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Penetrating ocular trauma is commonly observed 
during clinical practice. It has been established that corneal 
penetrating injury frequently causes corneal scarring, which 
results in irregular astigmatism and vision impairment [1]. 
Growing evidence suggests that corneal basement membranes 
(BMs) are critical regulators of corneal fibrosis [1-4]. The two 
main BMs of the cornea, the epithelial basement membrane 
(EBM) and Descemet’s membrane (DM), are reportedly 
damaged during corneal penetrating injury [5]. Given that 
most emphasis has been placed on the regeneration of the 
BM during corneal refractive surgery in animal models, little 

is known about the regeneration of EBM and DM during 
corneal penetrating injury.

TGF-β1 is an essential growth factor in corneal stromal 
fibrosis [6-9]. TGF-β1 can transform corneal keratocytes into 
opaque myofibroblasts, which produce and deposit a huge 
amount of disorganized extracellular matrix, resulting in 
stromal scarring and corneal opacity [10-12]. Damaged EBM 
could allow TGF-β1 to persistently permeate into the stroma 
from the tear fluid and epithelium, driving myofibroblast 
growth and maintenance, while EBM regeneration could limit 
the entry of TGF-β1 into the stroma [1,2,13-15]. An increasing 
body of evidence suggests that the regeneration of EBM 
takes several months [16-18]. Accordingly, rabbit corneal 
perforating injury models were established to evaluate 
corneal wound healing, the regeneration of EBM and DM, 
and the spatiotemporal expression of TGF-β1 and α-SMA, 
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Purpose: To evaluate the relationship between basement membrane (BM) regeneration and the spatiotemporal expres-
sion of TGF-β1 during wound healing in rabbits with corneal perforating injury.
Methods: Forty-two rabbits were randomly allocated into 7 experimental groups, with 6 rabbits per group at each time 
point. The central cornea of the left eye was injured with 2.0 mm trephine to establish the perforating injury model. Six 
rabbits that received no treatment were used as controls. The cornea was evaluated at 3 days, 1–3 weeks, and 1–3 months 
after injury with a slit lamp for haze levels. Real-time quantitative polymerase chain reaction (qRT-PCR) was performed 
to quantify the relative expression of TGF-β1 and α-SMA mRNA. Immunofluorescence (IF) was used to assess TGF-β1 
and alpha-smooth actin (α-SMA) expression and localization. BM regeneration was assessed using transmission electron 
microscopy (TEM).
Results: After injury, dense haze appeared at 1 month and then gradually faded. The relative expression of TGF-β1 
mRNA peaked at 1 week and then decreased until 2 months. The relative α-SMA mRNA expression reached its peak at 1 
week, then reached a small peak again at 1 month. IF results showed that TGF-β1 was initially detected in the fibrin clot 
at 3 days and then in the entire repairing stroma at 1 week. TGF-β1 localization gradually diminished from the anterior 
region to the posterior region at 2 weeks to 1 month, and it was nearly absent at 2 months. The myofibroblast marker 
α-SMA was observed in the entire healing stroma at 2 weeks. Localization of α-SMA gradually disappeared from the 
anterior region at 3 weeks to 1 month, remaining only in the posterior region at 2 months and disappearing at 3 months. 
Defective epithelial basement membrane (EBM) was first detected at 3 weeks after injury, then gradually repaired, and 
was nearly regenerated at 3 months. A thin and uneven Descemet’s membrane (DM) was initially detected at 2 months 
after injury, then gradually regenerated to some extent, but remained abnormal at 3 months.
Conclusions: In the rabbit corneal perforating injury model, EBM regeneration was observed earlier than DM. At 3 
months, complete EBM regeneration was observed, while the regenerated DM was still defective. TGF-β1 was distributed 
throughout the entire wound area in the early stages and then decreased from the anterior to the posterior region. α-SMA 
exhibited a similar temporospatial expression to TGF-β1. EBM regeneration may play a key role in low expression of 
TGF-β1 and α-SMA in the anterior stroma. Meanwhile, incomplete DM regeneration may contribute to the sustained 
expression of TGF-β1 and α-SMA in the posterior stroma.
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to investigate the cornea’s ability to maintain transparency 
during the healing process and to identify long-term factors 
associated with scarring.

