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Section 1. Structure of cornea and turnover of corneal surface 

Cornea is a transparent avascular tissue at the front of the eye, and transmits, 

and focuses light to retina to enable visual perception. Three cellular layers 

composed the cornea: an epithelium, a stroma, which comprises 90 % of the corneal 

volume with collagen fibrils, and a single layer of endothelium. The corneal epithelium 

is composed of a single basal layer, two to three middle layers of polygonal cells, and 

two to three surface layers of nonkeratinized squamous cells. These cells express K3, 

which is cornea-specific keratin and considered as a marker of differentiated corneal 

epithelial cells. The transparency of the corneal epithelium is maintained by the 

regularly controlled differentiation of corneal epithelial cell lineage. 

Limbus is a narrow transitional zone between cornea and conjunctiva which 

contains a reservoir of corneal epithelial stem cells (1, 2). The stem cells are involved 

within limbal epithelial crypts, ‘Palisades of Vogt’. which provide shelter from trauma 

deep into the stroma, nutrients from adjacent limbal vessels, and barriers from 

ultraviolet radiation through the intermingled pigmented melanocytes (3). The stem 

cells are smaller than basal cells of the central cornea, and have the highest self-

renewing capacity and slow cell cycling.  

Stem cells in the limbal basal layer support the turnover of corneal surface (4). 

Stem cells in limbus contribute to and continuously replenish the corneal epithelium 

through centripetal migration from peripheral cornea. This continuous renewal of 

epithelial cells keeps the cornea transparent by preventing invasion of cells and blood 

vessels from conjunctiva into cornea (5).  

Transient amplifying cells (TACs), which are rather differentiated daughter 

cells, are derived from stem cell pool in limbus, and migrate through the epithelium 

with high proliferative capacity and rapid cell cycling (6, 7). Young TACs maintain 
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stemness constantly proliferate in the basal layer of the peripheral cornea, and keep 

the centripetal migration of the corneal epithelial cells from the limbus (8). Terminally 

differentiated cells are produced after multiple rounds of replication of the TACs, and 

compose the most numerous of the cell population in the corneal epithelium. They 

have no proliferation capacity, and desquamate from the central corneal surface (9).  

Several proteins have been used as corneal epithelial stem/progenitor cell 

markers. In those markers, p63 and ATP-binding cassette transporter group2 protein 

(ABCG2) have been used widely for the study of corneal epithelial regeneration in 

human. Pellegrini et al. have demonstrated that p63, one of the intranuclear 

transcription factors, which is found in epidermal development, can be used to a 

stem/progenitor cell marker of corneal epithelial lineage (10, 11). In these studies, 

one particular isoform, DNp63, in the basal epithelium of limbus was not found in 

human central cornea epithelium with immunohistochemistry. DNp63 is an important 

transcription factor in the proliferation, and the differentiation of the epithelium (12, 13). 

ABCG2, which commonly indicates side population cells that have stem cell 

characteristics (14), has been found in the basal limbal epithelial cells by Watanabe et 

al (15, 16). Budak et al. showed the expression of ABCG2 in isolated human and 

rabbit limbal epithelial cells which have proliferative and colony forming capacity 

during cultivation and differentiation (17). 
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Section 2. Treatment of ocular surface defects in small animals 

Corneal injury caused by trauma, infection, or diseases such as 

keratoconjunctivitis sicca or trichoma are very common in dogs. Depending on 

underlying cause or depth of injury, medical or surgical treatments are required. In 

case the injury is severe, aggressive surgical techniques such as nictitating 

membrane flap or conjunctival autograft are commonly applied to provide 

vascularization or restoration of defected corneal tissue (18, 19). However, these 

surgical methods just protect cornea from further damages to the defected area, and 

often fail to support adequate healing of corneal surface by blood supply (20). In 

addition, vascular and conjunctival tissue may remain after restoration of cornea and 

obscure vision depending on the ulcer size, depth, and position (21). Inadequate 

healing of epithelial injuries can lead to corneal opacity, ulcers, perforations, or even 

vision loss.  

Corneal transplantation is an essential rescue technique for the treatment of 

severe corneal damage in human to restore the corneal transparency. Although the 

corneal transplantation has been reported, the number of canine cases is very limited 

due to insufficient resources of cornea because eye bank like as in human is poorly 

equipped. Additionally, it was reported to be very difficult to control graft rejections or 

failure resulting in corneal severe vascularization or edema in dogs (22). 
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Section 3. The cultivated corneal epithelial cell sheet 

3.1 History 

  In humans, over 10 million people worldwide are suffering from corneal 

blindness by traumas, infections, inflammations, and congenital defects. These 

reasons of corneal disorders deplete stem cells in limbus, leading to visual 

impairment that resulted from vascularization, and fibrosis of corneal surface (23, 24). 

Although corneal transplantation has been performed widely as the effective 

treatment for those disorders in human cases, shortage of suitable donors, and 

failures due to immune rejections are also major limitation of this surgical procedure 

(25, 26).  

 In 1997, Pellegrini et al. reported a successful cultivation and transplantation 

of corneal epithelial cell sheet from small limbus tissue of patient’s own healthy eye in 

a patient, who had unilateral stem cell deficiency. In this study, transparency, and 

visual acuity of the patients was improved without neovascularization (27). However 

the mechanism of regeneration in the corneal surface by the transplanted epithelial 

sheet is still unclear, many successful transplantations using with the corneal 

epithelial sheets cultivated from limbal corneal stem cells have been reported (28-31). 

These reports have noted that the progenitor or immature cells with abundant 

proliferative property such as young TACs maintained in the sheet are essential to 

encourage long-term graft survival, facilitate reepithelization, and transparency by 

preventing the invasion of conjunctival epithelial cells. Rama et al. (32) suggested that 

amount of cells with strong expression of p63, which indicated high potential of self-

renewal and proliferation were significantly associated with successful transplantation.  

As the corneal epithelial cells can be expanded ex vivo easily, small amount of 

tissue is needed to cultivate the enough size of corneal epithelial cell sheet for the 
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treatment of damaged cornea, and the autologous transplantation is possible if the 

contralatral eye of the patient is intact. Therefore, the transplantation of cultivated 

corneal cell is promising treatment to conquer the shortage of donor of corneal 

transplantation and to prevent immunological rejection (27).  
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3.2 Scaffolds  

Various culture methods have been employed to develop corneal epithelial 

cell sheet using several kind of scaffold (28-30, 33). Scaffold acts as substrate for 

adhesion and supports proliferation of the corneal epithelial cells. And restoration 

stem/progenitor cells is necessary for regeneration of the ocular surface with less 

immunogenicity (34). Amniotic membrane is one of the most popular scaffolds for 

cultivation of the corneal epithelial cell sheet. Corneal epithelial cell sheet cultivated 

on the amniotic membrane was reported to induce successful ocular surface 

regeneration after transplantation (33, 35, 36). Type I collagen gel has received 

attention as a scaffold to cultivate corneal epithelial cell sheet because type I collagen 

is a major constituent of the corneal stroma. However, these materials need enzymes 

such as trypsin and dispase to separate the corneal epithelial cell sheet from the 

substrate. This process damages the cultivated cell sheet. To overcome this problem, 

temperature-responsive culture dish was developed harvest the cell sheet without 

chemical substances (37). 

3.2.1 Amniotic membrane  

 An amniotic membrane, which consists of an avascular stromal matrix and a 

thick basement membrane, is the most inner layer of the placenta. The amniotic 

membrane has been used as transplant material for severe ocular surface damage 

(38-40). An amniotic membrane is believed to suppress inflammation by secretion of 

anti-inflammatory cytokines such as interleukin-10 and inhibin, and anti-inflammatory 

protease inhibitors such as α1 anti-trypsin inhibitor and inter-α-trypsin inhibitor (41). 

Moreover, the stromal matrix of amniotic membrane may suppress of TGF-β signaling 

that are responsible for scar formation (42, 43).  
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 Tseng et al. found that denuded amniotic membrane, which was eliminated 

amnion epithelium, promoted migration, proliferation, and differentiation of limbal cells 

(44). Following further investigations revealed that the denuded amniotic membrane 

preserves progenitor cells, and has been considered as a suitable carrier for the 

cultivated corneal epithelial tissue (45-48). The corneal epithelial cell sheet cultivated 

on amniotic membrane has developed and transplanted to reconstruct ocular surface 

of patients with limbal stem cell deficiency. The results of the transplantation showed 

improvement of visual acuity, facilitated epithelialization, hindered neovascularization 

and inflammation (33, 35, 36). However, the use of an amniotic membrane may give 

rise to some problems such as general versatility and infections. The amniotic 

membrane can be available only when caesarean section is performed and 

preservation facilities are needed. In addition, strict donor screening should be 

conducted to avoid the risk of transmittable viral agents (49). 

3.2.2 Collagen 

Animal body consists a viriety of collagens. Biomaterial structure of the 

collagen may affect the cell attachment, growth, and differentiation. Type I collagen is 

easy to obtain due to abundant amount in body and high biocompatible with low 

immunogenicity (50, 51). These characteristics of type I collagen allow application to 

regenerative therapy of the ocular surface as well as heart muscles and nerves by 

tissue engineering (52, 53). And type I collagen has been demonstrated to retain 

stem cell reservoir and promote proliferation of the corneal epithelial cells (54). 

Atelocollagen which is treated with proteolytic enzymes to remove the terminal 

telopeptides (51) has low antigenicity and immunogenicity compared to native 

collagen (8). Several researches have reported that the transplantation of type I 

atelocollagen gel to the vocal cords (55), cartilage (56), and cornea (57), showed low 

or no rejections in dogs. Therefore, atelocollagen is also a promising scaffold of the 
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corneal epithelial cell sheet. However, collagen gel is produced by crosslinking 

methods, which make the gel stable and increase resistance to enzymatic 

degradation (58), and needs enzymes such as glutaraldehyde, which is a toxic agent. 

