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Background: Through animal experiments, the effects of Limbal relaxation incision (LRI) on corneal healing were preliminarily
observed, aiming to explore the process of corneal limbal wound healing.

Methods: A rabbit LRI surgical model was established and dynamically observed until 90 days after the operation. The haze
scoring system and a modified Draize eye irritation test were used to quantify corneal opacity and irritation responses. Corneal
epithelial integrity and dry eye disease were evaluated using fluorescein sodium staining. Hematoxylin and eosin (HE) staining
was applied to observe the pathological changes in corneal tissue. Inmunofluorescence staining was used to detect the expression
of the proliferation marker Ki-67 in epithelial cells and the myofibroblast marker a-smooth muscle actin (o-SMA).

Results: At 7 days postoperatively, the cornea showed opacity, dilation, epithelial defect and inflammatory responses. Ki-67 ex-
pression, a marker of epithelial cell proliferation, peaked at 7 days after the surgery and then gradually decreased. The activation
of myofibroblasts a-SMA peaked at 30 days after the surgery, accompanied by corneal stroma thickening. From 30 to 60 days
after the surgery, corneal opacity, inflammatory responses, dry eye syndrome and epithelial damage gradually improved. By
90 days after the surgery, corneal transparency was largely restored, vascular congestion was no longer evident, and the tissue
architecture nearly returned to normal. The expression of a-SMA declined to a low level.

Conclusion: LRI triggered a wound healing response, resulting in significant recovery of corneal transparency, epithelial in-
tegrity, and stromal structure. This indicates that although the limbal dissection incision induces corneal injury, the wound-
healing process eventually occurs with relatively mild long-term fibrosis. The results of this study will provide a theoretical basis
for a deeper understanding of corneal healing after LRI surgery and contribute to the treatment of residual astigmatism after
clinical cataract surgery.

Keywords: limbal relaxation incision; rabbit; corneal; wound healing; Ki-67; a-SMA

Introduction sion. Cell proliferation and migration are crucial processes

in the repair of corneal epithelial damage [4]. When the

The cornea, as the outermost transparent tissue of the
eye, is exposed to the external environment and is easily
susceptible to damage [1]. Corneal wound healing is an im-
portant clinical issue due to the high incidence of corneal
injuries and the growing use of refractive surgical proce-
dures [2]. As the primary refractive medium of the eye, the
structural integrity of the cornea is the foundation for main-
taining visual function. Limbal relaxation incision (LRI) is
a refractive surgical technique used to correct low-degree
corneal astigmatism. It involves the creation of an arc-
shaped incision along the steep axis of corneal astigmatism,
thereby locally relaxing the corneal tension. LRI has been
shown to be an effective method for correcting low-degree
astigmatism [3]. However, the impact of LRI on corneal
healing remains to be clarified.

Normal wound healing is a dynamic process that
maintains the integrity and health of the corneal epithe-
lial surface, thereby preserving corneal transparency and vi-

cornea is injured, the quiescent corneal cells in the wound
stroma undergo apoptosis, while nearby corneal cells are
activated. The activated corneal cells begin to proliferate
and transform into fibroblasts, which then migrate toward
the injured area [5]. Once the cells reach the wound edge,
they expand in the stroma and differentiate into myofibrob-
lasts [6]. Myofibroblasts populate the wound in a woven,
interconnected network pattern and express a-smooth mus-
cle actin («-SMA) filaments, promoting wound contrac-
tion [7,8]. However, excessive and uneven contraction may
change corneal curvature, causing irregular astigmatism.
Even when the scar lies outside the pupillary area, vision
can be impaired due to image distortion [9]. In addition, ab-
normal corneal wound healing, particularly excessive scar
formation and the persistence of myofibroblasts, is a major
cause of corneal opacity and vision loss [10]. Therefore, it
is essential to explore the impact of LRI on corneal wound
healing.
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To clarify the corneal wound-healing process of the
rabbit after LRI surgery, we established a rabbit LRI model
to dynamically observe the healing process of the corneal
epithelium and stroma after LRI surgery. The results of this
study will provide a theoretical basis for a deeper under-
standing of post-LRI healing biology and contribute to the
treatment of clinical ophthalmic diseases.