METHODS

Animals: All experiments were performed in strict accor-
dance with the tenets of the Association for Research in 
Vision and Ophthalmology (ARVO) for the Use of Animals 
in Ophthalmic and Vision Research. The animal study 
protocol was approved by the Medical Ethics Committee of 
the First Affiliated Hospital of Guangxi Medical University 
(Approval Number: 2022-E393–01). Forty-two New Zealand 
white rabbits, aged 3 months and weighing 1.5 to 2.0 kg, were 
allocated into 7 experimental groups at random (6 rabbits per 
group). Six rabbits that received no treatment were used as 
controls.

Corneal perforating surgery and tissue preparation: The 
corneal perforating wound healing models in rabbits were 
established following Connon et al. [19]. Before surgery, 
tropicamide phenylephrine eye drops were administered to 
fully dilate the pupil. General anesthesia was introduced by 
intravenous injection of 1% pentobarbital sodium (3 ml/kg) 
into the ear edge vein of the rabbits. Topical proparacaine 
hydrochloride 0.5% was applied to the surgical eyes during 
the procedure. A 2 mm diameter full-thickness button of 
the left central cornea in the injury model was injured with 
2.0 mm trephine. Within 20 min post-injury, a fibrin clot 
developed in the wound site, which enabled the anterior 
chamber to heal.

An overdose of 1% sodium pentobarbital solution was 
used to euthanize the rabbits. The corneoscleral rims of the 
rabbits’ corneas were removed with micro-dissecting scissors. 
The corneal tissues were trimmed, and 0.5 mm of normal 
tissue was left around the wound. The corneas were cut along 
the equator using a razor blade. One half was preserved in 3% 
glutaraldehyde for transmission electron microscopy (TEM), 
and the other was fixed in 4% paraformaldehyde at 4 °C for 
an overnight period before being dehydrated and embedded 
in paraffin block. Sections of 5 µm were produced and stored 
for the immunofluorescence assay.

Corneal opacity and haze grading: A slit lamp examina-
tion was performed on day 3, weeks 1, 2, and 3, and months 
1, 2, and 3 to analyze the degree of corneal opacity after 
perforating injury. Corneal haze was scored using the Fantes 
grading scale [20]. Grade 0 represented a cornea that was 
completely transparent, grade 0.5 was faint haze with careful 
oblique illumination by a slit lamp, grade 1 had more promi-
nent haze not interfering with visibility of fine iris details, 
grade 2 represented a mild obscuration of iris details, grade 

3 represented a moderate obscuration of the iris and lens, and 
grade 4 was severe dense haze with no view of the iris.

Immunofluorescence staining: IF was performed on each 
cornea at least three times. The paraffin-embedded cornea 
slices were dewaxed in xylene and rehydrated through a 
declining ethanol series. After rehydration, the slices were 
immersed in 3% EDTA and heated in a microwave oven for 
antigen retrieval. Slices were washed in 0.1 m phosphate-
buffered saline (PBS) after being cooled down naturally and 
permeabilized with 0.3% TritonX-100 at room temperature 
for 10 min. To avoid possible non-specific binding places, 
slices were treated in PBS with 5% normal goat serum for 
45 min. The slides were then incubated for 12 h at 4 °C with 
TGF-β1 primary antibodies (GeneTex, GTX21279) and an 
anti-alpha-smooth muscle actin primary antibody (Abcam, 
ab7817) diluted 1:100 in 1% BSA. Following three 15 min 
rinses in PBS, slices were stained for 30 min at room temper-
ature with a 1:200 dilution of the secondary antibodies Alexa 
FluorTM 488 (Invitrogen) goat anti-mouse IgG (H + L) in 1% 
BSA. All sections were counterstained with DAPI for nuclear 
staining after three PBS washings. Finally, coverslips were 
used to mount the slides. Negative controls were included 
without primary antibodies in each assay. Digital images 
were captured using a confocal laser scanning microscope.

