single experiment with wound size monitored at five time points, the volume of aliquot suitable for that single experiment would be:



1.2.	Preparation of ketamine/xylazine cocktail for anesthesia of mice.

1.2.1.	To prepare 10 mL of cocktail, mix 2.0 mL of ketamine (100 mg/mL) with 1.0 mL of xylazine (20 mg/mL), and add 7.0 mL of sterile PBS. Prepare ketamine/xylazine cocktail a day before or on the day of the surgery.

NOTE: All solutions should be used at room temperature unless stated otherwise.

2. Anesthesia

2.1.	Weigh the mouse (8–12 weeks old C57BL/6 wildtype mice) to determine the appropriate amount of anesthetic to administer. Use the two-handed mouse restraint technique to restrain and handle mice for the injection of the anesthetic18. Administer ketamine/xylazine cocktail intraperitoneally (i.p.) at a final concentration of 80 mg/kg of ketamine and 8 mg/kg of xylazine.

2.2.	Wait until complete anesthesia is achieved before performing corneal wounding on the mouse. Evaluate the depth of anesthesia by assessing the pedal reflex after toe pinch. When adequate anesthesia is achieved, the mouse should not move upon toe pinch.

NOTE: Because mice quickly lose body heat during anesthesia, it is important to provide a source of warmth for mice to prevent hypothermia. Place mice on a heat source (heating pad) during anesthesia and recovery stages.

3. Creation of corneal wound

3.1.	Wound the right or left eye only. Maintain consistency with the eye (i.e., left or right) that is wounded when moving from mouse to mouse.

NOTE: Because abrasions damage corneal nerves and reduce acuity, wounding both eyes can cause significant discomfort and impairment. Since analgesics have the potential to suppress inflammatory responses, their use may be a confounder in certain experiments aimed at understanding corneal inflammation. Avoiding analgesics in corneal wound experiments was approved by our Institutional Animal Care and Use Committee (IACUC).

3.2.	To create the epithelial corneal wound

3.2.1.	Under a dissecting microscope, use the 2 mm diameter trephine (see Figure 1) to demarcate the center of the cornea, keeping the eye wide open using the thumb and index finger to hold the eyelids. Gently twirl the trephine to make an impression on the corneal epithelium.

NOTE: Care must be taken to not apply excessive pressure when using the trephine as this can result in corneal perforation. Also, care must be taken to position the trephine centrally. The pupils can be used as a landmark to locate the center of the cornea.

3.2.2.	Under a dissecting microscope, hold the blunt golf club spud (see Figure 1) at approximately 45° from the surface of the cornea within the area demarcated with the trephine. Carefully and continuously scrape the epithelium within the demarcated area with the spud to debride the epithelium.

NOTE: Do not apply excessive force in debridement as that can also cause corneal perforation. The eyes of mice can dry up during the wounding process, making debridement difficult. In such a case, apply sterile PBS to the ocular surface to maintain optimal hydration.

4. Monitoring of wound closure and re-epithelialization

4.1.	Pipette 1–1.5 µL of 1% fluorescein solution onto the wounded surface and image cornea using a digital microscope with a blue light source. 

4.2. Take images within the first minute of fluorescein solution addition to avoid spreading to surrounding epithelium leading to overestimation of wound size. Wounded corneas are imaged at specific times (i.e., 0 h, 12 h, 18 h, 24 h, and 30 h) after wounding.

NOTE: At all time points, imaging is performed under anesthesia; ketamine/xylazine is used at the time of wounding while isoflurane is used at subsequent timepoints. Mice are housed individually in separate cages for the duration of wound closure monitoring. When housed together, mice tend to lick littermate’s eyes, a behavior which has been shown to affect wound healing in different tissues19,20.

4.3.	Analyze captured images and trace wound area, using an image analysis software. The wound area for each time point is expressed as a percentage of the original wound area at 0 h.

5. Immunofluorescence imaging and analysis

5.1.	Euthanize mice by an IACUC-approved method (in this case, carbon dioxide overdose followed by cervical dislocation) at desired time points after wounding.

5.2.	Harvest eyeballs by gently pressing on the lateral canthus to displace the eyeball using an iris curved scissor. Guide the scissors behind the eyeball to firmly grasp the optic nerve, and then cut the nerve, which allows the eyeball to be removed.

5.3.	Fix each eyeball in 1 mL of 1x PBS containing 2% paraformaldehyde for 1 h at room temperature, and then wash three times in 1 mL of 1x PBS for 5 min each.