Materials and Methods

Animals

Twenty-four healthy adult New Zealand white rabbits
of the same breed and age, weighing 2.0-2.5 kg, regard-
less of sex, were provided by the Animal Experimentation
Center of Zhejiang Chinese Medical University. The neg-
ative control (NC) group was defined as the animals that
did not receive any treatment before surgery. At 7 days,
30 days, 60 days, and 90 days, 3 rabbits were sacrificed
to obtain fresh tissues, while the remaining 12 rabbits were
subjected to eye observations. This research was conducted
in strict accordance with the recommendations outlined in
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. This research was reviewed by the
animal management and ethics committee. All experimen-
tal processes complied with the principles of animal pro-
tection, animal welfare and ethics, and the relevant regula-
tions on experimental animal welfare and ethics of labora-
tory animals. All the experimental protocols of this study
were approved by the Experimental Animal Management
and Ethics Committee of Zhejiang University of Chinese
Medicine (Approval Number: IACUC-202503-19).

Rabbit LRI Model Surgery

Preoperative inhalation of isoflurane (cat. R510-22,
RWD Company, Shenzhen, China) for general anesthesia in
24 rabbits, with an induction concentration of 5% and main-
tenance concentration of 3%, using an anesthesia machine
(cat.R500, RWD Company, Shenzhen, China). After the
initiation of surgery, the conjunctival sac was rinsed with
saline, and surface anesthesia was performed using 2 drops
of alcaine (hydrochloride) eye drops (cat. H20160133, 15
mL:75 mg, s.a. ALCON-COUVREUR n.v.). Under the mi-
croscope, corneal incisions with a depth of 80-90% of the
corneal depth and an arc length of 90 degrees were made at
the nasal and temporal canthus regions of the small pupil.

Specific operative steps of LRIs [11]: After placing
the eyelid speculum, the conjunctival sac was irrigated with
normal saline. A corneal positioning ring and corneal mark-
ing pen were used to mark the required locations and inci-
sion arc length for limbal relaxing incisions at the nasal and
temporal corneal limbus. The depth of the corneal depth-
setting knife was adjusted, the eyeball was stabilized with
forceps, and an arcuate corneal incision was made along the
marked guide. The incision was located within the periph-
eral corneal vascular arcade. After completion of the arcu-

ate incision, the corneal wound was irrigated with normal
saline. Diclofenac ophthalmic ointment (cat.H10960176,
Shenyang Xingqi Pharmaceutical Co., Ltd) was applied
into the conjunctival sac. After the operation, antibiotic eye
drops were administered 3 times a day for 7 consecutive
days to prevent infection.

Regular Images

Photographs of 12 rabbits were taken at 7, 30, 60, and
90 days after the LRI procedure. After surface anesthesia,
the eyelid speculum was used to open the eyelids, and hand-
held slit-lamp photography was performed under standard-
ized illumination to examine the overall appearance of the
cornea, conjunctiva, and sclera. Imaging parameters: 16X
magnification, crack width 0-9 mm, crack height 1, 3, 5,
and 10 mm, light spot 0.1, 1, 3, 5, 10 mm, lamp arm rota-
tion angle adjustable from —30° to +30°. The filter consisted
of a heat-insulating, light-blocking sheet without red light
and a cobalt blue filter.

Haze Grading

The degree of corneal opacity was graded using a
slit-lamp biomicroscope [12]: 0, completely transparent
cornea; 0.5, mild corneal haze; 1, mild corneal haze, not af-
fecting the observation of iris texture; 2, mild corneal haze,
affecting the observation of iris texture; 3, moderate corneal
haze, significantly affecting the observation of iris texture;
4, severe corneal haze, making it impossible to view the iris
texture.

Draize Ocular Irritation Study

After performing LRI on the 12 rabbits, an adapted
Draize test was used to assess irritation [13]. Cornea (0—4):
0, no opacity; 1, diffuse opacity, iris clearly visible; 2, semi-
transparent areas easily discernible, iris unclear; 3, grayish-
white semi-transparent areas, iris details unclear, pupil size
barely visible; 4, corneal opacity, iris unrecognizable. Iris
(0-2): 0, normal; 1, wrinkles noticeably deepened, conges-
tion, swelling, pupil still reacts to light; 2, bleeding/visible
necrosis, no light reaction (or one of these). Conjunctiva
(0-3): 0, normal blood vessels; 1, blood vessels congested,
bright red; 2, blood vessels congested, dark red, vessels
hard to distinguish; 3, diffuse congestion, purplish-red.

