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Purpose: The Algerbrush IT has been widely used to induce corneal and limbal injuries in animal models. The extent of
injury varies with the duration of exposure, pressure from the placement of the burr, and the size of the burr. However,
no study has explored the correlation between the duration of exposure and the severity of injury in mouse model with
corneal and limbal stem cell deficiency (LSCD) induced using the Algerbrush II. Therefore, this study aimed to evalu-
ate the variations in the severity of corneal and limbal injury with different durations of the Algerbrush II application.
Methods: The entire cornea and limbus of C57BL/6 mice were injured for 30—45 s, 60-75 s, 90-120 s, and 3—4 min.
Photography and slit-lamp examination was performed on days 0, 2, 4, and 7, followed by hematoxylin & eosin, periodic
acid-Schiff, and immunohistochemical staining. Statistical analysis was performed using one way ANOVA analysis.
Results: A duration of 30—45 s of injury was found to be sufficient to induce superficial corneal and limbal epithelial de-
bridement and re-epithelialization was completed in all eyes by day 7; however, clinical signs of LSCD were not observed
in all mice. Increasing the exposure time to 90—120 s resulted in central 2+ corneal opacity with limbal and paracentral
corneal neovascularization. All eyes injured for 3—4 min displayed clinical signs of LSCD, such as persistent epithelial
defects on day 7 after the injury, central corneal neovascularization, and 2.2+ diffuse corneal opacity. Histological signs
of LSCD, including goblet cell metaplasia and K13 expression on the corneal surface, were observed in all injured eyes.
Conclusions: Our findings suggest that the duration of injury is an important factor influencing the severity of LSCD
in a murine model of injury. A 1-mm rotating burr was found to be more effective for keratectomy and pigment release,
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whereas a 0.5-mm burr was more suitable for corneal epithelial debridement.

The cornea is a transparent structure that maintains the
eye shape and focuses light on the retina. The cornea can
regenerate fully following minor injuries; however, moderate
to severe trauma, various immunological reactions, and
infections can result in limbal stem cell deficiency (LSCD).
This disrupts the barrier function of the limbus, and causes
conjunctival epithelial cells to migrate from the conjunctiva
to the corneal surface and express cytokeratin K13 instead
of K12, which is normally expressed by healthy corneal
epithelial cells [1]. K13 is a conjunctival epithelial-specific
keratin molecule that is not expressed in the healthy cornea
[2]. It is expressed in the injured cornea, which is covered by
conjunctival epithelial cells [1].

This condition is called conjunctivalization and mani-
fests as chronic irritation and inflammation, corneal opacity
(CO), persistent epithelial defects, and vision loss in severe
cases [2-4].
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According to the World Health Organization annual
reports in 2001, corneal disease led to vision loss in over 8
million individuals and 1.5 million children [5,6]. Therefore,
the development of effective preventive and treatment strate-
gies is critical for addressing the worldwide burden of corneal
blindness and disability. Previous studies investigating the
pathophysiology of corneal re-epithelialization following
corneal and limbal injuries have formed the basis of our
understanding of human corneal regeneration after trauma
and the efficacy and safety of new regenerative treatments
[7-10].

Historically, ocular surface failure models were created
using mechanical tools, such as a surgical spatula, Algerbrush
II rotating burr, and chemical substances, each resulting in
specific outcomes. The selection of an injury model that is
appropriate for the aim of the study is an important step that is
dependent on several factors, including a deep understanding
of the pathophysiology of an injury, as well as the limita-
tions and side effects of each method. For instance, a surgical
spatula induces less inflammation; however, it is unsuitable
for inducing deep keratectomy, and it induces less stable
LSCD in the mouse model [11,12]. Alkali injury is the most
favorable choice for inducing ocular surface failure, as it can
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be used to induce inflammation and corneal neovasculariza-
tion (N'V) [13]; however, the extent of corneal injury induced
is unpredictable, resulting in unwanted complications, such
as corneal perforation and auto evisceration [14].