5.4.	Under a dissecting microscope, use a surgical blade to make an incision in the sclera, about 500 µm distal to the limbus, and then cut through the globe. Using forceps, gently remove the iris matter from the cornea, and then carefully trim the sclera tissue away, making sure to leave the limbus intact.

5.5.	Make four partial radial cuts, each approximately 1 mm in length, which extend from the peripheral cornea and stop short of the center to allow the cornea to flatten.

5.6.	Permeabilize and block corneas in 1 mL of 2% bovine serum albumin (BSA) and 0.01% TritonX -100 in 1x PBS for 15 min followed by blocking in 2% BSA in 1x PBS for an additional 45 min at room temperature.

5.7.	Incubate corneas overnight at 4 °C in a cocktail of directly labeled unique fluorochrome conjugated antibodies prepared in 1x PBS containing 2% BSA.

NOTE: Antibodies are targeted to label specific cells and tissues of interest. For example, endothelium, neutrophils, and platelets are labeled with anti-CD3121,22, anti-Ly-6G23,24, and anti-CD4125,26 antibodies, respectively. 4',6-diamidino-2-phenylindole (DAPI) is added to the antibody cocktail to visualize nuclei.

5.8.	After incubation, wash corneas three times in 1x PBS for 15 min each.

5.9.	Mount corneas on a microscope slide in a drop of anti-fade fluorescence mounting medium, cover with a coverslip, and image with the desired magnification (4x to 100x objective) using a fluorescence light microscope. Take full-thickness images of the cornea across different regions as illustrated in Figure 2A.

NOTE: The pattern of microscopic analysis illustrated in Figure 2A is used for analyzing specific regional changes in inflammation and cell division. Both DAPI and Ly-6G staining are used to identify the extravascular neutrophils. With DAPI staining, spherical neutrophils have a distinct horseshoe or donut shaped nucleus (Figure 2B).
[Place Figure 2 here]

REPRESENTATIVE RESULTS:

Figure 3 shows a transmission electron micrograph of a corneal wound created with the blunt golf club spud, demonstrating that the epithelium basement membrane is indeed intact after injury.

[Place Figure 3 here]

This protocol for corneal wounding has been used to extensively characterize the wound healing dynamics for a 2 mm epithelial abrasion wound27–33. The ability to monitor the rate of wound closure and re-epithelialization in vivo is a central part of this model. As shown in Figure 4A, the use of fluorescein solution and a digital microscope with a blue light source enables visualization of the wound size. In this model, wound closure monitoring is performed at the time of wounding (0 h), 12 h, 18 h, 24 h, and 30 h after wounding. Figure 4B shows the kinetics of wound closure over 30 h. In 8–12-week-old C57BL/6 wild-type mice, wound closure and re-epithelialization are typically complete 24 h after wounding as illustrated in Figure 4B and a well-regulated inflammatory response is fundamental to efficient wound healing34–36.

[Place Figure 4 here]

The inflammatory response to wounding in this model is well characterized. The epithelial abrasion wound elicits a rapid inflammatory response in the corneal limbal vasculature mainly characterized by vasodilation, platelet extravasation in the stroma, and localization to the corneal limbus37–39, neutrophil extravasation in the stroma, and subsequent migration to the center of the cornea40. Figure 5 shows the limbal vasculature of an unwounded cornea with extravascular neutrophils (Figure 5A) and a wounded cornea with extravascular platelets and neutrophils (Figure 5B).

(Place Figure 5 here)

In this model, neutrophil infiltration into the cornea is assessed across five distinct regions as illustrated in Figure 2A. To determine these distinct regions, an image of the full cornea wholemount is captured, visualizing the limbal vasculature with anti-CD31 staining. The innermost edge of the limbal region on each petal is marked using the limbal vasculature as a guide. The distance from the innermost edge of the limbal region from one petal to the other in the horizontal (x) or vertical (y) direction is measured for each cornea wholemount. For 8–12-week-old C57BL/6 wild-type mice, this distance is ~3.7 mm. This distance covers the peripheral-to-peripheral regions. The center of the cornea wholemount is then calculated as the point corresponding to half of the horizontal or vertical diameter of the wholemount. The paracentral region is 500 µm left, right, up, or down from the calculated center. The other fields are all 500 µm from the preceding field. Both DAPI and Ly-6G staining are used to identify the extravascular neutrophils. Neutrophil counts in each corneal region from the four quadrants are averaged and expressed as neutrophils per field.