Fluorescein Sodium Staining

Staining was performed by adding 1% sodium fluores-
cein (cat. 518478, Solarbio) for one drop to the corneal area
of the rabbit’s eye. The extent of staining was then assessed
by slit-lamp photography of the rabbit’s cornea under cobalt
blue light.

Hematoxylin and eosin (HE) Staining

After the rabbits were euthanized by intravenous in-
jection of 1% pentobarbital sodium (150 mg/kg, cat.11715,
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Fig. 1. The routine images of corneal wound healing after LRI surgery. (A) right after surgery, (B) 7 days, (C) 30 days, (D) 60 days,

(E) 90 days. Note: The arrow indicates the corneal incision. Scale bar: 3 mm.

MilliporeSigma, Shanghai, China), the ocular tissues were
collected. The collected ocular tissues were fixed in
neutral formalin solution for 24 hours and dehydrated in
ethanol. After embedding in paraffin, 4 pm paraffin sec-
tions (HM 3558, Epredia Experimental Equipment Manu-
facturing Co., Ltd.) were prepared. Rabbit tissue sections
were baked in an oven at 60 °C for 2 hours. The sections
were deparaffinized in Xylene I and II for 15 minutes each
and rehydrated through a graded ethanol series (absolute
ethanol I and II for 10 minutes each, 95% ethanol, 80%
ethanol, and 70% ethanol for 2 minutes each), followed by
rinsing in tap water for 1 minute. The sections were then
stained with hematoxylin for 5 minutes, followed by rins-
ing with tap water for 1 minute. The sections were blued
with 0.5% dilute ammonia water for 20 seconds, rinsed with
tap water for 3 minutes, stained with 0.5% eosin solution
for 2 minutes, rinsed with tap water for 1 minute, and then
dehydrated with graded ethanol (80% and 95% for 30 sec-
onds each, absolute ethanol I and II for 2 minutes each), and
cleaned in Xylene I and Xylene II for 5 minutes. Finally,
the sections were mounted with neutral balsam. Images
were captured using a digital slide microscope (OLYMPUS,
VS120).

Immunofluorescence Staining

Immunofluorescence staining was performed to de-
tect Ki-67 (cat. 27309-1-AP, dilution ratio: 1:100, Pro-
teintech Biotechnology Co., LTD, Wuhan, China) and a-
SMA (cat. M0851, dilution ratio: 1:200, Dako, Glostrup,
Denmark), which are markers of corneal epithelial cells
and myofibroblasts, respectively. Rabbit corneal sections
were air-dried by baking at 60 °C for 2 hours, deparaf-
finized in water, and washed in distilled water for 2 min-
utes. High-pressure antigen retrieval was performed, fol-
lowed by washing with phosphate buffer solution (PBS, cat.
ZLI-9062, Jiachen Chemical Co., Ltd.) for 5 minutes x 3
times. Primary antibodies for a-SMA and Ki-67 were ap-
plied and incubated at 4 °C overnight. The following day,
the sections were warmed to 37 °C, incubated for 60 min-
utes, washed with PBS for 5 minutes x 3 times, and then
secondary fluorescent antibodies (cat. CSM 1003, dilution
ratio: 1:1000, Celnovte Biotechnology, Rockville, Mary-

land, USA) were added and incubated at 37 °C for 30 min-
utes. After washing with PBS for 5 minutes x 3 times, the
sections were mounted with a DAPI-containing mounting
medium. The tissue samples were observed under a fluo-
rescence microscope (Eclipse 801, Nikon, Japan).

Statistical Analysis

Statistical analysis of the positive cells in each corneal
sample was performed using GraphPad Prism 8.0 software
(GraphPad Software Inc., San Diego, CA, USA). ImageJ
(version 1.8.0, National Institutes of Health, Bethesda, MD,
USA) was used to analyze the immunofluorescence images.
Categorical variables were analyzed using the Friedman
test. Independent sample T-tests were used to compare dif-
ferences with negative control groups. A p value less than
0.05 was considered statistically significant.