3.2.3 Temperature-responsive culture dish 

 The temperature-responsive culture dish developed by Okano and his 

colleagues, and is composed of temperature-responsive poly(N-isopropyl acrylamide). 

The temperature-responsive culture dish enables cell attachment and proliferation at 

37°C, and releases the cultivated cells from the bottom of the dish when the 

temperature is lowered to below 20°C (59). Compared to harvest methods using 

chemicals such as trypsin and dispase ΙΙ, which damage cell interactions and the 

extracellular matrix, the cultivated tissue can be harvested maintaining an intact 

structure of extracellular matrix (37). A corneal epithelial cell sheet cultivated on a 

temperature-responsive culture dish has been reported to attach to the exposed host 

corneal stroma spontaneously, and removed abnormal conjunctival tissue by the 

extracellular matrix contained in the cell sheet. 
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Section 4. Purpose of this study 

Corneal injury is common disease in dogs. However, in the case of large 

corneal defects, a conjunctival flap or graft may not be able to recover corneal 

transparency because large grafts may leave opaque areas and blood vessels on the 

cornea, even if the grafted tissue is removed after corneal epithelial regeneration. 

Therefore, the transplantation of corneal epithelial cell sheet is expected to be a 

clinically valuable treatment, and may overcome limitations of the standard treatment 

for severe corneal damage in dogs. However, development and transplantation of the 

cultivated corneal epithelial cell sheet in dogs has been hardly reported. 

Therefore, the purpose of this study was to develop and evaluate methods of 

cultivation of corneal epithelial cell sheet using with corneal epithelial stem cells 

derived from limbus in dogs. Scaffold carrier materials including canine amniotic 

membrane and atelocollagen gel were employed and temperature-responsive culture 

dish was additionally applied to select an optimal method to cultivate promising 

corneal epithelial cell sheet in which corneal stem/progenitor cells were highly 

preserved in chapter 2. And in chapter 3, culture methods including air exposure and 

degradation of the collagen gel were investigated to develop the most suitable culture 

method for transplantation in clinical settings.  Finally, corneal epithelial cell sheet 

cultivated by most suitable methods in chapter 2 and 3 was transplanted into a canine 

corneal defect model to demonstrate safety and efficacy of the transplantation of in 

chapter 4.  
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Comparison of the canine corneal epithelial 
cell sheets cultivated from limbal stem 

cells on canine amniotic membrane, 
atelocollagen gel, and temperature-

responsive culture dish 

 

 

 

 

 

 

 



! 12!

Introduction  

Recently, experimental transplantation of corneal epithelial cell sheets 

cultivated from limbal stem cells has yielded encouraging results in a rabbit model 

(60). This technique has been applied for the reconstruction of severe corneal 

defects caused by serious trauma, chemical burns, and genetic disease in humans, 

as it provides corneal healing and rapid reepithelialization with fewer adverse effects 

(e.g., corneal and conjunctival inflammation, and corneal opacity) than conventional 

approaches such as the Boston Keratoprosthesis (61).  

In dogs, nictitating membrane flap or conjunctival autograft are often applied 

to treat several corneal injury (62). However, these treatment methods are not 

sufficient to restore corneal transparency depending on the depth and size of the 

injury because they often allow invasion of vascular and conjunctival tissue during 

wound healing (21). Therefore, transplantation of the cultivated corneal epithelial cell 

sheet including stem cells is expected to be a promising treatment to recover corneal 

transparency in dogs. 

To cultivate a corneal epithelial cell sheet, corneal epithelial stem cells are 

typically cultured on a substrate or materials such as amniotic membrane (45-48), 

collagen gel (57), or temperature-responsive culture dish (37) to allow cells to adhere 

and proliferate easily and to maintain stem/progenitor phenotype of cultured epithelial 

cells. When assuming practical transplantation, the cultivated sheet should be better 

to have a similar histological morphology to the native corneal epithelium and enough 

stiffness to endure surgical manipulation and suture. Air exposure of cell sheet is 

usually performed during cultivation to acquire those characteristics when the 

amniotic membrane or the collagen gel is used as a scaffold. On the other hand, the 

temperature-responsive culture dish, which is developed to detach the cell sheet only 

by dropping in temperature, is not suitable for air exposure method. However, this 
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relatively new culture method can preserve basal membrane of the sheet without 

chemical digestion and have been reported to be effective to transplant into exposed 

corneal stroma (63). Therefore, the most suitable choice of the substrates or 

materials to cultivate the corneal epithelial cell sheet is important for the future 

clinical application of the cultivated cell sheet.      

Although several reports have evaluated the corneal cell proliferation and 

preservation of progenitor cells on collagen substrate or amniotic membranes in 

human (64, 65), there is no report comparing directly the corneal epithelial sheets 

cultivated on these materials in dogs. The purpose of the study in this chapter was to 

evaluate the cultivated epithelial cell sheet on an amniotic membrane, atelocollagen 

gel and a temperature-responsive culture dish to compare the structure of the sheets 

by histopathologically and the characteristics of cells involved in the sheets 

immunohistopathologically and to determine the most suitable material to cultivate 

canine corneal epithelial cell sheet for promising transplantation in clinical application.  
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Materials and Methods 

The animal experiments in this chapter were approved by the Animal Care 

Committee of the Graduate School of Agricultural and Life Science at the University 

of Tokyo. 

Preparation of amniotic membrane 

Amniotic membranes obtained from a dog (a 5-year-old Labrador Retriever) 

that had undergone Caesarean section were used. The obtained amniotic membrane 

was rinsed three times with phosphate-buffered saline (PBS) containing gentamicin 

according to the procedures described for preparing a human amniotic membrane for 

the same purpose (66). After cutting the amniotic membrane to approximately 3.5 × 

3.5 cm to fit a six-well cell culture insert, the membrane was immersed in Dulbecco’s 

Modified Eagle’s Medium (DMEM; Gibco, Rockville, MD, USA) containing 10% fetal 

bovine serum (FBS) and penicillin/streptomycin with 0.5 M dimethyl sulfoxide 

(DMSO; Wako, Osaka, Japan) for 5 minutes, then with 1.0 M DMSO for 5 minutes, 

and again with 1.5 M DMSO for 5 minutes. The samples were then stored at -80°C in 

1.5 M DMSO until use. After thawing, the amniotic membrane was incubated with 1.2 

U dispase II (neutral protease, grade II; Roche, Mannheim, Germany) at 37°C for 10 

minutes and then the amniotic epithelial cells were removed from the amniotic 

stroma by gentle scrubbing with a cell scraper. After the separation of the epithelial 

cells, the amniotic membrane was fixed on a six-well cell culture insert (transparent 

polyethylene terephthalate membrane, 0.4 µm pore size, BD Biosciences, Bedford, 

MA, USA) with the basement membrane side up, using 6-0 nonabsorbable suture 

materials to inhibit shrinkage of the membrane. 

Preparation of collagen gel 
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The collagen gel was prepared with 0.1 M NaOH solution, 10 × phosphate 

buffered saline (PBS), and a porcine dermis type Ι collagen solution of atelocollagen 

(3 mg/ml in 0.02 M acetic acid; Nippi, Tokyo, Japan) at a 1: 1: 8 ratios by volume(67). 

The solution was supplemented with 0.1% glutaraldehyde (Wako, Tokyo, Japan) for 

crosslinking and gently mixed at 4°C. After that, 120 µl of the blended reagent was 

spread onto the surface of the culture insert in the six-well plate and stored at 37°C 

for two hours. Then, the collagen gel was washed with PBS twice and immersed in 

sterilized PBS overnight at 37°C to wash out remaining glutaraldehyde before use. 

Preparation of 3T3 cells 

3T3 fibroblast cells (Japanese Collection of Research Bioresources, Tokyo, 

Japan) were used as feeder cells that promote proliferation of cells and retain of 

stem/progenitor cells to cultivate corneal epithelial cell sheet. Confluent 3T3 

fibroblasts were incubated with 4 µg/ml of mitomycin C (Wako, Tokyo, Japan) for two 

hours at 37°C under 5% CO2, and then were trypsinized. Single cells of 3T3 

fibroblasts were replaced onto six-well cell culture dishes or a temperature-

responsive culture dish at a density of 3.3×104 cells/cm2. 

Isolation and culture of limbal epithelial cells 

Limbal epithelial tissues were collected from the intact eyes of eight healthy 

beagle dogs which had been humanly euthanized after used for other research 

purposes. Tissue collection was performed within two hours after euthanasia. Then, 

the obtained corneoscleral rim was exposed to 2.5 U dispase II in DMEM/Ham’s F12 

nutrient mixture (3:1; Invitrogen) containing 10 mg/ml penicillin, 25 µg/ml 

streptomycin sulfate, and 0.5 µg/ml amphotericin B (Invitrogen) for two hours at 37°C. 