Transmission electron microscopy: The TEM specimens 
were prepared following the procedures outlined by Fantes 
et al. [20]. Pieces of cornea tissue were immediately fixed 
in a solution of 2.5% glutaraldehyde and 4% paraformalde-
hyde for at least 2 h. Following three 10 min PBS rinses, the 
specimens were post-fixed in 1% osmium tetroxide for 2 h at 
4 °C. Following fixation, the corneas were dehydrated in an 
increasing series of ethanol concentrations and acetone before 
being embedded in an epoxy resin medium. Glass knives 
were used to slice one-micron-thick sections, which were 
subsequently dyed with 1% Toluidine Blue for orientation of 
the wound area with light microscopy. The corneal ultrastruc-
ture was detected using a transmission electron microscope 
(Hitachi, Japan). The experiments were performed three 
times independently and yielded similar results.

Quantitative real-time PCR: Three 3 mm diameter full-
thickness plugs of the central cornea tissues were removed 
and combined at each time point and then immediately 
preserved in a −80 °C freezer. Corneas were homogenized 
on ice in 1.5 ml centrifuge tubes containing the lysis buffer 
R-I. Following the kit’s instructions, total RNA was extracted 
using the AXYGEN reagent kit. In three independent experi-
ments, total extracted RNA was reverse-transcribed into 
cDNA using the Thermo Scientific RevertAid Reverse Kit. 
Real-time quantitative polymerase chain reaction (qRT-PCR) 
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was performed using FastStart Universal SYBR Green 
Master (ROX). The PCR primer pairs were synthesized as 
follows: TGF-β1, AGC TGT ACA TTG ACT TCC GCA 
AGG (forward) and CAG GCA GAA GTT GGC GTG GTA 
G (reverse); α-SMA, GTT GAC TGA GGC ACC GCT GAA 
C (forward) and AGT TGT ACG TCC AGA GGC ATA GAG 
G (reverse). The cycle threshold (Ct) value was recorded, and 
the 2− ΔΔCT method was used to determine relative gene 
expression levels.

Analytical statistics: SPSS 22.0 was used to conduct the 
analytical statistics. Data are presented as the mean ± stan-
dard deviation (SD). Significant differences between groups 
were determined using a one-way ANOVA with the Student–
Newman–Kewls method or LSD-t corrected post hoc anal-
ysis. A p value <0.05 represents statistical significance.

RESULTS

Corneal opacity: Representative slit lamp photographs of the 
rabbits’ corneas are shown in Figure 1A. After perforating 
injury, a mild corneal haze first appeared at 3 days and gradu-
ally developed into a dense haze by 1 month. At 2 to 3 months 
after injury, corneal opacity was somewhat alleviated but still 
present (Figure 1B).

Quantitative real-time PCR: As expected, TGF-β1 was 
expressed in normal corneas. TGF-β1 mRNA expression was 
significantly increased 3 days after injury, then continued 
to increase gradually, peaking at 1 week before gradually 
decreasing until 3 months. At 1 to 2 months, TGF-β1 mRNA 
expression was increased and maintained relatively high 
levels (Figure 2A). Consistent findings were observed for the 
expression of α-SMA mRNA, as shown in Figure 2B.

Immunofluorescence assay: The immunofluorescent staining 
of TGF-β1 protein during the wound healing process is shown 
in Figure 3. In the control cornea, TGF-β1 protein was not 
detected. Three days after injury, TGF-β1 was strongly 
detected in the acellular fibrin clot. One week after injury, 
TGF-β1 was localized in the entire healing stroma. Local-
ization of TGF-β1 gradually diminished from the anterior 
to the posterior region at 2 weeks to 1 month. One month 
after injury, TGF-β1 exhibited low expression levels in the 
posterior region. TGF-β1 was absent in the repairing stroma 
at 2 to 3 months after injury.

