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The murine cornea provides an excellent model to study wound healing. The cornea is the outermost layer of the eye, and thus is the first
defense to injury. In fact, the most common type of eye injury found in clinic is a corneal abrasion. Here, we utilize an ocular burr to induce an
abrasion resulting in removal of the corneal epithelium in vivo on anesthetized mice. This method allows for targeted and reproducible epithelial
disruption, leaving other areas intact. In addition, we describe the visualization of the abraded epithelium with fluorescein staining and provide
concrete advice on how to visualize the abraded cornea. Then, we follow the timeline of wound healing 0, 18, and 72 h after abrasion, until the
wound is re-epithelialized. The epithelial abrasion model of corneal injury is ideal for studies on epithelial cell proliferation, migration and re-
epithelialization of the corneal layers. However, this method is not optimal to study stromal activation during wound healing, because the ocular
burr does not penetrate to the stromal cell layers. This method is also suitable for clinical applications, for example, pre-clinical test of drug
effectiveness.

Video Link

The video component of this article can be found at https://www.jove.com/video/58071/

Introduction

Epithelial layers of numerous organs are exposed to injuries. However, they also contain the ability to compensate for tissue loss through
wound healing. The cornea offers an excellent model to study wound healing. It forms the external surface of the eye and provides a protective
layer for the sensitive ocular machinery. Thus, cornea functions as a physical barrier to pathogens and water loss. It is composed of three
layers; epithelium, stroma and endothelium. The epithelium of the cornea makes up the outermost layer of the cornea. Epithelial cells maintain
the barrier function of the cornea by adhering strictly to each other through tlghtjunctlons %, An acellular corneal basement membrane, the
Bowman's membrane, separates the epithelium from the extensive stroma, which contains refractory keratocytes. Under the stroma, endothelial
cells channel nutrients, water, and oxygen to the upper layer.

Corneal abrasions are very common in the clinic®. Injuries to the cornea are diverse, but are largely caused by small particles such as dust

or sand, scratches, or other foreign objects. The protocol described here aims at reproducing a clinically relevant type of corneal epithelial
abrasion. In doing so, this protocol provides a controllable and seminal method for clinicians and corneal scientists to implement in their

own studies. We have performed an in vivo injury repair assay on the murine cornea by abrading the tissue with a dulled ocular burr, the
Algerbrush 1. Here, we target the abrasion only to the central corneal epithelium and leave the other parts of the organ without damage. Thus,
the protocol is ideal to study corneal epithelial cell dynamics or the basement membrane during re-epithelialization, cell migration, proliferation
and differentiation in vivo®. Recently, this model was used to analyze progenitor cell dynamics in the murine cornea as well as to unveil the
capacity of the differentiated corneal epithelial cells in re-establishing the corneal stem cell niche after i |njury FoIIowmg abrasion, the cornea
returns to its normal transparency and tensile strength. Interestingly, an in vitro study indicated that re-epithelialization occurs without increased
cell prollferatlon This protocol describes the timeline of uninterrupted healing in the murine cornea. The method is thus applicable to test the
effect of drugs on healing patterns and speed.

The cornea has been extensively used for wound healing studies. However, many studies have relied on other models of injury. A well-
established model of corneal injury is the alkaline burn that is performed by applying sodium hydroxide (NaOH) with or without filter paper on the
corneal surface Alkaline exposure results in a large and diffuse injury that affects not only the corneal epithelium, but also the conjunctiva and
stroma®" Strong alkaline solutions have been shown to |nduce corneal ulcers, opacification, and neovascularization®. Inflammatory cells invade
the stroma typically within 6 h and remain there until 24 h'". Thus, alkaline i injury is an advisable method in studies related to stromal activation.
Another type of chemical injury can be inflicted by applying dimethyl sulfoxide (DMSO) on the cornea® . Other commonly used injury models
include incisional wounds that penetrate through the stroma and keratectomy wounds, which are limited to the upper portion of the stroma
These methods are also useful to answer questions regarding stromal wound healing. Different injury models have their own advantages and
disadvantages. Abrasion, or debridement, of the corneal epithelium was first developed using dulled scalpels or blades on ex vivo corneas'®.
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This method has later been used in vivo on mouse, rat, and rabbit

17,18,19,20,21,22 . .
18.19,20.21.22 Using the ocular burr (Figure 1), we remove only a selected

region of the epithelium, leaving the rest of the epithelium unaffected. This way, it is possible to precisely target the epithelial removal to different
parts of the cornea. In addition, the abrasion size can be assessed with fluorescein staining. Furthermore, here we follow abrasion closure during
the healing period.