Two hours later, the limbal epithelium were gathered from the corneoscleral rim 

under observation by light microscopy and trypsinized for 15 minutes to collect single 
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cells. The isolated single cells were cultured in DMEM/Ham’s F12 mixture, 

supplemented with 10% FBS, 10 ng/mL human recombinant epidermal growth factor 

(EGF), 10 mg/ml human recombinant insulin, 10 mg/ml penicillin, 25 µg/ml 

streptomycin sulfate, and 0.5 µg/ml amphotericin B (Invitrogen) on a type I collagen 

coated plastic dish at 37°C under 95% humidity and 5% CO2. The culture medium 

was changed every other day until the cells reached 100% confluency. After 

confluency, cells were harvested from the culture dish and seeded on canine 

amniotic membrane, collagen gel in the six-well culture insert or temperature-

sensitive culture dish at a density of approximately 3.5×104 cells/cm2 in the presence 

of 3T3 feeder cells. The culture was continued until the cells reached 100% 

confluency with changing the medium every other day. Then, confluent epithelial 

layers on the amniotic membrane and the collagen gel were exposed to air for 5 days 

to promote differentiation and stratification of the epithelial cells by removing the 

medium in the cell culture inserts and lowering the level of the medium in the six-well 

plate, After 5 days of air exposure, the confluent epithelial sheets on these substrates 

were harvested by digestion with 1.25 U/ml of Dipase II (Fig. 2-1-A). The cell culture 

in the temperature-responsive culture dish was continued for 14 days and the 

confluent epithelial sheet was harvested by dropping in temperature from 37°C to 

20°C (Fig. 2-1-B). 

Histological examination and immunofluorescence 

 Cultivated cell sheets, and normal canine ocular surface including 

cornea and limbus were embedded in OCT compound, frozen in liquid hexane, and 

stored at −80°C until use. Then, 4-µm and 7-µm frozen sections were prepared using 

a cryomicrotome for hematoxylin and eosin (H&E) staining and immunofluorescence 

staining, respectively. For immunofluorescence, after washing the sections in PBS 

for 5 minutes three times, they were blocked by incubation with 10% normal goat 
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serum for one hour at room temperature. Anti-rabbit Ki-67 (1: 100; Abcam, 

Cambridge, UK), anti-mouse keratin 3 (K3 1:50; Progen, San Francisco, CA, USA), 

anti-mouse ABCG2 (1:100; Medical & Biological Laboratories Co. Ltd., Nagoya, 

Japan), and anti-mouse p63 (1:50; Abcam) were applied to the prepared sections, 

which were incubated overnight at 4°C. Then, the sections were rinsed in PBS for 

five minutes, treated with Cy3-conjugated goat anti-mouse IgG antibody (Zymed, 

San Francisco, CA, USA) or Cy3-conjugated goat anti-rabbit IgG antibody (Zymed) 

for 45 minutes, and washed in PBS three times. The sections were coverslipped 

using an anti-fading mounting medium, 4’-6-Diamidino-2-phenylindole (DAPI)-

containing VECTA SHIELD® (Vector Laboratories, Inc., Burlingame, CA, USA). After 

mounting the coverslips, fluorescence was detected by laser confocal microscopy 

(Olympus, Tokyo, Japan). 

Real-time quantitative RT-PCR 

To investigate the expression of ABCG2 and p63 mRNA, total RNA was 

isolated from the cultivated sheets on the amniotic membrane, on the collagen gel, 

and on the temperature-responsive culture dish using the RNeasy mini kit (QIAGEN, 

Hilden, Germany), following the manufacturer’s protocol. The genomic DNA was 

eliminated from RNA extractions with DNase Ι (QIAGEN). Spectrophotometrically 

quantified RNA (5 µg) was precipitated using Ethachinmate (Wako), and the cDNA 

was synthesized with reverse transcriptase (Superscript ΙΙΙ, Invitrogen) as per the 

manufacturer’s protocol and stored at -20°C until use. A real-time quantitative PCR 

was performed by real-time monitoring of the increase in the fluorescene of SYBR 

Green dye (Thunderbird SYBR qPCR Mix, Toyobo, Osaka, Japan) with the Step One 

Plus Real-Time PCR system (Applied Biosystems, Foster City, CA). The primers 

specific for dogs were designed using the software Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast) with sequence data from the NCBI 
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database as described in Table 1. The PCR conditions were as follows: 1 cycle at 

50°C for 2 min and 95°C for 10 min, and 40 cycles at 95°C for 15 sec and 60°C for 1 

min. To evaluate the specificity of the amplified products in each experiment, a 

melting-curve analysis immediately performed after the amplification protocol. The 

expression levels of mRNA quantities across different samples were normalized to 

the mRNA quantity of the endogenous control gene glyceraldehye-3-phosphate 

dehydrogenase (GAPDH). Each experiment was performed in triplicate. 

Statistical analysis 

The mean values and standard deviations of mRNA expression of ABCG2 

and p63 in cultivated corneal epithelial sheets were calculated and the statistical 

analysis was performed using Excel (Microsoft, WA, USA). One-way ANOVA 

followed by the Tukey-Kramer test was used to determine the statistical differences 

between the expression levels of each gene in cell sheets cultivated on different 

materials. Significance was accepted at p < 0.05. 
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Results 

Single cells isolated from limbal epithelial tissue adhered to the amniotic 

membrane and the collagen gel within 24 hours and formed colonies within 3 days. 

The cells on the amniotic membrane and the collagen gel reached 100% confluency 

and formed monolayers after 5 and 7 days, respectively. The stratification of 

monolayers on each substrate was observed under a light microscope after exposed 

to the air by lowering the level of the culture medium to the base of the insert. On the 

other hand, the single cells adhered to the temperature-responsive culture dish within 

two days and colonized after 5 days and reached 100% confulency after 14 days.  

   H&E staining revealed that the cell sheets cultivated on the amniotic 

membrane and on the collagen gel formed six to eight layers (Fig. 2-2-A) and four to 

five layers (Fig. 2-2-B), respectively. Both cultivated cell sheets consisted of a basal 

layer, two to five layers of ovoid cells containing some vacuoles, and one or two 

layers of flat cells. The basal layers of cultivated cell sheets adhered to both 

substrates. By contrast, the cell sheet cultivated on the temperature-responsive 

culture dish had only two or three layers including basal layer (Fig. 2-2-C). Normal 

corneal epithelium and limbus composed of five to seven (Fig. 2-2-D) and three to 

eight cell layers (Fig. 2-2-E), respectively. 

In the immunofluorescence staining, the basal cells in the sheets on the 

amniotic membrane dish were weakly positive for Ki-67 (Fig. 2-3-A). On the other 

hand, a large numbers of cells strongly positive for the proliferation marker Ki-67 

were detected in the basal layer of the cultivated epithelial sheets on the collagen gel 

(Fig. 2-3-B), and the expression of Ki-67 was rare in the basal cells on the 

temperature-responsive dish (Fig. 2-3-C). The corneal epithelium-specific marker K3 

was observed in all layers of the cell sheets cultivated on the amniotic membrane 

(Fig. 2-4-A) and the temperature-responsive culture dish (Fig. 2-4-C). In contrast, 
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expression of K3 was observed in the suprabasal layer of the cell sheet cultivated on 

the collagen gel (Fig. 2-4-B) and was not detected in the basal layer. In all cultivated 

epithelial cell sheets, the expression of ABCG2 was only observed in the basal layer 

(Fig. 2-5-A, B, C). The expression of p63, another stem/progenitor epithelial cell 

marker, was observed in the basal layer of the cell sheet cultivated on the amniotic 

membrane (Fig. 2-6-A) and the temperature-responsive culture dish (Fig. 2-6-C). 

However, the cultivated sheet on the collagen gel contained more cells positive for 

p63 in two to three layers including the basal layer (Fig. 2-6-B). 

In normal canine cornea and limbus, positive expression of Ki-67 was 

occasionally observed in the basal cells (Fig. 2-3-D, E). K3 was observed in all layers 

of the central corneal epithelium (Fig. 2-4-D) and the limbus except for the basal 

layer (Fig. 2-4-E). ABCG2 was only expressed in the limbal basal layer (Fig. 2-5-D, 

E), while p63 was expressed in the basal layer of both limbus (Fig. 2-6-D) and central 

corneal epithelium (Fig. 2-6-E) and strongly positive cells were crowded around 

limbal basal area.  

The real-time quantitative RT-PCR revealed that the mRNA expression of 

ABCG2 in the sheet cultivated on the amniotic membrane was 9.9 and 7.2 times 

greater than that in the sheet cultivated on the collagen gel and the temperature-

responsive culture dish, respectively. The sheet cultivated on the amniotic membrane 

showed significantly higher expression of ABCG2 compared to the sheet cultivated 

with other methods (Fig. 2-7-A). However, the expression level of p63 in the sheet on 

the collagen gel was 2.8 and 3.2 times greater and significantly higher than that in 

the sheets cultivated on the amniotic membrane and the temperature-responsive 

culture dish, respectively (Fig. 2-7-B). 
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Discussion 

In this study, the cells derived from limbus adhered and proliferated on the 

amniotic membrane, collagen gel and the temperature-responsive culture dish, and 

the cell sheets were successfully cultivated. However, the cell activities and the 

phenotypes of cultivated sheets were different depending on the culture methods. 

The cells cultured on the collagen gel showed the highest ability of colony formation 

and proliferation. Moreover, greater expression of Ki-67, which is associated with cell 

proliferation (68) was obviously detected in the basal cells on the collagen gel. The 

cells on the amniotic membrane reached confluency faster than the cells on the 

temperature-responsive culture dish and showed weak Ki-67 positive expression in 

the basal layer. The amniotic membrane and collagen gel are similar in composition 

to corneal stroma which include extracellular matrixes including type I collagen and 

coordinate adhesion, proliferation, migration, and function of the cells (69, 70).  

On the contrary, temperature-responsive culture dish supported lesser in 

adhesion and proliferation of the corneal epithelial cells than the other two substrates. 