The Algerbrush II rotating burr is an effective and simple
tool that is primarily used to remove the rust ring on metal
foreign bodies and pannus membranes adhered to the corneal
surface. Several previous studies have used the Algerbrush
II to induce corneal and limbal injury models [11]. Due to its
immense popularity, determining an accurate and reproduc-
ible technique that can induce controlled corneal and LSCD
in the mouse model is critical. Moreover, it is important for
the researcher to familiarize themselves with its complica-
tions and limitations as they may interfere with the study
results. It is shown that Algerbrush-induced injuries can
produce stable CO and LSCD by shaving the limbal epithe-
lium twice, followed by debriding the entire corneal epithe-
lium [12]. Nevertheless, only a limited number of studies have
described techniques to induce corneal and LSCD using the
Algerbrush II [15], and the required duration of exposure and
potential complications remain unclear.

Based on our previous investigations, the severity of
corneal and limbal injury induced using the Algerbrush II
depends on at least three factors: duration of exposure, pres-
sure applied during surgery, and the size of the burr. This
study aimed to investigate the impact of the duration of
exposure to the Algerbrush II and the size of the burr on the
severity of corneal and limbal injuries while trying to induce
a same pressure to all eyes during the procedure.

METHODS

Ethics statement: All procedures were performed in accor-
dance with the Stanford Laboratory Animal Care “APLAC”
number 33,420, “Use of Animals for Scientific Purposes,” and
the “ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.” Male and female C57BL/6 mice aged
8—12 weeks were generously provided by the Irving L.
Weissman laboratory. The animals were acclimatized to a
12-h light-dark cycle and provided water and feed ad libitum.

Surgical method: Based on the duration of exposure to the
Algerbrush I, the animals were divided into four groups of
5 mice in group 1-3 with injury duration of 30—45 s, 60-75
s, 90—120 respectively. Group 4 contained 10 mice with
two subgroups with injury duration of 3—4 min. The injury
induced in one eye and the other eye was kept as control.

The animals were weighed before inducing intra-
peritoneal anesthesia which was a mixture of 100 mg/kg of
ketamine hydrochloride (ANADA #200-055) and 5 mg/kg
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of xylazine (NADA #139-236) [16]. The inferior abdominal
quadrants were selected as an injection site to avoid potential
liver injury [17,18]. Lack of response to toe pinch was indica-
tive of deep anesthesia.

All eyes were examined with a slit-lamp (Nidek SL-450,
Nidek Co., Ltd, Aichi, Japan), before surgery to confirm the
absence of any previous ocular injuries. The mice were placed
in a lateral decubitus position on a surgical table prepared
according to standard rodent surgery principles after anes-
thesia was induced [16]. A pillow measuring 8—10 mm
(approximately 0.39 in) in height was placed under the head.
Tetracaine hydrochloride (0.5%) eye drops (NDC 0065—-0741—
12) were administered for further anesthesia. An ophthalmic
surgeon (AS) performed the surgery using a Zeiss S5 stereo
microscope according to the following procedure. The ocular
surface was dried with a surgical eye spear, and the eyelashes
were trimmed. The eyelids were gently pressed against the
orbital bones to induce proptosis, and the corneal and limbal
epithelium was debrided using a sterile Algerbrush II with
a 0.5-mm burr (catalog number: SVT14-5-2RB). To equal-
izing the pressure across the experimental groups the surgical
instrument was held gently, and the angle between the burr
and corneal surface was maintained at approximately 45° to
avoid generating additional pressure. Thus, only the duration
of exposure varied among experimental groups.

A timer was used to monitor the duration of Algerbrush
IT use. The burr was moved in a circular motion beginning
at the central part of the cornea, then advanced subsequently
to the superior and inferior quadrants without applying any
additional pressure.

The duration of injury in group 1 was 30—45 s, and the
entire corneal epithelium was debrided while maintaining
an intact basement membrane (BM). In group 2, 60-75 s
of injury duration was applied, and the corneal and limbal
surfaces were shaved twice to remove the corneal and limbus
epithelium. The injury duration to the corneal and limbus
in group 3 was 90—120 s. To assess the impact of the size
of the burr on the extent of injury, we divided group 4 into
two groups of five mice. The duration of Algerbrush II use
in both groups was 3—4 min; however, a 0.5-mm burr was
used in the first subgroup, and a 1-mm burr was used in the
second subgroup.