This method poses several advantages, i) including precise location of abrasion site, which is not possible with chemical injury, ii) the abrasion
is quick to perform, and iii) it is non-invasive. Herein, we describe the method using the outbred NMRI mouse as a model, however this could
be applied to the vast array of mouse genetic models, as well as to the rat and rabbit, which are common models used to study human corneal
disruption.

All experiments are approved by the national animal experiment board.

1. Preparations

5.

6.

Prepare all solutions and keep in room temperature, unless otherwise indicated. Follow waste disposal regulations to dispose used materials
and solutions.

Use NMRI and ICR outbred stocks, between ages 4-12 weeks and either gender. If using the C57BL/6 strain, follow the ketamine-
medetomidine preparation method in step 1.3.2. For other steps, follow the instructions described in 1.3.3.-1.3.5.

Prepare the veterinary medicine fresh and in time before starting the operation. Carprofen will be used later, thus it is not necessary to
prepare it at this point.

1. To prepare a solution of ketamine-medetomidine for anesthesia, mix 0.375 mL (stock concentration 50 mg/mL) of ketamine (Ketaminol
Vet) with 0.25 mL (stock concentration 1 mg/mL) of medetomidine (Cepetor Vet) and add 1.25 mL of sterile 0.9% NaCl. Administer 0.15
mL/20 g of mouse weight (7.5 mg/kg, ketamine and 1 mg/kg, medetomidine).

2. To prepare a more dilute solution of ketamine-medetomidine for anesthesia on C57BL/6 mice, mix 0.375 mL (stock concentration 50
mg/mL) of ketamine with 0.25 mL (stock concentration 1 mg/mL) of medetomidine and add 2.5 mL of sterile 0.9% NaCl. Administer
0.15 mL/20 g of mouse weight (3.75 mg/kg, ketamine and 0.5 mg/kg, medetomidine).

NOTE: This is an alternative step, only for adult C57BL/6 mice.

3. To prepare buprenorfin for analgesia, add 0.1 mL (stock concentration 0.3 mg/mL) of buprenorfin to 1.9 mL of sterile 0.9% NaCl.
Administer 0.2 mL/20 g mouse weight (0.15 mg/kg).

4. To prepare atipamezole for discontinuing anesthesia, add 0.1 mL (stock concentration 5 mg/mL) of atipamezole to 4.9 mL of 0.9%
NaCl. Administer 0.15 mL/20 g mouse weight (0.75 mg/kg).

5. For analgesia during post-anesthesia use carprofen. Add 0.1 mL (stock concentration 50 mg/mL) of carprofen to 4.9 mL of 0.9% NaCl.
Administer 0.15 mL/20 g of mouse weight (7.5 mg/kg).

Prepare fluorescent staining solution
1. For visualizing the abrasion under the Cobalt blue light (Figure 1), use a fluorescent solution. Prepare a 0.1% fluorescein solution by
first measuring 10 mg of fluorescein salt with a fine scale and then add it to 10 mL in phosphate-buffered saline solution (PBS).
2. Protect the fluorescein solution from light and shake for 5 minutes on a shaker.
NOTE: The fluorescein solution is light-sensitive; keep the solution covered from light. This solution can be stored in +4 °C for 2-3 days.
For use, it is helpful to place the fluorescein solution in a dropper bottle that is used for eye drops. Use a sterile-filter when moving the
solution to the dropper bottle.

Clean the ocular burr tip before and after use; first with PBS and then with 70% EtOH. If making an abrasion to several mice during the same
operation, do the cleaning steps between each mouse.
Put the heated plate on (+37 °C) and place a paper towel on it.

2. Corneal Abrasion

CAUTION: Use protective wear (gloves, lab coat) when handling mice. Weigh the mouse to estimate the volume of medication to administer.

1.

3.

Use the one-handed scruffing method to handle the mouse?. Administer ketamine-medetomidine mixture intraperitoneally (i.p.) to the left
lower abdomen. Place the mouse to an individual cage and wait for it to fall asleep. This typically takes less than 5 minutes. Then, administer
first buprenorfin and then atipamezole via i.p. injections. Use the same handling technique.

NOTE: Once anesthesia is given, the protocol should not be paused at any moment.

Before continuing, check that the heated plate is warm. Place the anesthetized mouse on the heated plate. The level of anesthesia is good if
the tail reflex is absent, but the toe reflex is present. Check these reflexes by pinching the tail and any toe with fingers or forceps. Do not use
excessive force. Anesthesia will last 20-25 minutes.

To make an abrasion, use the cleaned ocular burr. Rotate the base of the burr to turn on the vibration that is essential to make the abrasion.
Feel the vibration in hand, when the burr is functioning properly.