In this study, I used glutaraldehyde is widely used to increase the mechanical 

strength of gel by cross-linking (71). However, glutaraldehyde is also known to be a 

cytotoxic chemical which may cause irritation of eyes, the respiratory tract, and skin 

in humans (72). It was reported that glutaraldehyde at over 1.0% concentration 

causes corneal injury, but it does not affect cells at concentrations of less than 0.1% 

(73). In this study, 0.1% glutaraldehyde was used in an attempt to limit the 

cytotoxicity of the gel while increasing its stiffness. In addition, we submerged the 

collagen gel in PBS overnight to eliminate the remaining glutaraldehyde that could 

not crosslink to the collagen. No apparent apoptosis or diminution by cytotoxic effects 

of the glutaraldehyde was shown in the cultivated corneal epithelium. Therefore, it 
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was supposed that canine corneal cells are safe from the cytotoxic effects of 

glutaraldehyde at a concentration of 0.1%.   

By H&E staining, stratified layers on the collagen gel and amniotic membrane 

and one or two layers on the temperature-responsive culture dish appeared. 

Although the number of cell layers of the cultivated sheet on the collagen gel was 

fewer than the layers on the amniotic membrane, the stratified tissue on the collagen 

gel composed of four to five layers and was morphologically most similar to a normal 

corneal epithelium. While cells cultivated on the temperature-responsive culture dish 

reached over confluent, the cells rarely formed such stratified structures. Air 

exposure method requires lowering the medium levels in the plate, cells should be 

cultured in appropriate apparatus like as a culture insert used in this study. Therefore, 

the cultivated cells on the temperature-responsive culture dish were not applied air 

exposure method to promote stratification of the tissue. The cultivated cells on the 

two biosubstrates in cell culture inserts were exposed to a liquid-and-air interface and 

resulted in the difference in the number of cell layers compared to the cultivated 

sheet on temperature-responsive culture dish. Although the detail mechanism of the 

air exposure cultivation method remains unclear, it has been revealed that air 

exposure promotes differentiation and stratification of the corneal epithelial cells (74, 

75).  

I used the corneal epithelium-specific marker K3 antibody to determine 

whether the cultivated layers certainly composed of corneal epithelial cells. Positive 

expression of K3 has been observed in the all layer of the native canine corneal 

epithelium except for limbal basal cells. The basal layer of the sheet on the collagen 

gel also did not express K3, whereas all layers of the sheet on the amniotic 

membrane and the temperature-responsive culture dish showed positive expression. 

Therefore, the tissues cultivated on the three substrates are considered to the 
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corneal epithelium. Moreover, no K3 expression in the basal layer of the cell sheet on 

the collagen gel indicated that more undifferentiated cells were maintained in the 

basal layer of the sheet on the collagen gel compared to that on amniotic membrane 

and temperature-responsive culture dish.  

 In dogs, the expression of ABCG2 is locally observed in basal layers of 

normal limbus where corneal stem cells are believed to locate. In contrast, the 

expression of p63 is widely detected throughout entire cornea, however, strongly 

positive cells are mainly crowded around limbal basal area. Therefore, both 

antibodies could be used as stem/progenitor cell markers in dogs. The basal layer of 

the sheet cultivated on all materials faintly expressed positive reactions for ABCG2. 

On the contrary, the expression of p63 was clearly detected in the sheet cultivated on 

collagen gel and the positive expression of p63 appeared in two or three layers 

including basal layer and the expression of p63 was limited in the basal layer of the 

sheet cultivated on amniotic membrane and the temperature-responsive culture dish. 

Positive expressions of the stem/progenitor cell markers suggested that the basal 

layer of the cultivated corneal epithelial sheet on all the carriers included more or less 

corneal stem/progenitor cells.  

Real-time RT-PCR analysis revealed that the cells cultivated on the amniotic 

membrane showed the highest expression of ABCG2. On the other hand, the 

cultivated sheet on collagen gel showed the highest value of p63 gene expression 

and the lowest value was detected in the sheet on the amniotic membrane. Even 

though the technique of exposure to air could proliferate terminal differentiation of 

corneal epithelial cells, cultivated sheets on canine amniotic membrane and collagen 

gel successfully retained corneal stem/progenitor cells compared to the sheet 

cultivated on temperature-responsive culture dish. Higher expression of p63 is 

detected not only in the stem cells but also in the young TACs (76). Therefore more 
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cells strongly positive for p63 and higher expression of p63 gene in the sheet on 

collagen gel suggested that the collagen gel offered extracellular matrix for the cells 

and could promote differentiation from stem to progenitor cells like as young TACs 

with preservation undifferentiated cells. The fact that K3 expression was not detected 

in the basal layer of the sheet on collagen gel could also support the presence of 

absolutely immature corneal stem/progenitor cells.  

The mechanism of regeneration of the corneal surface with the transplanted 

epithelial sheet is still unclear. However, much successful transplantation of 

cultivated corneal epithelial sheets has been reported in human ophthalmology (28-

31). These researchers have noted that the inclusion of the progenitor cells or the 

proliferative corneal epithelial cells such as the young TACs in the sheet are 

essential to encourage long-term graft survival, facilitate reepithelization, and 

maintain transparency by preventing the invasion of conjunctival epithelial cells. 

Rama et al. suggested that a significant amount of p63-bright cells that have abilities 

of self- renewal and proliferation were associated with successful transplantation (32). 

Therefore, the cells cultivated on collagen gel presented similar structures to the 

normal corneal epithelium and was likely to have the most abundant stem/progenitor 

cells among the three types of sheets grown on the different materials. 

Additionally, the safety of substrate itself could be an important issue when 

considering the application in clinical cases. Amniotic membrane is one of most 

popular carrier material of the corneal epithelial cells. However, the use of an 

amniotic membrane may give rise to some problems such as infections after 

transplantation of the cell sheet. And strict donor screening should be conducted to 

avoid the risk of transmittable viral agents (49). On the contrary, the corneal epithelial 

cell sheet cultivated on the collagen gel can be transplanted to cornea without the 

substrate because the collagen gel may be easily degraded by collagenase. 
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Therefore, the collagen gel could be safer and more promising substrate than the 

amniotic membrane for clinical application. 

In this study, corneal epithelial cell sheet cultivated on collagen gel showed 

similar morphology to normal corneal epithelium and was thought to retain more 

stem/progenitor cells than the sheets grown on the other two materials, the amniotic 

membrane and the temperature-responsive culture dish. Therefore, collagen gel may 

be the most suitable material among the three to promise the effective 

transplantation to canine corneal injury in clinical cases. Further study is necessary 

to investigate the actual efficacy of corneal surface reconstruction after 

transplantation in dogs.  
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Table. 2-1 Specific primers designed for canine gene GAPDH, ABCG2, and p63. 
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Fig. 2-1 Preparation of the cell sheet cultivated on the amniotic membrane, 

collagen gel and the temperature-responsive culture dish. 

The corneal epithelial cells were seeded and cultivated on the canine 

amniotic membranes or the collagen gel in the six-well culture insert. The confluent 

epithelial layers on these substrates were exposed to air for 5 days by removing the 

medium in the cell culture inserts and lowering the level of the medium in the six-well 

plate. After 5 days, the confluent epithelial sheets on the amniotic membrane and the 

collagen gel were harvested by digestion with dispase II (A).� The cells seeded on 

the temperature-responsive culture dish cultivated at 37°C for 14 days. After 14 days, 

the confluent epithelial sheet was harvested by dropping in temperature from 37°C to 

20°C (B).  
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Fig. 2-2 H&E staining of the cultivated corneal epithelial cell sheets and canine 

normal cornea. 

The cell sheets cultivated on the amniotic membrane and on the collagen gel 

formed six to eight layers (A) and four to five layers (B), respectively. By contrast, the 

cell sheet cultivated on the temperature-responsive culture dish had only two or three 

layers including basal layer (C). Normal canine corneal epithelium and limbus 

composed of five to seven (D) and three to eight cell layers (E), respectively. Bar 

scale: 50 µm. 
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Fig. 2-3 Immunohistochemistry for Ki-67 in the cultivated corneal epithelial cell 

sheets and normal canine cornea. 

The basal cells in the sheets on the amniotic membrane dish were weakly 

positive for Ki-67 (A). On the other hand, a large numbers of cells strongly positive 

for the proliferation marker Ki-67 were detected in the basal layer of the cultivated 

epithelial sheets on the collagen gel (B), and the expression of Ki-67 was rare in the 

basal cells on the temperature-responsive dish (C). In the normal canine cornea and 

limbus, positive expression of Ki-67 was observed occasionally in the basal layer (D, 

E).  Bar scale: 50 µm. 

. 
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Fig. 2-4 Immunohistochemistry for K3 in the cultivated corneal epithelial cell 

sheets and normal canine cornea. 

 K3 was observed in all layers of the cell sheets cultivated on the amniotic 

membrane (A) and the temperature-responsive culture dish (C). In contrast, 

expression of K3 was observed in the suprabasal layer of the cell sheet cultivated on 

the collagen gel and was not detected in the basal layer (B). In the normal canine 

cornea, K3 was observed in all layers of the central corneal epithelium (D) and 

limbus except for the limbal basal layers (E).  Bar scale: 50 µm. 
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Fig. 2-5 Immunohistochemistry for ABCG2 in the cultivated corneal epithelial 

cell sheets and normal canine cornea. 

 In all cultivated epithelial cell sheets the expression of ABCG2 was only 

observed in the basal layer (A, B, C). In normal canine cornea, ABCG2 were only 

observed in the limbal basal layer (D, E). Bar scale: 25 µm. 
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Fig. 2-6 Immunohistochemistry for p63 in the cultivated corneal epithelial cell 

sheets and normal canine cornea.  