Platelet assessment in this model is performed at the limbus only; during corneal wound healing, platelets extravasate and localize to the limbus27,37. The total number of platelets at the limbus are counted, and counts are expressed as platelets/mm2 of limbal area. The counts from the four petals can be totaled or averaged.

FIGURE AND TABLE LEGENDS:

Figure 1: 2 mm trephine and blunt golf club spud. The trephine is used to demarcate a circular region at the cornea center, and the golf club spud is used to remove the epithelium within the demarcated region.

Figure 2: Corneal imaging strategy and neutrophil infiltration after central abrasion. (A) Schematic representation of a cornea wholemount showing nine microscopic fields across the diameter of the cornea. The gray area represents the original wound area. The width of each region is 500 µm. (B) Note the distinct horseshoe or donut shape of neutrophil nuclei with DAPI staining.

Figure 3: Epithelial basement membrane remains intact after corneal abrasion. Transmission electron micrograph of a corneal wound created with the blunt golf club spud. The arrowheads point to the basement membrane beneath the epithelium surrounding the wound, while the arrows point to the basement membrane in the denuded area. This shows the continuity of the basement membrane from the unabraded to the abraded portions of the cornea, demonstrating that the basement membrane is left intact after debridement.

Figure 4: Epithelial wound closure was evaluated using fluorescein staining. (A) Representative images of fluorescein staining of the corneal wound at 0 h, 12 h, 18 h, 24 h, and 30 h. In this model, wound closure and re-epithelialization are typically complete 24 h after wounding. Note the lack of green staining in the central cornea at 24 h and 30 h. (B) Wound closure kinetics indicating complete wound closure by 24 h after wounding. Value at each time point is expressed as a percentage of the original wound area (i.e., wound area at 0 h) (n ≥ 6). Data presented as mean ± standard deviation.

Figure 5: Inflammatory cell imaging at the limbus. Photomicrograph of the corneal limbus showing staining for the limbal blood vessels with anti-CD31 antibody (shown in red), neutrophils with anti-Ly-6G antibody (shown in green), and platelets with anti-CD41 antibody (shown in blue). (A) no abrasion and (B) 30 h after abrasion.

DISCUSSION:

The purpose of this methods paper was to describe a protocol for creating a central corneal epithelial abrasion wound in the mouse using a trephine and a blunt golf club spud. This murine model has been used to study corneal inflammation and its contribution to wound healing. This type of model can be used to study corneal wound healing mechanisms under normal physiological conditions and in pathologies17,28,29,41,42. The model has been used to investigate corneal wound healing under pathological conditions as evidenced by a study on impaired corneal wound healing in a mouse model of diet-induced obesity17. A distinct advantage of this model is that it creates an exact (2 mm) reproducible epithelial wound size with a precise central location without breaching the basement membrane. This model of corneal wounding is straightforward and quick to perform. In addition to the blunt golf club spud29,39,43–45, the rotating burr (Algerbrush)38,46,47, and diamond blade32,37,40,48–51 can both be used to create the abrasion wound in this model. In the hands of an experienced user, there is no substantial difference in the abrasion wound created by either tool. For training purposes and in the hands of a novice, it is often easier to achieve reproducible results with the blunt golf club spud compared to the rotating burr and diamond blade. The rotating burr (Algerbrush) requires a delicate touch otherwise the rotating burr can damage the epithelial basement membrane. This has also been reported by other investigators52,53. On the other hand, the blunt golf club spud consistently leaves the epithelial basement membrane intact.

To successfully reproduce this corneal wounding protocol and observe the subsequent re-epithelialization and inflammation dynamics, the same strain and age range of mouse must be used, and the size and the depth of the wound must be created as described above. The corneal wound healing dynamics and timelines described in this protocol are for the C57BL/6 mouse strain and might not be shared if a different strain of mouse is used. Pal-Ghosh et al.54 reported variations in the ability of C57BL/6 and BALB/c to heal corneal epithelial debridement wounds. For the same corneal wound size, corneal wound closure and re-epithelialization are slower in BALB/c mice. The timeline for completion of wound closure and the characteristic inflammatory response described here are for a 2 mm diameter size circular wound. A longer wound closure completion time is expected for wound diameters greater than 2 mm while a shorter time is expected for wound diameters less than 2 mm. Also, larger corneal wounds, especially those closer to the limbus, are expected to elicit a more exaggerated inflammatory response, as more leukocytes are recruited into the cornea16. More importantly, the wound should be restricted to the corneal epithelium. Wounds breaching the epithelial basement membrane or penetrating the corneal stroma take a longer time to heal. These wounds are also associated with an altered inflammatory response, neovascularization, myofibroblast formation, and scarring55,56.