The immunofluorescent staining of α-SMA during the 
wound healing process is shown in Figure 4. The control 
cornea had no α-SMA stain detected. Three days after 
injury, no α-SMA staining was observed. One week after 
injury, α-SMA expression was found in the anterior region, 
with dispersed α-SMA expression in the posterior site. At 

2 weeks, α-SMA expression was observed in the entire 
repairing stroma. At 3 weeks to 2 months after injury, α-SMA 
expression exhibited a decreasing trend from the anterior to 
the posterior region. Notably, 3 months after injury, α-SMA 
expression was no longer visible in the posterior stroma.

Transmission electron microscopy: The unwounded (control) 
corneas exhibited a typical EBM ultrastructure, including 
the lamina lucida and lamina densa at high magnification 
(×30,000). After the perforating injury, all corneas at 3 days 
to 2 weeks exhibited no ultrastructural regeneration of lamina 
densa or lamina lucida. Three weeks after injury, a nascent 
defective EBM was first detected, and the lamina densa and 
lamina lucida of the EBM were irregular and discontinuous. 
One month after the injury, the EBM ultrastructure was 
somewhat restored, but its ultrastructure was still uncontin-
uous. Two months after the injury, the EBM lamina densa and 
lamina lucida exhibited more continuity than at 1 month, and 
there were a few discontinuous EBM ultrastructures. Three 
months after injury, continuous and regular lamina densa 
and lamina lucida were noted, and the EBM was almost fully 
restructured (Figure 5).

In the normal cornea, the DM ultrastructure was thick, 
and a clear boundary was observed even at high magnifica-
tions (×10,000). However, DM was not detected until 2 months 
after injury, when a thin DM appeared in the posterior region 
adjacent to the nascent endothelium at high magnification 
(×20,000). Three months after injury, the DM was thicker but 
remained uneven and loosely attached to the endothelium; 
the boundary between the DM and stroma remained unclear 
(Figure 6).

DISCUSSION

It has been established that corneal scarring can reduce the 
amount of light passing through the cornea to the retina and 
can cause vision loss [21,22]. Accordingly, understanding 
the factors involved in the corneal fibrosis repair process 
is essential for controlling corneal wound healing. Recent 
studies have found that injured BMs are related to persistent 
corneal stromal fibrosis, while BM regeneration might be 
helpful for the resolution of stromal fibrosis [1,23]. Moreover, 
it is widely thought that regenerated EBM controls TGF-β1 
infiltration into the stroma [13,15,24]. TGF-β1 is a well known 
key fibrotic modulator in mediating the development and 
maintenance of myofibroblasts [25,26]. Opaque myofibro-
blasts secrete large amounts of extracellular matrix, resulting 
in corneal scarring [27,28]. LASIK and PRK animal models 
have been applied to study corneal fibrosis, but corneal perfo-
ration leading to corneal scarring is much more common and 
severe during clinical practice.
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Current evidence suggests that EBM and DM are 
damaged during corneal perforating injury. In general, 3–6 
months are required for corneal repair. However, little is 
currently known about the changes in EBM, DM, and TGF-β1 
during long-term wounding healing, and it remains unclear 
whether the regeneration of EBM and DM limits TGF-β1 
expression in the stroma. Therefore, we investigated BM 

regeneration and TGF-β1 and α-SMA expression in rabbit 
corneal perforating injury models for up to 3 months.