 The expression of p63, was observed in the basal layer of the cell sheet 

cultivated on the amniotic membrane (A) and the temperature-responsive culture 

dish (C). However, the cultivated sheet on the collagen gel contained more cells 

positive stains of p63 in two to three layers including the basal layer (B). In normal 

canine cornea, p63 was expressed in the basal layer of both limbus (D) and central 

corneal epithelium (E) and strongly positive cells were crowded around limbal basal 

area. Bar scale: 50 µm. 
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Fig. 2-7. The real-time RT-PCR analysis for the expression of ABCG2 and p63 

mRNA in the corneal epithelial sheets cultivated on amniotic membrane, 

collagen gel and temperature-responsive culture dish.    

 The real-time RT-PCR revealed that the mRNA expression of ABCG2 in the 

sheet cultivated on the amniotic membrane was 9.9 and 7.2 times greater and 

significantly higher than that in the sheet cultivated on the collagen gel and the 

temperature-responsive culture dish, respectively (A). The expression level of p63 in 

the sheet on the collagen gel was 2.8 and 3.2 times greater and significantly higher 

than that in the sheets cultivated on the amniotic membrane and the temperature-

responsive culture dish, respectively (B).  
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Chapter 3 

Optimization of corneal epithelial cell 
sheets cultivated on collagen gel designed 

for transplantation in clinical settings 
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Introduction 

In the previous chapter, it was demonstrated that the collagen gel supported 

development of the cell sheet that had similar structure with the normal canine 

corneal epithelium and preserved stem/progenitor cells. Air exposure is a cultivation 

method of exposing the cultivated tissue to air by lowering the medium level as 

described in chapter 2. An air-liquid interface stimulates corneal epithelial cell 

differentiation and stratification by setting the environment close to natural tissue 

development (77). This method allows the cultivated corneal epithelial 

stem/progenitor cells to mature into the terminally differentiated corneal epithelial cells 

expressing K3 and to increase proliferative capacity, and results in stratification of 

corneal epithelial cell sheet (78-80). However, irreversible clonal conversion by 

terminal differentiation of the stem/progenitor cells in the cultivated sheet cannot 

avoid reduction of p63 expression that indicates regenerative property of corneal 

epithelium (75). Successful transplantation of the cell sheet requires retention of 

stem/progenitor cells in the cultivated sheet and stable structure enough to transplant. 

Therefore, optimal period of air exposure methods which provide corneal epithelial 

sheet with maximal expression of p63 and structural stiffness should be investigated.   

On the other hand, corneal opacity caused by the collagen gel after 

transplantation were concerned due to incomplete degradation of the gel (81). In 

addition, direct adhesion between the basal layer in the cell sheet and extracellular 

matrix of exposed host stroma lead to rapid and stable adhesion after removing 

defected corneal epithelium and transplantation of the corneal epithelial cell sheet 

(63). Therefore, transplantation of a carrier free sheet is safe way to avoid side effects 

caused by substrates and reinforce the stability of the sheet on the cornea.  

In this chapter, the optimal period of air exposure and condition to degrade 

collagen gel substrate were investigated by evaluating the p63 expression and 
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structural phenotype of the cultivated sheet to develop the most suitable cultivated 

method for transplantation in clinical settings.  
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Materials and methods 

Preparation of collagen gel 

Methods of preparation of collagen gel were the same as described in chapter 

2. 

Preparation and evaluation of stratified corneal epithelial cell sheet by air exposure 

method   

Limbal epithelial tissues were collected from the intact eyes of four healthy 

beagle dogs, which had been euthanized after they had been used for other research 

purposes. Methods of tissue collection and cultivation were the same as described in 

chapter 2. The inserts were submerged in culture medium until confluence, and the 

medium was replaced every other day. Then, confluent epithelial layers on the 

collagen gel were harvested without air exposure or with 3, 5, and 7 days of air 

exposure by lowering the level of the medium in the six-well plate to promote 

differentiation and stratification of the epithelial cells. Methods of immunofluorescence 

and H&E stain were the same as described in chapter 2. For immunofluorescence, 

anti-rabbit Ki-67 (1: 100), anti-mouse K3 (1:50), and anti-mouse p63 (1:50) were 

applied to the prepared sections. The expression of p63 mRNA in the sheet with 0, 3, 

5, and 7 days of air-lift cultivation was evaluated by real time quantitative RT-PCR in 

the same methods as described in chapter 2. 

Conditioning for degradation of collagen gel substrate 

Collagen gel substrate (120µl) was prepared in six-well cell culture insert 

according to the same methods as described in chapter 2. Collagenase type I (50 

Unit/ml) in PBS was added to the six-well plate up to the bottom of insert and 

incubated at 37°C. After that, the weight of collagen gel on the insert was measured 
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every 10 minutes until complete degradation of collagen gel. Three independent trials 

were performed in the same condition.  

 Preparation and evaluation of carrier-free corneal epithelial cell sheet  

The inserts with confluent cell sheet (n=3) after 5 days of air exposure were 

soaked with 2 ml collagenase type I in PBS in the six-well plate to degrade collagen 

gel substrate for 80 minutes at 37°C. After that, the collagenase type I was eliminated 

and the culture medium were supplied to the plate to stop the collagenase activity. 

Then, the sheet was subjected to H&E staining and immunofluorescence staining 

against Ki-67 (1:100), K3 (1:50), ABCG2 (1:100) and p63 (1:50) in the same methods 

as described in chapter 2. The simultaneously cultivated sheet without collagenase 

degradation was also subjected as a control.  

Statistical analysis 

The statistical analysis was performed using Excel (Microsoft) and all the data 

shown by real time RT-PCR analysis was demonstrated by the mean values of 

samples and the standard deviations. A one-way ANOVA followed by the Tukey-

Kramer test was used to determine the statistical differences in the p63 expression of 

the sheet exposed to air for each period. Significance was accepted at p < 0.05. 
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Results 

The corneal epithelial cells adhered and proliferated on the collagen gel in the 

same manner described in chapter 2. After confluency of cells, the cultivated tissue 

was exposed to air by lowering the medium.  

H&E staining revealed that the cell sheet without air exposure had single layer 

(Fig. 3-1-A). Two to three layers were shown in the cell sheet with 3 days air exposure 

(Fig. 3-1-B). The cell sheets with 5 and 7 days of air exposure similarly consisted of 4 

to 5 layers (Fig. 3-1-C, D). And positive expressions of Ki-67 were observed in the 

sheets with 3 and 5 days of air exposure by immunofluorescence (Fig. 3-2-B, C). 

However, the cell sheet without air exposure and with 7 days of air exposure rarely 

expressed Ki-67 (Fig. 3-2-A, D). Immunofluorescence analysis revealed that K3 was 

expressed in all the cell sheets with or without air exposure (Fig. 3-3). The cell sheet 

without air exposure (Fig. 3-4-A) and with 7 days of air exposure (Fig. 3-4-D) showed 

slightly positive expression of p63. The basal layer of the cell sheet with 3 days of air 

exposure showed weekly positive expression of p63 (Fig. 3-4-B). On the contrary, 

cells in the basal and the suprabasal layer in the sheet with 5 days of air exposure 

were strongly positive for p63 (Fig. 3-4-C). Real time RT-PCR analysis also revealed 

that the highest mRNA expression of p63 in the sheet with 5 days of air exposure. 

The expression of p63 in the sheet with 5 days of air exposure was 6.72, 3.37, and 

27.99 times greater than that in the sheet with 0, 3, 7 days of air exposure, 

respectively, and significantly higher than that in the sheet with 0 and 7 days of air 

exposure (Fig. 3-5).   

The collagen gel was easily degraded by collagenase type I and the 120-µl of 

collagen gel which was used as a substrate to cultivate corneal epithelial cell sheet in 

this study was fully decomposed in 80 minutes (Fig. 3-6).  
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 The cell sheets before and after degradation of the collagen gel that were 

exposed to air for 5 days were compared to investigate the effect of degradation of 

the collagen gel to the cell sheet. After degradation of the collagen gel, no 

morphological and immunohistological difference was observed in the cultivated 

sheet compared to before degradation (Fig. 3-7, 3-8). The cell sheet degraded 

collagen gel also showed 4 to 5 layers including a basal layer and similar expression 

of Ki-67, K3, ABCG2 and p63 with the cell sheet before degradation.  
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Discussion 

The number of cell layers in the sheet increased with air exposure and the 

sheets with 5 and 7 days of air exposure showed similar morphology to normal 

cornea with 4 to 5 cell layers. K3, the differentiation marker of the corneal epithelium, 

was observed in all sheets with or without air exposure. However, the expressions of 

p63 and Ki-63 increased in the sheet with 5 days of air exposure and steeply 

decreased in the sheet with 7 days of air exposure. In normal corneal surface, young 

TACs, which differentiate from limbal corneal stem cells and strongly express p63 

gene, proliferate vigorously and are involved in renewal of corneal epithelial cells (82). 

The increase of p63 expression in the sheet suggested that air exposure activated the 

conversion of stem/progenitor cells in the sheet into the cell like as TACs, and 

contributed to the proliferation and stratification. However, too much air exposure 

could not promote stratification and even resulted in downregulation of p63 

expression in the sheet. Terminally differentiated cells that have no ability of 

proliferation do not express p63 (10, 11). Moreover, Ki-67, the proliferation marker, 

was rarely observed in the sheet with 7 days of air exposure.  Therefore, 7 days of air 

exposure deprived the corneal epithelial cells of stem/progenitor cell-like phenotypes 

including proliferation ability. The result in the present study revealed that 5 days of 

air exposure could produce optimal canine corneal epithelial sheet on collagen gel 

substrate with morphological stiffness and retention of cells in immature state for 

promising transplantation in clinical settings.  