Care must be taken in every step to prevent microbial infection of the abraded cornea. Microbial infection alters the inflammatory response and can lead to ulcerations, scarring, and vision loss57. To prevent microbial infection of the wound, sterile tools and solutions should always be used. If multiple mice are being wounded at a time, a sterile trephine should be used for each mouse. In between mice, the golf club spud should be washed in sterile PBS followed by disinfection in 70% ethanol and washed again in sterile PBS. If wounding is performed on additional mice over multiple days, it should be performed at the same time of the day. This is to control the circadian effect on wound healing and inflammation. In C57BL/6 mice, the time of day when the wound is made affects the rate and quality of corneal wound healing. Faster wound closure and greater cell division are observed when mice are wounded in the morning compared to wounding in the afternoon or evening42. The circadian effect on wound healing has been reported in other tissues including the skin58,59. Wounding in this model is always performed in the morning.

The resulting inflammatory response to wounding in this model proceeds as a well-characterized cascade of cellular and molecular events that are critical for efficient wound healing. The best characterized cellular players in the abrasion-induced inflammation in this model are neutrophils and platelets. Neutrophils are the first responders to the site of corneal abrasion; significant levels of neutrophils are detected in the corneal stroma within 6 h of wounding. Neutrophils are responsible for clearing cell debris, a process intrinsic to inflammation and wound repair60. In addition to their phagocytic activities, neutrophils contain growth factors such as vascular endothelial growth factors (VEGF)61. VEGF is a crucial neuro-regenerative factor for corneal nerves regeneration following wounding62,63 and is also important for corneal epithelial cell division45,63. Neutrophil infiltration at the limbus occurs in two waves with the first peak at 18 h and the second peak at 30 h after wounding40. Using neutropenic mice37,40, neutrophil extravasation and subsequent migration to the center of the cornea have been shown to be crucial for corneal wound healing. Although traditionally known to be pivotal in the maintenance of hemostasis and blood clotting, platelets also have a recognized key role in corneal wound healing37. Platelets contain numerous mediators that contribute to inflammation and tissue resolution64,65. In mice with thrombocytopenia, this model has been used to show that platelets are important for efficient corneal wound healing37.

Although neutrophils and platelets are the best-characterized cells in this model, immune cells such as gamma delta T-cells, natural killer cells, and dendritic cells have also been shown to be involved in the immune response to wounding using this model27,48. Natural killer cell extravasation in the stroma28,29 and migration of gamma delta T cells into the healing epithelium27 have been reported. This model has also been used to identify adhesion molecules key to immune cell extravasation during corneal wound healing. Lymphocyte function antigen-1 (LFA-1)32, CD1851, and intercellular adhesion molecule-1 (ICAM-1)47,49 have all been shown to be crucial for neutrophil extravasation and efficient corneal wound healing using this model. Epithelial cell division in response to wounding, which is critical for epithelial re-stratification after wound closure is assessed using mitotic figures. Chromosomal condensation during different stages of cell division gives the nuclei a characteristic appearance known as a mitotic figure. DAPI staining of the nucleus enables visualization of these mitotic figures.

The mouse corneal abrasion wound model has proven to be remarkably reproducible and provided considerable insight into the cellular and molecular mechanisms that contribute to efficient wound healing. However, it is worth noting that there are limitations to the model with regard to its clinical applicability. The model and its outcomes are only applicable to simple, non-penetrating epithelial abrasions. As noted earlier, corneal injuries resulting from penetrating wounds caused by physical or chemical insult will elicit different wound healing kinetics and outcomes, particularly if the wound becomes infected as occurs often in the case of injuries to the human cornea. That being said, the mouse corneal abrasion wound model does provide an excellent foundation for studying fundamental principles of inflammation that modulate corneal wound healing.

The corneal wounding protocol described here is straightforward and easily reproduced. It provides a useful tool to investigate fundamental questions about the corneal wound healing process and its associated inflammatory response. Its potential to aid in understanding corneal pathologies associated with wound healing complications is just the beginning.
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