The nascent EBM was first detected at 3 weeks after 
injury and gradually developed until 3 months, when the 
continuous lamina lucida and lamina densa could be distin-
guished under TEM. Factors that affect EBM regeneration 
include the healing of the epithelium, the extent and level 

Figure 1. Corneal haze of rabbits. A: Slit lamp photographs of rabbit corneal opacity at different time points. Normal unwounded cornea was 
transparent. Three days after injury, the wound area was filled with translucent fibrous plaques. Fine iris and lens details could be observed 
1 week after injury, a prominent haze appeared in the wound margin, and details of the iris could be observed to some extent. Two weeks 
after injury, increased haze appeared in the wound margin, with mild obscuration of the iris details. Three weeks after injury, a dense 
opacity appeared in the wound area, with moderate obscuration of the iris details and lens. One month after injury, complete opacification 
was observed in the wound area, and the iris was not visible. Two months after injury, a focal transparent area appeared in the wound 
area. Three months after injury, the iris was faintly visible. B: Changes in corneal opacity scores at different time points. Corneal opacity 
appeared at 3 days, then gradually increased, peaking at 1 month before decreasing. The level of corneal haze at each time point after injury 
was significantly higher than in the control group. The 1 m group exhibited a significantly higher haze score than other groups. Data are 
expressed as mean ± SD, n=6.
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of the early stromal keratocyte apoptosis response, and 
irregularities of the stromal surface after surgery or trauma 
[5,15,29]. In our perforating corneal model, the corneal 
epithelium was completely regenerated at 3 weeks, consis-
tent with the literature [30]. This time point is also indicative 
of the onset of EBM regeneration. In response, the corneal 
epithelium exhibits laminin synthesis, which can self-polym-
erize into nascent EBM and subsequently trigger other EBM 
components, such as nidogens and perlecan, to form mature 
EBM [31-33].

Severe deficiencies of corneal tissue do not benefit EBM 
regeneration. Regenerated normal EBM was found in −4.5D 
PRK rabbit models between 8 and 10 days after surgery, 
while regenerated EBM was finally detected at 4 months after 
−9.0D PRK correction. Although the full-thickness central 
cornea tissue was removed in our model, EBM regenera-
tion was facilitated in the −9.0D PRK model, which may be 
related to the smaller diameter of the corneal button used in 
the present study (2 mm) compared to the PRK model (6 mm), 
suggesting that more keratocytes and corneal fibroblasts 

around the wound are helpful for EBM component synthesis. 
Wilson et al. recently confirmed that both keratocytes and 
corneal fibroblasts can cooperate with the epithelium to 
regenerate mature EBM [13,23,34,35].

We found that complete EBM regeneration occurred 
earlier than DM, which was first observed at 2 months 
after injury and remained defective at 3 months. To date, 
few studies have focused on DM regeneration. It has been 
established that DM has poor regeneration potential, and the 
corneal endothelium may work synergistically with kera-
tocytes to synthesize DM components during this process 
[3,24,36]. Rabbits’ corneal endothelium can proliferate [24], 
which is not the case for humans [37,38]. The proliferated 
endothelium and the keratocytes left may be two important 
factors for DM regeneration. However, more studies are 
required to understand cell biologic behavior and impact 
factors.

It has been shown that TGF-β1 plays a prominent role 
in corneal scarring, as it can promote the transformation of 
dormant corneal keratocytes into activated fibroblasts and, 

Figure 2. Relative mRNA expression levels in the wound area of the cornea at different time points. A: TGF-β1 relative mRNA expression 
levels. The relative expression of TGF-β1 mRNA was significantly increased at 3 days after injury. Then, relative TGF-β1 expression gradu-
ally increased and peaked at 1 week, significantly higher than all other time points before and after injury (p<0.05). From 2 to 3 weeks, 
relative TGF-β1 expression gradually decreased, but then increased again at 2 months and maintained a relatively high level until 3 months. 
At 3 months, relative TGF-β1 mRNA expression was decreased at 3 months and there was no statistically significant compared to the in 
normal corneas (p>0.05). B: α-SMA relative mRNA expression levels. The relative expression of α-SMA mRNA was increased at 3 days 
after injury. At 1 week after injury, the relative expression of α-SMA mRNA peaked, significantly higher than all other time points before 
and after injury (p<0.05). The relative expression of α-SMA mRNA was downregulated at 2 and 3 weeks, and higher again at 1 and 2 months. 
At 3 months, the expression of α-SMA mRNA had decreased and was comparable to normal corneas (p>0.05). * statistically significant.
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eventually, into differentiated myofibroblasts [6,39-41]. 
α-SMA is an important marker of fibrosis. In our models, 
we found that the mRNAs of both TGF-β1 and α-SMA 
were highly expressed at 1 week after injury. TGF-β1 was 
detected in the entire wound region at 1 week after injury, and 
TGF-β1 expression in the anterior stroma started to diminish 
at 2 weeks after injury. At the same time, α-SMA started to 
decrease in the anterior region at 3 weeks after injury. α-SMA 
gradually decreased from anterior region to posterior at 3 
weeks to 2 months. These results validated the regulatory 
effect of TGF-β1 on fibrosis in this corneal perforating injury 
model.