1. Open one eye at a time by holding the eyelids separately with fingers. Then firmly touch the burr to the cornea and move the
instrument back and forth as well as sideways on the ocular surface. The burr vibration will perform the scratch; do not press, shake
or tear the cornea. In the central cornea, 20 abrading movements on the surface are sufficient to induce the wound. Do not lift the burr
and try to stay in the region of the cornea to be abraded. Acquiring a standard-sized abrasion will require several rounds of practice.

NOTE: Corneal asepsis can be achieved before abrasion by using betadine ophthalmic solution.
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3. Imaging the Abrasion

1. llluminate the abraded region using Cobalt blue pen light (Figure 1) and fluorescein solution. The ocular surface appears colorless in ambient
light. After fluorescein application, the abraded region fluoresces in green when illuminating the eye with the pen light.

1. If needed, open the abraded eye similarly as in 2.3 and administer one drop of fluorescein solution from the dropper bottle. Wash the
eye once with PBS or 0.9% NaCl to reduce background of the fluorescein. Use a dropper bottle or a pipette for washing. Aspirate the
liquid away with a soft wipe and clean the eyelashes, if needed. The excess liquid usually collects to the nasal border of the eye, close
to the opening of the tear canal.

CAUTION: Avoid touching the cornea while cleaining as minor abrasions might be induced.

2. Take pictures of the corneal abrasion.
1. To obtain similar images during each imaging session, use steady attachment tools for the Cobalt blue pen light and the SLR camera
(Figure 2). This protocol provides a setup that is easy to repeat (Figure 2).
1. To attach the pen light and the camera, use a table lamp with a flexible arm and clamp and an adjustable camera arm with
a clamp, respectively. Cable-tie the pen light to the table lamp and position just above the mouse eye. Positioning the light
differently might alter the visualization of the abrasion. A suggestion for positioning these tools is described in Figure 2.

2. Use the SLR camera to take pictures of the eye. Place the animal in a desired distance and position and focus the camera (1:12) in
room light. After that, close all other lights except the Cobalt blue pen light.
NOTE: Tape the pen light handle down or use a rubber band to keep the light on all the time during imaging. This might help if the
image becomes blurry. It is easiest to perform the imaging step with a colleague.

4. Waking up after Corneal Abrasion

1. Administer first buprenorfin and then atipamezole via i.p. injections. Use the same handling technique as in 2.1.
Place a drop of antibacterial, fucidin acid eye ointment (Isathal) to both abraded and non-abraded eyes to moisturize and keep the ocular
surface clean from bacteria after anesthesia.

3. As the mouse will wake up in 5-20 minutes on the heated plate, observe the mouse during the post-anesthetic wake-up period. When it
becomes mobile, place it in an individual cage.
NOTE: If waking up takes longer, place the mouse in the cage with a heated pad or place the entire cage on the heated plate and monitor
the mouse regularly. While the anesthesia wears off, the mouse typically shakes and reaches upwards with the anterior body. This behavior
should return to normal in 3-4 hours and then you can place the mouse back to a shared cage.

4. Administer carprofen i.p. for analgesia and eye ointment on two consecutive days after the abrasion, similarly as in steps 2.2. and 4.2.

5. Imaging during Wound Healing

1. In this protocol, use time points 18 h and 72 h after abrasion to observe the wound closure.
1. For consecutive imaging, anesthetize the mice as explained in 2.2.
2. Take pictures as explained in 3.
3. Wake up the animals with atipamezole i.p. and monitor the wake-up period as explained in 4.3.
NOTE: If not continuing the follow-up, euthanize the mouse right after 5.1.2. Euthanasia is described in 6.1.

6. Cornea Collection and Paraffin Embedding

1. After the last time point, sacrifice the animal. Place the mouse in a chamber that can be filled with CO,. Fill the chamber air with CO, When
the animal is immobile, dislocate the cervical vertebrae by pulling firmly from the base of the tail and pressing the neck region down at the
same time.

CAUTION: Always follow the guidelines of the local animal welfare body.

2. Collect the whole eyeball by cutting an opening in the skin to the side of the eye with dissection scissors. Place the scissors under the eyeball
and cut the ocular nerve to pop the eyeball out of the orbit. Use forceps if the eye does not come out easily.

1. Make a hole on the back of the eye, on the retinal side, with a 26G needle to allow free penetration of solutions inside the eye.
NOTE: Do not let the eye become dry, instead, place it in PBS until continuing with the protocol.

Collect the eyeball in a 2 mL tube with PBS. Do not pause the experiment at this point.