Results

Observation of Wound Healing After LRI Surgery

Images capturing the wound healing process were
taken. Fig. 1A shows the postoperative image. One week
after surgery, the cornea was hazy and ectatic (Fig. 1B). 30
days post-surgery, the cornea remained ectatic (Fig. 1C).
Two months post-surgery, although there was still some
congestion and dilation, the corneal wound gradually
shrank and healed (Fig. 1D). Three months post-surgery,
the cornea showed no haze, vascular congestion, or dilation
(Fig. 1E).

Haze Examination After LRI Surgery

Table 1 summarizes the results of grading corneal
opacity using a slit-lamp microscope and grading system.
The analysis was performed for each eye of 12 rabbits. The
results show that 7 days post-surgery, the cornea exhibited
mild opacity, which slightly affected the observation of iris
texture. At 30 days and 60 days post-surgery, the cornea
gradually became more transparent, with fewer cases of
corneal opacity. By 90 days post-surgery, complete restora-
tion of corneal transparency was observed in all rabbits.
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Table 1. Corneal opacity grading results.

0 05 1 2 3 4 X2 p value
7 days 0 0 14 10 0 O
30days 5 0 13 6 0 0
60 days 20 0 0o 0 0
90 days 24 0 0o 0 O
61.737 p<0.01

Eye Irritation Situation

The modified Draize test was used in 12 rabbits as
the model animals to assess the irritation potential of LRI
(Table 2). The results showed that at 7 days postopera-
tively, obvious abnormal conditions were observed, includ-
ing diffuse corneal opacity, blurred iris details, and bright
red vascular congestion. At 30 and 60 days after surgery,
the cornea gradually recovered, with an increasing number
of cases showing no opacity and no congestion. By 90 days
postoperatively, all rabbits exhibited clear corneas with nor-
mal vasculature.

Table 2. Draize eye irritation test.
7 days 30 days 60 days 90 days

Cornea (0-4)
0 1 5 20 24
1 13 13 4 0
2 10 6 0 0
3 0 0 0 0
4 0 0 0 0
x? 60.130
p value p <0.01
Iris (0-2)
0 24 24 24 24
1 0 0 0 0
2 0 0 0 0
Conjunctiva (0-3)
0 9 9 10 24
1 15 15 14 0
2 0
3 0 0 0 0
¥2 42261
p value p <0.01

Corneal Dry Eye Condition

To investigate the effect of LRI on corneal dry eye, flu-
orescein sodium staining was performed on the corneas of
rabbits undergoing the relaxing incision procedure. Corneal
dry eye conditions were recorded preoperatively and at 7,
30, 60, and 90 days postoperatively. The results in Fig. 2
showed that the normal, intact corneal epithelium showed
slight staining preoperatively, indicating that the rabbits
might have mild dry eye. Compared to preoperative con-
ditions, there was green fluorescein retention in the corneal

epithelium at 7 days postoperatively, indicating a more se-
vere degree of corneal dry eye. At 30, 60 and 90 days post-
operatively, the area of fluorescein retention in the corneal
epithelium gradually decreased, and the dry eye conditions
gradually improved.

HE Staining of Corneal Tissue After LRI Surgery

HE staining pathological examination showed in
Fig. 3 that the LRI wound contained more cells compared to
the normal cornea. The epithelial cells of the wound exhib-
ited a multilayered morphology at 7 and 30 days postop-
eratively, accompanied by significant corneal thickening.
Additionally, the subepithelial extracellular matrix in the
wound was more abundant at 7 and 30 days than at 60 and
90 days post-surgery. At 60 and 90 days after surgery, the
corneal structure in the wound area was thinner than at 7 and
30 days, with fewer dead cells and a more intact structure
in the stromal matrix.

The Effect of LRI on the Proliferation of Corneal
Epithelial Cells

To investigate the effect of LRI on the corneal epithe-
lial injury repair process in rabbits, Ki-67 was chosen as a
marker for epithelial cell proliferation, and immunofluores-
cence staining was performed on the rabbit corneal epithe-
lium. The results in Fig. 4 showed that, compared with the
preoperative control group, the number of Ki-67-positive
cells peaked at 7 days post-surgery. At 30, 60, and 90
days after the surgery, the number of positive cells grad-
ually decreased, and the integrity of the corneal epithelium
was gradually restored.