Additionally, the condition of collagen gel degradation was investigated in 

expectation of clinical application. The degradation of the collagen gel exposes the 

basal layer of the cultivated sheet and allows the sheet to attach to the extracellular 

matrix of host stroma directly and stably (63). Any effects on structural and 

immunohistological phenotypes of the sheet were not observed after collagen gel 
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degradation for 80 minutes. Ke et al. (67) reported that the rabbit corneal epithelial 

cell sheets cultivated on collagen gel could also retained their structure after 

degradation of the collagen gel and basement membrane components, such as  type 

IV collagen and laminin were also expressed, indicating that the cell sheets retained 

these components throughout the process of collagen degradation. Although the 

detail of the basement membrane components was not investigated in the present 

study, the basal layer of the sheet consisted of a population of close-packed basal 

cells similar to native cornea even after collagen degradation. Therefore, it was 

suggested that cultivated canine corneal epithelial cells also formed basement 

membrane component similar to normal cornea and prevented enzymatic activity of 

collagenase type I to the cultivated sheet. Even though the basal membrane of the 

cultivated sheet exhibited resistant to collagenase type I, excessive digestion might 

affect the cell sheet on the collagen gel. Therefore, 80 minutes of digestion was 

thought to be the optimal period in the present study.  In this chapter, the cell sheet 

treated with 5 days of air exposure had stratified cell layers and retained more 

stem/progenitor cells than the cell sheet without air exposure or with other periods of 

air exposure. Moreover, the degradation of the collagen gel could not affect the 

phenotypes of the cell sheet cultivated on the collagen gel. Therefore, the culture 

methods, 5 days of air exposure and the degradation of the collagen gel, may be 

suitable for the cell sheet for transplantation in clinical settings. Further study should 

be investigated whether the cultivate cell sheet actually showed enough stiffness to 

endure the surgical procedure or stability after transplantation. 
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Fig. 3-1 Histological analysis by H&E stain of the corneal epithelial cell sheet 

cultivated on the collagen gel with air exposure for different periods. 

The cell sheet without air exposure had single layer (A). Two to three layers 

were shown in the cell sheet with 3 days air exposure (B). The cell sheets with 5 (C) 

and 7 days (D) of air exposure similarly consisted of 4 to 5 layers. Bar scale: 50 µm. 
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Fig. 3-2 Immunohistochemistry for Ki-67 in the corneal epithelial cell sheet 

cultivated on the collagen gel with air exposure for different periods. 

Positive expressions of Ki-67 were observed in the sheets with 3 and 5 days 

of air exposure by immunofluorescence (B, C). However, the cell sheet without air 

exposure and with 7 days of air exposure rarely expressed Ki-67 (A, D). Bar scale: 

50 µm. 
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Fig. 3-3 Immunohistochemistry for K3 in the corneal epithelial cell sheet 

cultivated on the collagen gel with air exposure for different periods. 

The immunofluorescence revealed that K3 was expressed in all layers of cell 

sheets with or without air exposure. Bar scale: 50 µm. 
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Fig. 3-4 Immunohistochemistry for p63 in the corneal epithelial cell sheet 

cultivated on the collagen gel with air exposure for different periods. 

The cell sheet without air exposure (A) and with 7 days air exposure (D) 

showed slightly positive expression of p63. The basal layer of the cell sheet with 3 

days of air exposure showed weekly positive expression of p63 (B). On the contrary, 

more cells strongly positive for p63 were observed in the basal and suprabasal layer 

of the sheet with 5 days of air exposure  (C). Bar scale: 50 µm.  
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Fig. 3-5 Real time RT-PCR analysis for p63 expression in corneal epithelial 

sheets cultivated on collagen gel with air exposure for different periods. 

The highest mRNA expression of p63 was observed in the sheet with 5 days 

of air exposure and 6.72, 3.37, and 27.99 times greater than that in the sheet with 0, 

3, 7 days of air exposure, respectively. The expression of p63 in the sheet with 5 

days of air exposure was significantly higher than that in the sheet with 0 and 7 days 

of air exposure. 
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Fig. 3-6 Degradation of collagen gel substrate. 

The collagen gel was easily degraded by collagenase type I and the 120-µl of 

collagen gel which was used as a substrate to cultivate corneal epithelial cell sheet in 

this study was fully decomposed in 80 minutes. 
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Fig. 3-7 H&E stain of the corneal epithelial cell sheet cultivated on the collagen 

gel with 5 days of air exposure before and after degradation of the collagen gel.   

The cell sheet cultivated on the collagen gel with 5 days of air exposure 

showed 4 to 5 layers including a basal layer (A). Even after degradation of collagen 

gel, the sheet also showed the same morphology as before degradation. Bar scale: 

50 µm. 
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Fig. 3-8 Immunohistochemistry of the corneal epithelial cell sheet cultivated on 

the collagen gel before and afterdegradation of the collagen gel. 

Immunofluorescence of the cell sheet after degradation of the collagen gel 

showed similar expression of Ki-67, K3, ABCG2 and p63  (B, D, F, H) to the cell 

sheet before degradation (A, C, E, G). Bar scale: 50 µm. 
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Introduction  

Corneal injury caused by trauma, infection, or diseases are very common and 

can lead to pain and corneal opacity, ulcers, perforations, or even vision loss. 

Ulcerative keratitis caused by foreign bodies, or malformation of eyelids or eyelashes, 

and spontaneous chronic corneal epithelial defects are common presenting disease 

in clinical cases and give rise to erosions in the corneal epithelium.  However, in case 

the injury is severe, only medical therapy using eye-drops often fails to achieve 

complete recovery and aggressive surgical techniques such as nictitating membrane 

flap or conjunctival autograft are applied (83, 84). Nictitating membrane flap covers 

and protects ocular surface using the third eyelid which is a thin sheet of tissue in the 

medial canthus in dogs and enable to treat injury penetrated to the midstroma as well 

as the corneal epithelium. However, the nictitating membrane flap just protects 

cornea from further damages to the defected area, and does not support healing of 

corneal surface by blood supply (20). In addition, this technique can remain vascular 

and conjunctival tissue that obstruct vision after restoration of cornea injury 

depending on the ulcer size, depth, and position (21).   

Corneal transplantation is an essential rescue technique for the treatment of 

severe corneal damage in human to restore the corneal transparency. Although the 

corneal transplantation has been reported, the number of canine cases is very limited 

due to insufficient resources of cornea because eye bank as in human is poorly 

equipped. Additionally, it was reported to be very difficult to control graft rejections or 

failures resulting in corneal severe vascularization or edema in dogs (22). 

Cultivated corneal epithelial cell sheets have been used to regenerate ocular 

surface and to restore corneal transparency in patients with limbal cell deficiency in 

human ophthalmology (62, 85). Because the limbal cell deficiency causes intrusion of 
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conjunctival tissue and vascular into cornea, the corneal epithelial cell sheet is 

transplanted to stromal bed exposed by elimination of the conjuntival tissue on cornea.   

The conjunctival tissue usually remains on the ocular surface after wound 

healing of severe corneal injury, and results in visual impairment in dogs. Therefore, 

the corneal epithelial cell sheet can be clinically valuable in dogs with irreversible 

corneal impairment and overcome the limitations of the traditional treatments.  

In previous chapters, the corneal epithelial cell sheet cultivated from canine 

limbal epithelial cells and the collagen gel was an optimal substrate to support 

adhesion and proliferation of corneal epithelial cells and to preserve the 

stem/progenitor phenotypes of the cells including in the corneal epithelial cell sheet. 

In addition, the corneal epithelial cell sheet with 5 days of air exposure showed similar 

morphology to normal cornea and degradation of collagen gel did not affect the 

structure or preservation of stem/progenitor cells in the cultivated corneal epithelial 

cell sheet. Therefore, it was considered that the corneal epithelial cell sheet cultivated 

on collagen gel with 5 days of air exposure and additional degradation of the collagen 

gel could bring most promising effect on transplantation to canine corneal injury.  

The purpose of study in this chapter is to evaluate the safety and efficacy of 

transplantation of corneal epithelial cell sheets cultivated from autologous limbal stem 

cells on collagen gel using corneal injury model in dogs.  

!
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Materials and methods 

The Animal Care Committee of the Graduate School of Agricultural and Life 

Science at the University of Tokyo approved the animal experiments in this chapter. 

Collection of limbal tissue and preparation of the corneal injury model  

Four Beagle dogs, three years old, about 10kg, one male dog and three 

female dogs, were used in this study. Three of those dogs were used for 

transplantation and one as a control. All the animals underwent ophthalmic 

examinations, physical examination, radiography, and blood chemistry analysis and 

showed no evidence of abnormalities. As a preanesthetic medication, 25 µg/kg of 

atropine sulfate was injected subcutaneously. Additionaly, 20 mg/kg of cefazolin 

sodium was intravenously injected. All animals were anesthetized with propofol and 

anesthesia was maintained with isoflurane (2.0%) in oxygen after intubation. Fentanyl 

citrate (5–20 µg/kg/hr) was used to alleviate pain in the perioperative period. 

Under the general anesthesia, center of the cornea of left eye in each dog was 

trephinated over a 7.5-mm diameter and 200-µm depths by Castroviejo corneal 

trephine (Inami, Tokyo, Japan), and corneal tissue was removed with a crescent knife 

(MANI, Tochigi, Japan). A piece of limbal epithelial segments (2 × 2 mm) were 

obtained from the right eye globe in three dogs in transplantation group to cultivate a 

corneal epithelial cell sheet. After the operation, a soft contact lens (Meni-one, 

Nagoya, Japan) were used to the trephinated site for one week and 0.3% ofloxacin 

was topically administered to manipulated eyes four times daily and 2.2 mg/kg of 

carprofen were applied orally two times daily for 14 days.  

Prepation of the collagen gel and 3T3 cells 
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Methods of preparation of collagen gel and 3T3 feeder cells were the same as 

those described in chapters 2 and 3. 