Remove PBS and fix eyeballs in 4% paraformaldehyde (PFA) in +4 °C for 4-5 hours.

5. Move the fixed eyeball to a tissue cassette for tissue processing. Use a tissue processing machine and the following program:
Rinse with PBS.

Incubate 2 x 45 min in 70% ethanol at room temperature.

Incubate 2 x 1 h in 94% ethanol at room temperature.

Incubate 3 x 45 min in absolute ethanol at room temperature.

Incubate 3 x 1 h in xylene, at room temperature and last xylene at 37 °C.

Incubate 3 x 1 h in paraffin wax at 60 °C.

o

ook wn~

6. After tissue processing, embed the eyeball into liquid paraffin (+ 60 °C) using a tissue embedding block. Place the eye inside the block so that
it is looking sideways and the peripheral border is facing upwards. Let the block solidify on a cool plate for 5-10 minutes.
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7. Paraffin Sections of the Cornea

1. Prepare the microtome for sectioning according to the institution's or manufacturer's instructions.
CAUTION: Be careful when handling the sharp microtome blade.
2. Place one water bath with room temperature ultrapure water beside the microtome and another with ultrapure water heated to +50 °C.
3. Make 5 pm thick sections of the eyeball.
NOTE: The lens breaks easily during sectioning. To avoid this, wipe the cutting surface with a moist tissue each time a new row of sections is
started. Use tap water to moisten the tissue.
4. Place the sections beside each other in the room temperature water bath and then move them to the hot water bath with the help of a glass
slide. Stretch the sections in the hot water bath until all wrinkles relax and the sections become matte.
Dry the glass slides with sections overnight in +37 °C.
Attach the sections to the slides by keeping the slide for 1 minute on a heated plate in +60 °C. After this, the sections can be directly
processed for staining, immunohistological methods or stored in +4 °C.

Representative Results

This protocol describes a model to inflict an abrasion injury to the mouse cornea and suggests how to follow and visualize the healing process
after abrasion. Recently, we employed this method to study the role of corneal epithelial progenitor cells during wound healings. The use of
established tools is the key to a successful abrasion experiment. We, and others, have used the Algerbrush Il ocular burr (Figure 1) to perform
the abrasions®”?*. This tool has a dulled burr tip of 0.5 mm in size that brushes rather than drills or shears the corneal epithelium away. Thus,
this tool is the recommended choice for an abrasion injury on the cornea.

o o

A central part of this model is that the affected region can be effortlessly visualized at desired intervals. In Figure 3A, we present the use of
fluorescein staining in combination with a Cobalt blue light source (Figure 1) to display the abrasion site. In this experiment, we performed a
large wound in the central cornea and left the peripheral cornea untouched (Figure 3A). Furthermore, we abraded only the left eye of each
mouse and kept the right, bilateral eye as a non-abraded control. The bilateral eye samples remained negative for fluorescein signal, which
suggests that they do not undergo any cell loss during the experiment and thus function well as control samples. However, green signal in the
borders of the eye displayed the fluorescein solution that accumulated in the junction between the eye and the eyelid. The abrasion was largest
at 0 h, immediately following the injury (Figure 3A). It was markedly smaller after 18 h and, in this case, located close to the upper border of the
eye. However, the epithelium closes the exposed region at an equal speed from all sides of the abrasion. Notably, at 72 h post-wounding, no
green signal was visible. This indicates that the corneal epithelium was fully re-epithelialized by 72 h after the abrasion.

With this method, we aimed at focusing the abrasion only on the corneal epithelium, so that deeper layers of the cornea remained intact. The
removal of the corneal epithelium was evident from histological sections in Figure 3B. At 0 h, the edge of the abrasion is shown as a narrow,
acellular ledge that is continuous from a regular, 4-5 cell layers thick corneal epithelium. The limbus, peripheral border of the corneal epithelium,
presents an example region that was not affected by the abrasion during the entire experimental timeline (72 h). In addition, histological sections
indicated that the deeper layers of the cornea, the stroma and the endothelium, were not harmed by the ocular burr. These two tissues appeared
similar in abraded and bilateral eye samples. At 18 h post-injury, the healing process is active and re-epithelialization is ongoing. This was
suggested by the appearance of a leading edge. The leading edge contains only 1-2 epithelial cell layers and it covers the exposed region before
re-stratification can occur®. In line with the results on Figure 3A, the surface was fully re-epithelialized by 72 h, when the migrating fronts had
covered the wound and all the epithelial layers were again present. Histological sections from the bilateral eye confirmed (Figure 3A) that the
control eyes remained intact during the observation period.