The tip was sanitized with 70% ethylene alcohol before
and between surgeries, and the excess debris was cleared
from the tip. Any detached epithelial sheets were cleared
using a clean eye spear. Care was taken throughout the proce-
dure to avoid damage to the limbal conjunctiva. Tail move-
ment during the surgery was interpreted as a sign of pain
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Durathon of Algerboush injury

Figure 1. Corneal examination immediately after inducing injury with Algerbrush II. Panels A-E show typical images of the eyes before (A)
and following injury (B- E) when visualized using slit lamp, fluorescent staining (A.F - E.F) and optical coherence tomography (A.O - E.O).
A: Normal, clear cornea and FS pattern with diffuse punctate epithelial defects and normal OCT with clear anterior chamber, B: Following a
30—45 s injury, the cornea is clear with minimal debris in the anterior chamber, C: 60—75 s injury results in a mild edema of the cornea with
mild release of cells and debris into the anterior chamber that is visible by OCT (C.O), D: A 90—120-s injury results in more edema and the
release of cells and pigment into the anterior chamber, confirmed with OCT images. E: A 3—4 min injury also resulted in significant corneal
edema and pigment release. B: The corneal thickness in normal eyes and immediately after injury. Statistical analysis revealed significant
differences between the normal and 60—75 s and 90—120 s injury duration. However, there was no significant difference between the 3—4
min injured and normal group due to development of corneal edema after prolonged injury. (p value: *=0.0200, ***=0.0006).

and addressed by applying a drop of Tetracaine or injecting
an additional bolus of 50% of the initial anesthesia volume.

Slit-lamp examination and fluorescent staining (FS)
were performed postoperatively. FS was performed by
administering 0.1% fluoresceine eye drops (0.1%; diluted
from AK-fluor 10%, NDC 17,478-253—10 with buffered saline
solution), drying the excess fluorescent liquid, and examining
the eye using a cobalt blue filter (Figure 1 and Figure 2).

An ophthalmic ointment containing tetracycline and
neomycin was applied postoperatively to prevent wound
infection and corneal dryness, and 5 mg/kg of ibuprofen was
injected subcutaneously to alleviate post-operative pain. The
animals were examined on days 0, 2, 4, and 7.

Clinical evaluation: Slit lamp and Heidelberg Spectralis
optical coherence tomography (OCT) examinations were
performed to evaluate the cornea and anterior chamber
on days 0, 2, 4, and 7 after the surgery. The animals were
anesthetized before the examination, as described previously.
Photographs were captured using the iPhone 13 camera in
Cinematic mode. ImageJ was used on the fluorescent-stained
images to calculate the ratio of epithelial defects (ED) to the
entire corneal surface.

CO was scored on a scale of 1 to 4 based on the clas-
sification by Yoeruek et al. [19]: O=normal, clear; 1=mild

opacity; 2=severe opacity, but the iris and pupil are easily
distinguishable; 3=iris and pupil are barely distinguishable;
and 4=completely opaque with an invisible pupil.

The corneal NV was graded in accordance with the
method by Bahar et al. with modifications [20]. Limbal NV
was restricted to the limbus, paracentral NV extended from
the limbus to the periphery of the cornea, and central NV
extended to the pupillary area within 1 mm of the central
cornea.

Scoring system of the OCT images: Two different anterior
OCT images were selected for each eye. The corneal thick-
ness was measured in pixels at three separate locations in
each image, the values were converted to micrometers, and
the average and standard deviation for each group were calcu-
lated and compared with those of other groups.

Histologic evaluation: Enucleation was performed after euth-
anizing the animals. Histological evaluation was performed
on postoperative days 4 and 7. The enucleated eyes were fixed
in 10% formalin overnight at room temperature, dehydrated
using a series of graded alcohols and xylene, and subse-
quently encased in paraffin. The paraffin blocks were cut into
6-um-thick sections and mounted on glass microscope slides.
Hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS)
staining were performed. All layers of the cornea and anterior
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chamber were evaluated, and the severity of inflammation
was assessed for each group. The remaining sections were
subsequently used for immunostaining. The slides were depa-
raffinized using xylene and graded alcohol. Epitope retrieval
(ER) was performed before immunostaining by immersing
the deparaffinized slides in Citrate Buffer with pH 6.0 for 20
min at 85 °C. The slides were immersed for another 20 min
at room temperature to cool down, then reheated as described
previously. After rinsing in staining buffer (10 mM Tris buff-
ered saline with 0.025% Triton X-100), antigen blocking was
performed for one hour using BSA (BSA) 5%. The slides
were incubated in a buffer containing primary keratin 13
antibodies (K13; a 1:100 dilution of mouse monoclonal, Cat.
No. ab92551, Abcam, Cambridge, UK) overnight at 4 °C.
Donkey anti-Mouse-IgG (A10037) at a dilution of 1:500 was
used to detect the binding of the primary antibodies. Negative
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controls were created by circumventing the primary antibody
incubation step. Positive controls consisted of non-wounded
tissue sections stained with keratin 13 antibodies. The slides
were imaged using a Leica Thunder Imager microscope.