The Influence of LRI on Corneal Myofibroblasts

To investigate the effect of LRI on corneal myofi-
broblast formation in rabbits, a-SMA was chosen as a
marker for myofibroblasts, and immunofluorescence stain-
ing was performed on rabbit corneal tissue. The results in
Fig. 5 showed that, preoperatively, corneal stromal cells in
healthy, uninjured corneas were quiescent and did not ex-
press a-SMA. a-SMA, a marker of myofibroblasts, is typ-
ically expressed during tissue repair and fibrosis. At 7 days
post-surgery, the number of a-SMA-positive cells signifi-
cantly increased and peaked at 30 days. At 60 and 90 days
postoperatively, the number of a-SMA-positive cells grad-
ually declined.

Discussion

This study systematically explored the effect of LRI
on the corneal wound healing process in rabbits through a
series of observations and tests. The results showed that af-
ter LRI, the cornea underwent a typical, dynamic wound
healing process, characterized by early inflammatory re-
sponses, epithelial repair, proliferation and activation of
stromal cells, followed by subsequent tissue remodeling
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Fig. 2. Corneal dry eye status after LRI. (A) Preoperative corneal sodium fluorescein staining. (B—E) Sodium fluorescein staining of

rabbit corneas at different time points after LRI to assess the corneal dry eye conditions. NC, negative control group. Scale bar: 3 mm.

A NC B 7days C

30 days

D 60 days E 90days

Fig. 3. HE staining of corneal wounds after LRI surgery. (A) Preoperative corneal section. (B-E) HE staining of the wounds at

different postoperative time points. NC, negative control group. Scale bar: 100 pm.

and restoration of transparency. The overall healing cycle
lasted approximately 3 months.

LRI can lead to corneal nerve damage and sensory im-
pairment [ 14]. This study evaluated the corneal opacity and
ocular irritation using haze scoring and the Draize ocular ir-
ritation test [13]. The results showed that early after LRI (1
week to 1 month), the cornea exhibited opacity, dilation,
and vascular congestion, which are typical manifestations
of the acute phase response after corneal injury, associated
with inflammatory cell infiltration, tissue edema, and neo-
vascularization [15]. Subsequently, these signs gradually
diminished over 2 to 3 months, with restoration of corneal
transparency and structure. Guo et a/. [16] found that, com-
pared to normal individuals, mild dry eye was associated
with a few fluorescein staining spots on the cornea, moder-
ate dry eye with an increased number of spots (5-30 spots),
and severe dry eye with more than 30 spots. In this study,
corneal fluorescein sodium staining was maximal at 7 days
post-LRI, and gradually decreased from 30 to 90 days post-
operatively. This suggests that LRI impairs the stability
of the tear film, leading to corneal fluorescein staining,
with gradual recovery over time. Previous research has re-
ported that after phacoemulsification with a clear corneal
incision, harmful changes in all parameters of corneal sen-
sitivity were immediately detected, and corneal sensitivity
did not return to preoperative levels until 3 months post-
surgery [17], consistent with the corneal recovery time in
this study.

The histopathological results (HE staining) in this
study further confirmed the above process. Early post-
surgery (1 week and 1 month), there was an increase in cell
numbers at the wound site, epithelial thickening, and stro-
mal disorganization, corresponding to the clinical stages of
opacity and edema. At2-3 months post-surgery, corneal ar-
chitecture became thinner and more intact, with a reduction
in cell death, suggesting the completion of the tissue remod-
eling phase and restoration of transparency. The findings of
Li et al. [18] are consistent with this study, with epithelial
proliferation and subepithelial accumulation of fibroblasts
observed at 14 and 21 days, and a decrease in fibroblasts in
the wound area after three months.