Lastly, we provide evidence that the abrasion model is restricted to the corneal epithelium and does not invoke a stromal response to injury, such
as neovascularization. Figure 4 shows the murine cornea at 18 h after abrasion. Based on macroscopic view, this time point did not display a
stromal response, thus indicating that our protocol does not disrupt the deeper corneal layers. In comparison, an alkaline injury with 0.75 mol/L
NaOH immediately induced neovascularization in the stroma. Given the rapid neovascularization in alkaline injury, the time points in our method
provide evidence to rule out the possibility of response in the stroma.
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Figure 1: Essential tools for corneal epithelial abrasion. On the left is a vibrating ocular burr. The Cobalt blue pen light in the right is used to
bring the fluorescein stain visible. Please click here to view a larger version of this figure.
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Figure 2: Imaging-th(’e corneal abrasion. (A) Tools for imaging are an adjustable camera arm with clamp (left), the SLR camera (center) and
a table lamp with flexible arm and clamp (right). The Cobalt blue pen light is tied to the dome of the lamp with two cable ties. (B) A general view
of the imaging setup; the distance of each attachment tool is marked in the image in cm. Both clamps are 6 cm away from the heat plate and

the mouse is placed 10 cm away from the heat plate edge. (C) A closer look at the abrasion imaging with proposed distance and position to the
mouse eye in cm. Please click here to view a larger version of this figure.
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Figure 3: Detection and localization of the corneal abrasion. (A) Mouse eyes at 0, 18, and 72 h after abrasion. Fluorescein signal marks the
abraded region in bright green, whereas all other regions in the epithelium remain dark. Bilateral eyes serve as controls. Dashed line marks the
borders of the wound and the white spot in each eye is the reflection from the camera. (B) Histologically sectioned and hematoxylin and eosin
stained samples of the mouse eyes at 0, 18, and 72 h after abrasion. Limbus is the border that surrounds the corneal epithelium from all sides.
Asterix marks the edge of the abrasion. Scale bar is 100 um. Please click here to view a larger version of this figure.
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Alkaline burn Corneal abrasion

Figure 4: Corneal abrasion does not activate a stromal response. Alkaline exposure with 0.75 mol/L NaOH followed by irrigation

with 0.9% NaCl produces corneal neovascularization (eye collected immediately after treatment). Abrasion with the ocular burr shows no
neovascularization even after 18 h. Abrasion site is marked with a dashed line. Scale bar 1 mm. Please click here to view a larger version of this
figure.

Wounding methods are popular tools to study different aspects of corneal homeostasis and pathologies. The abrasion model offers a well-
controlled method to address relevant problems in ophthalmology. However, certain critical points in the protocol are worth emphasizing. Notably,
the details outlined regarding the veterinary medicine, wound healing timeline, and outcome are optimized for use with outbred NMRI and

ICR stocks, but may vary among strains of mice®®. With this protocol, the experimental animals will remain anesthetized for approximately 20
minutes. This gives a short but sufficient window of time to perform the abrasion. However, when using the ocular burr, making the abrasion itself
is a very quick operation and should be possible to perform in this time frame.

Easy and accessible visualization is one of the main advantages of the abrasion model. Combined with molecular biology methods, this opens
possibilities to study the epithelial cells in great detail. Abraded corneas can be processed for histological or immunological staining's and
proteins or nucleic acids can be collected and examined further. Pajoohesh-Ganji et al. showed that gene expression patterns in the corneal
epithelial cells change upon corneal insult with a dulled blade®”. To ensure controlled sampling, we recommend that images of the abrasions are
taken immediately after the operation and sample collections follow exactly the planned timelines.

This protocol has uses beyond examination of corneal epithelialization. For example, abrasion of the corneal limbus, the stem cell niche of

the cornea, may be used to study stem cell dynamics7. We showed that the non-abraded region of the epithelium remained normal during

the healing process, however some authors claim that the basement membrane and the underlying stromal keratocytes are affected by the
ocular burr®*?8. The removal of the basement membrane can be estimated with specific basement membrane staining. Furthermore, repeated
abrasions over a longer timeline could reveal interesting healing patterns. In this protocol, we did not observe the architecture of the epithelium
over a long-term chase. Both dulled scalpel and ocular burr injuries have shown an increased incidence to corneal erosions after one to several
weeks after injury?*?**. This should be kept in mind when using the abrasion model for long-term studies. However, studies focusing on corneal
erosions might find this protocol useful.

Other wounding models are described at length by Stepp et al. in a review®. Together, this protocol and the existing approaches provide versatile
options to examine both fundamental biological questions as well as practical clinical problems.

The authors have nothing to disclose.
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