Statistical analysis: Statistical analysis comparing multiple
groups with parametric data was performed by one way
ANOVA (GraphPad Prism) analysis. All data were presented
as mean + standard deviation. The Tukey’s multiple compar-
ison test was used for additional subgroup analysis. A value
of p<0.05 was considered statistically significant.

RESULTS

Stit lamp examination findings: Table 1 summarizes the main
findings of the study. Corneal edema and exudation release
into the anterior chamber, immediately after injury induction,
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Figure 2. The eyes 7 days after the injury using slit lamp, 2A- A: 30—45 s, B: 60-75 s, C: 90-120 s, D: 90-120 s, E: 3—4 min. A and B: The
cornea is almost completely recovered with normal diffuse punctate epithelial defects. C and D: A 90—120-s injury, results in 2+ corneal
opacity with centrally distributed new vessel formation and pigment deposition on the endothelial layer. E: A 3—4 min injury results in
diffuse CO with a large epithelial defect. B: The density of corneal opacity increased with the duration of the injury. CO in all groups were
compared by Tukey's Multiple Comparison Test. Statistically significant difference is observed between groups 30—45 s, 60—120 s and 3—4
min injury groups. * p value=0.001 *** p value=0.0009.
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were minimal in group 1. However, exudate release was
observed after around 60 s of injury and was significantly
increased on advancing the exposure time to 2 min and more.
Group four has the most severe exudate release compared to
other groups (Figure 1).

During the first week post injury in group 1 and 2,
re-epithelialization occurred, and edema decreased continu-
ously from the peripheral to the central cornea. In group 3,
75% of eyes were completely re-epithelialized with negative
FS, which was a clinical sign of basement membrane disease
[21]. In group 4, none of eyes were completely re-epithelial-
ized after 7 days of injury and the mean epithelial defect was
50.38%.

On day 7, the mean CO in group 1 was 0.5+ and 25%
developed corneal NV. The mean CO in group 2 was 0.8+
and 33% of eyes developed corneal NV. The mean score of
CO in group 3 and 4 were 2+ and 2.2+ respectively which was
diffusely distributed to the cornea. 100% of the eyes showed
corneal N'V in both groups. A statistically significant differ-
ence in CO was observed between group 1, group 3, and 4
(Figure 2).

Regarding the tip size of Algerbrush, the mean CO
induced by the 1-mm and 0.5-mm burrs were 2.33 and
1.9, respectively, which was statistically significant (p
value=0.029).

OCT findings: The corneal thickness was measured in all
groups after injury induction. Statistical analysis revealed
significant differences between the normal and 6075 s and
90-120 s injury duration (Figure 1B). However, there was no
significant difference between normal corneal and the 3—4
min injured cornea due to development of corneal edema
after prolonged injury (Figure 3).

Histology and immunohistology findings: The H&E-stained
corneal section of the C57BL/6 mice were observed under the
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TABLE 1. MAIN STUDY FINDINGS 7 DAYS AFTER INJURY, N=5

co NV FS
Tme Mean- Location Pattern
location percentage
percentage
30-45s  0.5-C-50% L-25% Diffuse punctate ED
0.8-C and o Diffuse punctate
60755 D-80% PC=33% and patchy
2-C and 0 Diffuse punctate
90-1205 1y 100% PC-100% 1d patchy ED
3—4 min 2.2-D-100% PC-100% Patchy ED 50.38%

The mean corneal opacity (CO), neovascularization (NV), and
fluorescent staining (FS) and their location and the percentage
of eyes that developed corneal opacity and neovascularization
on day 7 after the injury. Prolonged injury induction for 90-120
s and more induced CO in all eyes, but light injuries to the cor-
nea and limbus did not result in CO in all injured eyes. The
average epithelial defect was 50.38% of the corneal surface 7
days after 3—4-min of injury induction. C: central, D: diffuse,
PC: paracentral, L: limbal, ED: epithelial defect

light microscope with 40X magnification is shown in Figure
4A,B. The epithelium, which comprised 4-5 cell layers and
BM, covered the corneal stroma.