Cultivation of the epithelial cell sheet on the collagen gel 

Collected limbal segment was washed three times in PBS containing 

gentamycin and then was placed with the epithelial side up on collagen-coated plastic 

dish. Culture medium and the methods for expansion of corneal epithelial cells were 

the same as described in chapter 2.  

After confluency, limbal epithelial cells were passaged at a density of 

approximately 3.5×104 cells/cm2 on the collagen gel in the six-well culture insert. The 

inserts were submerged in culture medium until confluency again, and the medium 

was replaced every other day. Then, confluent epithelial monolayer on the collagen 

gel was exposed to air for 5 days by lowering the level of the medium in the six-well 

plate to promote differentiation and stratification of the epithelial cells. After air 

exposure cultivation method, the collagen gel was degraded by collagenase I (50 

Unit/ml) in PBS at 37°C. After one hour, collagenase solution was removed, and the 

culture medium including FBS was added to the plate to inhibit the collagenase 

activity. The corneal epithelial cell sheet was separated from the collagen gel 

substrate and stored at 4°C until the transplantation.  

Transplantation 

An autologous corneal epithelial cell sheet was transplanted in three dogs 21 

days after corneal injury was induced. General anesthesia was performed as 

described above and fentanyl citrate (5–20 µg/kg/hr) was also used to alleviate pain 

in the perioperative period of transplantation. After debridement of scar tissue on 

injured cornea by trephine and crescent knife, a corneal epithelial cell sheet was 

transplanted and sutured to remaining cornea covering over injured area with 9-0 
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nylon sutures.  A soft contact lens was covered for one week and 0.3% ofloxacin was 

topically administrated four times daily. Carprofen were also applied orally for 14 days. 

The sutures were removed after one week in one dog, and two weeks in two dogs.  

One dog without undergoing transplantation was subjected as a control. 

Ophthalmic evaluation  

An ophthalmic examination by a slit lamp was performed once a week after 

transplantation or scar debridement for 60 days in all dogs. A handheld retinal camera 

(Kowa, Nagoya, Japan) was used to take a picture of ocular surface of all dogs. 

Neovascularization and corneal opacity were respectively scored (0-4 point) based on 

a scale according to the previous studies (86, 87) (Table. 4-1). Opaque area was 

measured with image software (Image J version 1.37; National Institutes of Health, 

Bethesda, MD), and the percentage of the opaque area to the entire cornea was 

measured. In a control dog, all the evaluation was similarly performed after corneal 

injury for 60 days. After observation period, all dogs were humanly euthanized and 

entire cornea induced injury were collected and subjected to histopathological 

examination.  

Histopathological and immunohistopathological examinations of cornea 

The collected cornea was fixed and embedded in OCT compound. Tissues 

were frozen in liquid hexane and stored at −80°C until sectioning. Methods of H&E 

staining and immunohistochemical staining using antibodies against Ki-67, K3, 

ABCG2 and p63 were the same as described in chapter 2 and 3.  
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Results 

Neovascularization in the cornea disappeared up to 35 days after the injury in 

a control dog. In the transplantation group, neovascularization was not observed on 

21 days after the injury, just before transplantation in all three dogs. After the corneal 

epithelial sheets transplantation, neovascularization was induced within 7 days  in 

response to the sutures. However, no obvious neovascularization into the 

transplanted sheets was observed. The neovascularization gradually disappeared by 

removing the sutures and the score of the neovascularization decreased below one in 

the transplantation group 21 days after transplantation  (Fig. 4-1-A).  

 No invasion of the conjunctival tissue was observed in all dogs. On day 21 

after the injury, just before transplantation of the corneal epithelial cell sheet, 

moderate haze that partially hindered observation of iris detail was comparably 

observed in all dogs. In a control dog, similar corneal opacity remained for 28 days 

and the mild haze was maintained up to 60 days. In the transplantation group, the 

score of corneal opacity gradually decreased after fourth week of transplantation. Up 

to 60 days, the cornea of all the dogs in the transplantation group showed 

improvement of transparency as compared with that of a control dog (Fig. 4-1-B).   

The opaque area in the transplantation group was greatly decreased as 

compared with a control dog (Fig. 4-2-A). The diminution of opaque area was 4.12% 

in 60 days of observation period in a control dog, while the diminution of opaque area 

in the transplantation group was 17.93% in average (26.71%, 14.27%, and 12.81% in 

each dog) (Fig. 4-2-B).  

H&E staining revealed that injured corneal area was filled with the epithelial-

like cells in a control dog. However, lots of cells that had cytoplasmic vacuolization 

were observed in all layers (Fig. 4-3-A). On the other hand, in the transplantation 
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group, defected cornea was reconstructed by epithelial cells without vacuolization. 

However, reconstructed epithelial layer consisted of 6 to 13 layers of epithelium, 

which were likely to be caused by hyperplasia of epithelium. And hypercellularity in 

stroma under the transplanted area was observed in the transplantation group but not 

in a control dog (Fig. 4-3-B). 

Immunofluorescence staining revealed that no positive expression of Ki-67 

was observed in the injured area in a control dog (Fig. 4-4-A). In contrast, a few cells 

slightly positive for Ki-67 were occasionally observed in the basal layer of the 

transplanted area in the transplantation group (Fig. 4-4-B). The expression of K3 was 

also not observed in all layers in the injured area of a control dog (Fig. 4-5-A), while 

the transplanted area strongly expressed K3 (Fig. 4-5-B).  ABCG2 expression was 

not detected throughout the cornea both in a control dog and transplanted dogs (Fig. 

4-6-A, B). However, significantly different was observed in the expression of p63, 

another stem/progenitor marker, between a control dog and transplanted dogs. There 

was no positive expression of p63 in a control dog (Fig. 4-7-A). On the other hand, 

the basal layer of transplanted area clearly expressed p63 similar to normal cornea in 

the transplantation group (Fig. 4-7-B)  
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Discussion  

In this chapter, canine corneal injury model was produced by widespread 

resection of the central corneal epithelium. Although the intrusion of the conjunctival 

tissue into the cornea did not appear, angiogenesis into the cornea and corneal 

opacity was observed after the injury. The moderate haze of the defected area and 

the neovascularization suggested that all the layers of corneal epithelium were 

removed completely and the superficial stroma was also eliminated. In addition, the 

mild haze persistently remained up to 60 days after the injury in a control dog even 

though all the dogs were received ophthalmic treatment with contact lens or eye-drop.  

Hence, it was supposed that the canine corneal injury model produced in the present 

study successfully represented the refractory corneal opacity caused by corneal injury.   

 Excision of the limbal epithelium induces partial limbal deficiency and can 

lead invasion of conjunctival tissue in cornea (88). Small piece of limbal tissue 

excised from opposite limbal epithelium was sufficient to cultivate the autologous 

corneal epithelial cell sheet to cover the injured area. However, local invasion of 

conjunctival tissue into the defected limbal area was observed. Although the intrusion 

was limited to the excised area and did not affect the cornea, downscale in size of the 

limbal segment may be needed to reduce the encroachment of the conjunctival tissue 

(89).   

Corneal epithelial cell sheet was sutured to the remaining cornea around the 

injured area in the present study, and inflammatory response to the suture material 

was observed. It was reported that application of topical immunosuppressants 

including betamethasone was recommended to reduce the irritation when the 

transplantation of corneal epithelial cell sheet was sutured (90). Therefore, if possible, 

suture material may be better to be removed earlier to avoid inflammatory reaction 

and promote  healing of corneal surface.�  
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The cell sheet obtained in this study had enough strength to endure the 

surgical manipulation and the sutures to the cornea surface, and any rupture or 

deterioration of the sheet was not observed during transplantation. Although the sheet 

has adequate stiffness for transplantation, a soft contact lens was used to prevent the 

friction between the motions of the third eye lid and the sheet. However, contact lens 

originally contribute to protect the corneal defects and promote healing of injured 

cornea (91). Therefore, it is considered that healing of injured cornea in a control dog 

was also promoted by contact lens to some extent.  

Inflammation and graft rejection are typical failure in corneal transplantation 

(92). Other than inflammation in response to the sutures, any inflammation response 

caused by the cell sheet was not observed, even though no immunosuppressant was 

administered after transplantation. Therefore, it is considered the autologous corneal 

epithelial cell sheet is safe and adequate to transplant for treatment of the corneal 

injury. 

Epithelial-like cells with cytoplasmic vacuolization covered the defected area 

of cornea in a control dog and K3 expression was not observed in these cells. These 

phenotypes are similar to Meesmann's corneal dystrophy, which is a type of corneal 

dystrophy due to the mutations of the either KRT3 or KRT12 gene (93). K3 coding by 

KRT3 gene consists intermediate filament and structural framework of corneal 

epithelial cells. Therefore, a lack of K3 expression in a control dog suggested that the 

corneal injury model established in the present study inhibited normal regeneration of 

corneal epithelial cells and lead to abnormal cell sequence resulted in corneal opacity. 

Although any cytoplasmic vacuolization was not observed in the 

transplantation group, substantially thick epithelium including 6 to 13 layers 

expressing K3 was observed in transplanted area. Hyperplasia of the corneal 

epithelium is usually observed in normal process of corneal healing (94). Although the 
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expression of proliferation marker, Ki-67 was occasionally observed in the 

transplantation group, the expression level was similar to or less than normal cornea. 

Therefore, the hyperplasia observed in transplantation group was thought to be within 

normal reaction and expected to recover to normal structure by following turnover of 

corneal epithelial cells.  

In the transplantation group, basal layer of the corneal epithelium in the 

reconstructed area was intact and tightly adhered to the stromal bed of the host eye. 