After the injury, TGF-β1 and α-SMA expression 
gradually diminished from the anterior corneal stroma to 
the mid stroma, while slit lamp examination revealed that 
corneal opacity gradually faded. This corneal scar regres-
sion may benefit from the decreased expression of TGF-β1 
and α-SMA in the anterior stroma. The anterior EBM was 

fully regenerated. However, TGF-β1 and α-SMA expression 
persisted in the posterior region, and the regeneration of 
DM was delayed and defective. The mRNA expressions of 
TGF-β1 and α-SMA showed a second peak at 1 to 3 months 
after injury, which might be responsible for the long-term 
presence of myofibroblasts. A recent study by Marino et al. 
used the Pseudomonas corneal infection model and found that 
the EBM completely regenerated and myofibroblasts disap-
peared in the anterior stroma, while myofibroblasts persisted 
in the posterior stroma, where the DM and endothelium were 
damaged [17]. Thus, our results support previous findings 
that EBM plays a critical role in modulating myofibroblast 
development and stromal fibrosis by regulating the infiltra-
tion of TGF-β1. Damage to the DM and endothelium may lead 
to sustained posterior stromal fibrosis.

We detected TGF-β1 in the stroma in this corneal 
perforating injury model. It was likely that TGF-β1 was 
expressed by the infiltrating bone marrow-derived cells and 

Figure 3. Immunofluorescence staining for TGF-β1 in two different corneas at each time point. In the normal cornea, no TGF-β1 protein was 
detected in the stroma. At 3 days after injury, a large quantity of TGF-β1 was deposited in the acellular fibrin clot. At 1 week after injury, 
TGF-β1 was localized to the entire healing stroma. At 2 weeks after injury, the deposition of TGF-β1 had decreased in the anterior stroma, 
and TGF-β1 was localized to the posterior stroma. At 3 weeks after injury, TGF-β1 was nearly absent in the anterior stroma, and TGF-β1 
had decreased in the posterior stroma. At 1 month after injury, TGF-β1 had further decreased, and TGF-β1 was only weakly detected in the 
posterior stroma. At 2 and 3 months after injury, TGF-β1 was absent in the repairing stroma. Green staining indicates TGF-β1 protein. Blue 
is DAPI staining of cell nuclei. (E) is the epithelium. (S) is the stroma. Magnification: ×100. Scale bar: 250 μm.

http://www.molvis.org/molvis/v29/58


64

Molecular Vision 2023; 29:58-67 <http://www.molvis.org/molvis/v29/58> © 2023 Molecular Vision 

vimentin-positive corneal fibroblasts, or even the myofibro-
blasts themselves [13,42]. Alternatively, it is possible that all 
of the TGF-β1 localized to the stroma was derived from tear, 
epithelium, and aqueous humor, and what was detected was 
TGF-β1 bound to receptors on corneal fibroblasts and other 
stromal cells [13,14,43-45]]. Further studies are needed to 
confirm the exact sources of TGF-β1.