Immediately after the injury, the corneal epithelium was
eliminated and the cornea exhibited an irregular stromal
surface. The iris vessels were dilated and the anterior chamber
was filled with exudate (Figure 4C,D). On day 4 after the
injury, the conjunctival epithelial cell layers proliferated, with
prominent nuclei migrating through the limbus to the central
corneal area (Figure 5A).

On day 7 after the injury, the corneal surface was
covered with a thin and atrophic layer of epithelial cells in
all groups except the eyes in group 4, which still exhibited
stroma with central denudation. The endothelium was reac-
tive and covered with pigments and exudate.

Figure 3. Complications of Algerbrush injury. Intense exudate and pigment in the anterior chamber accompanied by corneal edema immedi-
ately after a 3—4 min injury (A and B). C: Cataract with pigment deposition on the endothelial layer is seen one week after injury induction.
D: Formation of new vessel in the cornea that extends to the center of the cornea one week after a 2-min injury. N: nasal side of the eye.
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Figure 4. Hematoxylin and eosin-stained mouse corneal section visualized under bright light. A: Normal corneal epithelial cells attach to
the basement membrane. Corneal spindle shaped keratocytes are distributed throughout the stromal layer and normal endothelial cells cover
the descemet membrane. B: The limbus is a transitional zone where conjunctival epithelial cells transform from monolayered conjunctival
epithelial cells (blue arrow) to multi-layered corneal epithelial cells in the cornea (white arrowhead). The normal anterior chamber (AC) is
clear with no exudate or cells. The normal iris is thin with constricted blood vessels. C: Dilated iris vessels (IV) and exudate deposition on
the endothelial layer are illustrated. Longer durations of injury result in more pigment release into the anterior chamber. D: immediately
after Algerbrush injury, the corneal and limbal epithelial cells are absent. [40X and 20X Magnification under an EVOS XL Core microscope,
Scale bar=50 um]..

Figure 5. Mouse corneal epithelium on days 4 (A) and 7 (B and C) after Algerbrush II injury. A: Multiple layers of regenerated conjunctival
epithelial cells have accumulated at the limbal region moving toward the corneal center. B: The limbal epithelium has returned to its normal
monocellular layer state 7 days after injury induction (arrowhead). C: The corneal surface is covered by an atrophic monolayer of basal
epithelial cells with goblet cells scattered throughout the surface. Scale bar=50 pm.
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Figure 6. Identification of conjunctivalization using immunofluorescence. Conjunctival epithelial phenotype (K13) is sparsely visible in the
normal corneal specimen. However, the K13 marker identified in the injured cornea on day 7 confirmed corneal conjunctivalization even in
mild, 30-s corneal injury (Algerbrush 30 s). The density of K13 has increased after increasing the duration of injury to 2 min (Algerbrush

2 min).

Goblet cells were detected on the corneal surface in
the PAS-stained slides in all groups which was a marker of
conjunctivalization (Figure 5B,C). The immunohistochemical
staining, revealed the expression of K13 on the corneal
surface which were expressed from the epithelial cells with
conjunctival origin that covered the injured cornea and
confirmed conjunctivalization (Figure 6).

3.4 Complications of Algerbrush II injury: The vibrations
from the Algerbrush II burr transferred to the eyeball and
likely resulted in pigment release from the ciliary body and
iris into the anterior chamber, especially in groups that were
exposed for more than 2 min (Figures 3). Another compli-
cation included bleeding from the conjunctival or limbal
vessels, which was avoided by applying gentle pressure on
the limbus using the Algerbrush II. Furthermore, cataracts
and iris neovascularization were detected in the eyes with
prolonged exposure to the Algerbrush II (Figure 3C).