Corneal injury damages the epithelium. Ki-67 is
a well-recognized proliferative marker in the process of
corneal epithelial regeneration [19]. We investigated Ki-
67 immunohistochemical staining in injured and healing
corneas, and the results showed that at 7 days post-surgery,
the corneal wound exhibited a large number of Ki-67-
positive basal cells, indicating that it promoted epithelial
reformation. The proliferative activity of corneal epithelial
cells peaked at 1 week post-surgery, which may represent
a compensatory proliferative response to epithelial injury
aimed at accelerating coverage of the defected area. Sub-
sequently, proliferative activity continuously decreased and
returned to normal levels by 3 months, coinciding with the
completion of epithelial repair. This suggests that epithelial
repair involves not only cell migration but also an active yet
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Fig. 4. Expression of Ki-67 in corneal epithelial cell proliferation after LRI surgery. (A) Immunofluorescence analysis of Ki-67
expression in corneal tissues at different times after LRI. (B) Statistical analysis of the number of Ki-67 immunofluorescence-positive

cells. (n=3). *** represents the p value < 0.001 compared with the NC group. NC, negative control group. Scale bar: 50 pm.

controlled proliferative phase. Li et al. [20] and Samivel et
al. [21] also confirmed that when the cornea is injured, Ki-
67 levels are upregulated, inducing basal cell proliferation
and epithelial formation.

Corneal injury damages the basement membrane. Un-
der stimulation, fibroblasts migrate to the damaged area
and differentiate into myofibroblasts, which participate in
the restoration of tissue integrity by secreting a-SMA [22].

The appearance of a-SMA-positive myofibroblasts is a key
event in the wound healing and fibrosis process [23,24].
This study found that myofibroblasts began to significantly
increase at 7 days post-surgery, with a peak in a-SMA ex-
pression at 30 days after LRI. In contrast, Li et al. [18] indi-
cated that the peak of a-SMA expression after simple inter-
rupted suture (SIS) and horizontal mattress suture (HMS)
occurred around 21 days post-surgery. This difference re-
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Fig. 5. Expression of a-SMA in corneal wounds after LRI surgery. (A) Immunofluorescence analysis of a-SMA expression in

corneal tissues at different times after LRI. (B) Statistical analysis of the number of @-SMA immunofluorescence-positive cells. (n = 3).

Note: *** represents the p value < 0.001 compared with the NC group. NC, negative control group. Scale bar: 50 pm.

veals the effects of different surgical methods on wound
healing biology. From the perspective of healing dynam-
ics, it is possible that the tight approximation of the su-
tured wound edges leads to a rapid and relatively synchro-
nized initiation of the repair process, including inflamma-
tion, proliferation, and remodeling. In contrast, the LRI in-
cision remains open and requires gradual filling with gran-
ulation tissue from the stroma, followed by epithelial mi-

gration over the wound surface. This process is relatively
delayed and prolonged. The core task of myofibroblasts
is not only “closure” but also the continuous generation of
contractile force to achieve the desired and precise corneal
shape change. This “purposeful contraction” may require
a longer time to reach maximum activation. At 2 to 3
months post-surgery, the number of a-SMA-positive cells
gradually decreased, which is consistent with the resolution
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of corneal opacity and completion of structural remodel-
ing. These findings suggest that the healing process has
smoothly transitioned from the proliferation/fibrosis phase
to the remodeling phase, which is the key cellular basis for
the cornea’s restoration of transparency.

This study has some limitations. In the study, a
healthy rabbit model was adopted, which cannot recapit-
ulate the clinical conditions of patients undergoing cataract
surgery or those with existing dry eye disease. Moreover,
the study lacks functional visual indicators, such as corneal
topography and corneal thickness, precluding correlation
analysis with histological changes.

Conclusion

In summary, LRI, as a corneal surgery, initiates a con-
trollable wound healing response sequence. In the early
stages, it is characterized by inflammatory responses, de-
layed epithelial repair, and the transformation of fibroblasts
into myofibroblasts, which may lead to temporary corneal
opacity and structural changes. However, the cornea has a
strong ability to repair and remodel itself. Within 3 months
post-surgery, through complete epithelial regeneration, re-
versal of the myofibroblast phenotype, and orderly stromal
remodeling, the cornea ultimately achieves restoration of
both structure and transparency. This study provides a de-
tailed description of the cellular and histological changes
during this dynamic process, and the findings will offer
a theoretical basis for a deeper understanding of post-LRI
healing biology and contribute to the treatment of clinical
ophthalmic diseases.
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