The persistence of posterior α-SMA staining in our study 
indicates persistent injury to the DM and the endothelium 
after perforating injury. Similar findings were reported by 
Medeiros et al. and Sampaio et al. [24,36]. Both used the 
same model (Descemet’s membrane-endothelial excision in 
rabbits) to study posterior stromal fibrosis. They found that 
the α-SMA positive myofibroblasts persisted in the posterior 
stroma, where there were no DM and endothelium. Sampaio 
et al. extended the observation time and found that α-SMA 
positive myofibroblasts disappeared in the posterior region 
when the DM and endothelium were regenerated [36]. The 
persistence of α-SMA positive myofibroblasts are dependent 

on the ongoing supply of TGF-β1, while the real cause of 
TGF-β1 persistence in the posterior stroma remains uncer-
tain. Defective DM regeneration might be a factor in high 
levels of TGF-β1 from the aqueous humor entering the poste-
rior stroma. Accordingly, promoting the regeneration of DM 
and the reduction of TGF-β1 may be helpful for anti-scarring 
therapy of corneal perforating injury.

In conclusion, EBM regeneration occurs earlier than DM 
following corneal perforating injury. TGF-β1 and α-SMA 
exhibit similar temporal and spatial expression patterns. 
During the early stages, TGF-β1 and α-SMA are distributed 
throughout the entire healing stroma, showing decreasing 
expression from the anterior to the posterior region. Regen-
eration of EBM may contribute to decreased corneal scarring. 
Defective regeneration of DM may account for the presence 
of TGF-β1 and α-SMA in the posterior stroma. However, 
future studies are warranted to identify the sources of the 
TGF-β1 and the factors that affect DM regeneration and 
posterior stromal fibrosis.

Figure 4. Immunofluorescence staining for α-SMA in fibrotic healing corneas at different time points. A: Control cornea exhibited no α-SMA 
staining. B: At 3 days after injury, no α-SMA staining was observed. C: At 1 week after injury, α-SMA had appeared in the most anterior 
stroma. D: At 2 weeks after injury, α-SMA had appeared in the entire repairing stroma. E: At 3 weeks after injury, α-SMA had appeared 
in the most posterior stroma. F-G: At 1 to 2 months after injury, α-SMA was detected in the posterior stroma, and the positively stained 
area for α-SMA had reduced. H: At 3 months after injury, α-SMA staining was nearly absent in the wound stroma. Green staining indicates 
α-SMA protein. Blue is DAPI staining of cell nuclei. (E) is the epithelium, and (S) is the stroma. Magnification: ×100. Scale bar: 250 μm.
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Figure 5. Epithelial basement membrane (EBM) regeneration at different time points in rabbit corneas (scale bar: 500 nm, magnification: 
×30,000). A: Unwounded (control) corneas had normal EBM ultrastructure with lamina lucida and lamina densa. B–D: After perforating 
injury, all corneas at 3 days to 2 weeks showed no evidence of regeneration of lamina lucida and lamina densa. E: Three weeks after injury, 
a nascent defective EBM was first observed, and the lamina lucida and lamina densa were irregular and discontinuous. F: One month after 
injury, the EBM ultrastructure was somewhat restored, but its ultrastructural morphology was still uncontinuous. G: Two months after 
injury, the EBM lamina lucida and lamina densa showed more continuity, and there were a few discontinuous EBM ultrastructures. H: Three 
months after injury, continuous and regular lamina lucida and lamina densa were noted, and EBM was nearly fully regenerated. Arrows 
indicate the lamina densa and lamina lucida of the epithelial basement membrane. A represents the control cornea. B–H represent injured 
corneas. (E) is the epithelium. (S) is the stroma.

Figure 6. Descemet’s membrane (DM) regeneration at different time points in rabbit corneas. A: In the normal cornea, DM was thick and 
even (scale bar: 2μm, magnification: ×10,000). B: At 2 months after injury, a thin DM first appeared in the posterior stroma near the nascent 
endothelium (scale bar: 500 nm, magnification: ×20,000). C: At 3 months after injury, thicker but uneven DM appeared in the posterior 
stroma adjacent to the endothelium. (en) represents the endothelial cell. (D) indicates Descemet’s membrane.
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