DISCUSSION

Animal models play a vital role in the development of thera-
pies for the treatment of corneal disorders. A reliable initial
injury model that is tailored for the purpose of the study is a
prerequisite for the evaluation of the effectiveness of different
preventive and therapeutic modalities. Due to the immense
popularity of the Algerbrush II, this study investigated the

effects of this device on the creation of LSCD models to
provide additional insight and guidance for researchers.

Ocular surface failure occurs due to a deficiency of
the epithelial progenitor cells that are required to maintain
the corneal epithelium. In humans, the progenitor cells are
concentrated within epithelial crypts which are located in a
narrow transitional zone of tissue known as the corneal limbus
[22]. However, unlike the human cornea, the distribution of
stem cells in the murine cornea is not limited to the limbus,
and the limbus is not the only niche for corneal stem cells.
The cornea is self-maintained and contains corneal epithelial
stem cells distributed in the basal layer of the entire cornea
and limbus in some mammals [23,24]. Therefore, superficial
debridement of the limbus or cornea does not destroy all stem
cell niches distributed throughout the cornea.

Corneal and LSCD result in clinical and histological
changes. The clinical signs include CO, persistent epithelial
defects, and diffuse corneal NV [3,25]. The histological signs
are based on the presence of conjunctival epithelial cells on
the corneal surface, such as goblet cell metaplasia and K13
expression.

Goblet cells are mucin-producing cells that are distrib-
uted throughout the conjunctival epithelial cells but not on
the corneal surface [25,26]. After limbal injury goblet cells
arising from conjunctival epithelial cell metaplasia, appear
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on the corneal surface. This is an important sign of conjunc-
tivalization and LSCD [27,28].

Our findings suggest that 30—45 s of corneal injury can
induce incomplete progenitor cells destruction that results
in the appearance of goblet cells and K13 expression on the
corneal surface histologically. However, clinical signs of
LSCD, such as diffused CO and corneal NV, were not visible
in the majority of injured eyes. This finding can be attrib-
uted to the remanent corneal and limbal stem cell reservoirs
that adequately repopulate the corneal surface and maintain
corneal clarity, with additional partial contribution of the
conjunctival cells. Increasing the duration of injury to 2 min
and more resulted in more severe destruction of the corneal
and limbal stem cell niches that result in both clinical and
histological manifestation of LSCD.

Another finding of our study was that, similar to human
eyes, the nasal part of the mouse cornea is more susceptible to
new vessel formation compared with the temporal part [30].
This may be due to the fewer sub-basal nerves at the nasal
cornea compared to the central and temporal parts [31,32].
The sub-basal sensory nerve fiber layer plays a crucial role
in continuously releasing neuropeptides and other growth-
promoting substances, which are necessary for providing
essential nutrients to support the differentiation and growth
of corneal epithelial cells [33]. As a result, areas with fewer
sub-basal nerve endings experience a delay in the regen-
eration of the corneal epithelium compared to areas with a
higher density of nerve endings. Consequently, the slowed
regeneration of the corneal epithelium following an injury
can lead to an elevated secretion of VEGF, thereby promoting
the development of corneal NV on the surface of the cornea.
Further studies in this direction are required in the future to
gain insight into this issue.

According to our study, the 1-mm burr is more suitable
for keratectomy, pigment, and exudate release, whereas the
0.5-mm burr is more suitable for epithelial debridement with
preservation of the BM.

As with all techniques, researchers must consider several
additional variables that may influence the outcome. An even
movement of the burr over the cornea, the function and main-
tenance of the equipment, the age and strain of the animal
are important variables that must be considered to obtain an
accurate result.

Due to the development of progressive corneal edema
during prolonged injury, prediction of the depth and thickness
of the removed cornea is difficult in this model. Therefore, an
excimer laser or adjustable diamond knife may be considered
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in studies requiring the removal of a precise depth of corneal
tissue.

In conclusion, the present study is the first to demonstrate
that the duration of Algerbrush injury plays an important role
in the creation of a murine model of corneal and LSCD with
histological and clinical signs of LSCD. Debridement of the
corneal epithelium can be performed in 30—45 s, whereas
inducing LSCD and diffuse CO require at least 2 min of
injury induction. A 3—4 min exposure produces diffuse CO
and persistent epithelial defect with centrally distributed N'V.
Our findings provide additional insight into creating a repro-
ducible corneal and LSCD model to help gain insight into the
wound healing process and preclinical studies.
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