The intact basement membrane of cornea not only contributes to regeneration of 

epithelial cells but also works as the epithelial barrier that prevents cytokines and 

growth factors from tear film (95). For example, the transforming growth factors from 

tear film stimulate keratocytes to differentiate into myofibroblasts and lead corneal 

opacity during stromal recovery (96). Further, hypercellularity in stroma under the 

transplanted area was observed in the transplantation group but not in a control dog. 

The hypercellularity in stroma is also usually observed when the injury involved 

corneal stromal layer (97). Some reports suggest that IGF-II transforms hypercellular 

stromal cells to fibroblasts that regenerate extracellular matrix and restore corneal 

transparency in wound healing (98). It was also reported that canine corneal epithelial 

cells could release IGF-II in vitro (99). Therefore, it was suggested that the 

transplantation of the cultivated cell sheet promoted wound healing in both epithelial 

and stromal restoration resulted in the corneal transparency via the secretion of some 

growth factors including IGF-II.  

The progenitor or immature cells with abundant proliferative property such as 

young TACs maintained in the sheet are essential to encourage long-term graft 

survival, reepithelization, and restoration of transparency by preventing the invasion 

of conjunctival epithelial cells (28-31). In the previous chapter, corneal epithelial cell 

sheet cultivated on collagen gel and exposed to air for five days slightly expressed 
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ABCG2 in the basal layer. However, after 60 days from transplantation, the 

expression of ABCG2 was not observed in the reconstructed corneal epithelium. 

ABCG2 expression is generally localized in the limbal basal cells and believed to give 

rise to TACs. Therefore, it was suggested that the cells with ABCG2 expression in the 

cultivated sheet contributed to reepithelization by producing highly proliferative cells 

like as TACs and resulted in hyperplasia of the epithelium in the transplantation group. 

Thus, the depletion of the cells positive for ABCG2 in the transplanted area indicated 

that aggressive proliferation of corneal epithelial cells had marked the end until the 

observation point.       

Rama et al. (32) suggested that amount of cells with strong expression of p63, 

which indicated high potential of self-renewal and proliferation, was significantly 

associated with successful transplantation. In the previous chapter, the corneal cell 

sheet on collagen gel with five days of air exposure was selected as an optimal graft 

because of the highest level of p63 expression. After 60 days of observation period, 

no expression of p63 was observed in a control dog, while definitive expression was 

observed in transplanted area similar to normal cornea in the transplantation group. 

However, unapparent expression of proliferative marker Ki-67 at the observation point 

indicated that the cells with positive expression of p63 in the transplanted area were 

not in proliferation phase at the observation point. Although the expression of p63 is 

observed whole of the canine normal cornea, higher expression is observed in the 

limbus than central cornea. The reconstructed epithelium in the transplantation group 

supposedly consisted of proliferated tissue from the cells, which were highly 

expressed p63, in the corneal epithelial cell sheet. Therefore it was suggested that 

the cells strongly positive for p63 including in the sheet proliferated and then, the 

expression of p63 gradually decreased to the level of normal central cornea with the 

suspension of the proliferative ability.  



! 63!

In this study, the corneal epithelial cell sheet cultivated on the collagen gel 

with 5 days of air exposure was transplanted to the canine corneal injury model. 

Restoration of corneal transparency was achieved without any immune response 

caused by the transplanted cell sheet. In contrast, opaque area with moderate haze 

persistently remained in a control dog. Therefore, the transplantation of the 

autologous corneal epithelial cell sheet can be used for recovery of corneal 

transparency in dogs with corneal opacity caused by severe corneal injury. Further, 

reconstruction of superficial stroma as well as the corneal epithelium can be available 

by transplantation of the corneal epithelial cell sheet. The observation period longer 

than 60 days should be needed to identify influence of hyperplasia of reconstructed 

epithelium on corneal transparency for the future application of the canine corneal 

epithelial cell sheet in clinical cases.  
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Table. 4-1 Evaluation standards for neovascularization (A) and corneal opacity 

(B) 

 

Evaluation standards for neovascularization (A) from “Cultivated human 

conjunctival epithelial transplantation for total limbal stem cell deficiency”. Ang, L. P., 

Tanioka, H., Kawasaki, S. et al. 2010.Invest Ophthalmol Vis Sci  51:  758-764. 

Evaluation standards for corneal opacity (B) from “Amniotic membrane 

patching promotes healing and inhibits proteinase activity on wound healing following 

acute corneal alkali burn.” Kim, J. S., Kim, J. C., Na, B. K. et al. 2000. Exp Eye Res  

70:  329-337. 
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Fig. 4-1 Scores of neovascularization and corneal opacity  

Neovascularization in the cornea disappeared up to 35 days after the injury in 

a control dog. After the corneal epithelial sheets transplantation, neovascularization 

was induced up to 7 days after transplantation in response to the sutures. By 

removing the sutures, the score of the neovascularization decreased below one in the 

transplantation group 21 days after transplantation (A). In evaluation of corneal 

opacity, moderate haze that partially hindered observation of iris detail was 

comparably observed in all dogs 21 days after the injury, just before transplantation of 

the corneal epithelial cell sheet. In a control dog, similar corneal opacity remained for 

28 days and the mild haze was maintained up to 60 days. In the transplantation group, 

the score of corneal opacity gradually decreased after fourth week of transplantation 

and showed improvement of transparency as compared with that of a control dog up 

to 60 days after transplantation (B).   
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Fig. 4-2 Gross appearance of ocular surface and the changes in a percentage 

of opaque cornea/whole corneal area 

A percentage of opaque area in the transplantation group was greatly 

decreased as compared with a control dog (A). The diminution of opaque area was 

4.12% in 60 days of observation period in a control dog, while the diminution of 

opaque area in the transplantation group was 17.93% in average (26.71%, 14.27%, 

and 12.81%) (B).  
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Fig. 4-3 H&E staining of the injured area of a control dog, the transplanted area 

of the transplantation group and the normal canine corneal epithelium. 

H&E staining revealed that injured corneal area was filled with the epithelial-

like cells with cytoplasmic vacuolization in a control dog (A). In the transplantation 

group, defected cornea was reconstructed by epithelial cells without vacuolization and   

6 to 13 epithelial layers. And hypercellularity in stroma under the transplanted area 

was observed in the transplantation group but not in a control dog (B). Canine Normal 

corneal epithelium (C). Bar scale: 100 µm. 
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Fig. 4-4 Immunohistochemistry for Ki-67 of the injured area in a control dog, 

the transplanted area of the transplantation group and normal canine corneal 

epithelium. 

No positive expression of Ki-67 was observed in the injured area in a control 

dog (A). In contrast, a few cells slightly positive for Ki-67 were occasionally observed 

in the basal layer of the transplanted area in the transplantation group (B). The 

expression of Ki-67 in normal canine corneal epithelium (C). Bar scale: 50 µm. 
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Fig. 4-5 Immunohistochemistry for K3 of the injured area in a control dog, the 

transplanted area of the transplantation group and normal canine corneal 

epithelium. 

The expression of K3 was also not observed in all layers in the injured area of 

a control dog (A), while the transplanted area strongly expressed K3 (B). The 

expression of K3 in normal canine corneal epithelium (C). Bar scale: 50 µm. 
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Fig. 4-6 Immunohistochemistry for ABCG2 of the injured area in a control dog, 

the transplanted area of the transplantation group and normal canine corneal 

epithelium. 

 ABCG2 expression was not detected throughout the cornea both in a control 

dog and transplanted dogs (A, B) The expression of ABCG2 was not observed in 

canine normal cornea. Bar scale: 25 µm. 
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Fig. 4-7 Immunohistochemistry for p63 of the injured area in a control dog, the 

transplanted area of the transplantation group and normal canine corneal 

epithelium. 

 There was no positive expression of p63 in a control dog (A). In the 

transplantation group, the basal layer of transplanted area clearly expressed p63 

similar to normal corneal epithelium (B, C). Bar scale: 50 µm. 
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Chapter 5 

Conclusion 
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Corneal injury caused by trauma, infection, or diseases are very common in 

dogs. However, healing of epithelial injuries may be insufficient in severe cases 

resulting in corneal opacity, ulcers, perforations, or even vision loss. In humans, 

successful transplantations using with the corneal epithelial sheets cultivated from 

limbal corneal stem cells have been reported for treatment of severe corneal injury. 

Transplantation of autologous corneal epithelial cell sheet can solve problems such 

as insufficiency of a proper donor for the corneal transplantation and immunological 

rejection. In the present study, canine corneal epithelial cell sheet using corneal 

epithelial stem cells derived from limbus was cultivated using various materials and 

evaluated to investigate the method to produce most promising canine corneal 

epithelial cell sheet. After that, the safety and efficacy of the transplantation of the cell 

sheet was demonstrated using canine corneal injury model as a preliminary trial for 

clinical application. 

In chapter 2, corneal epithelial cell sheets were successfully cultivated using 

by the three different materials, those were, the amniotic membrane, collagen gel and 

the temperature-responsive culture dish. The cells cultured on the collagen gel 

showed the highest ability of colony formation and proliferation. Stratified layers that 

were morphologically most similar to a normal corneal epithelium on the collagen gel 

and amniotic membrane and one or two layers on the temperature-responsive culture 

dish appeared. The expressions of corneal epithelial stem cell markers, p63 and 

ABCG2, were limited in the basal layer of the sheet cultivated on amniotic membrane 

and the temperature-responsive culture dish. On the contrary, the expression of p63 

was appeared in two or three layers including basal layer in the sheet cultivated on 

collagen gel. Real-time RT-PCR analysis revealed that the cultivated sheet on 

collagen gel showed the highest value of p63 gene expression and the lowest value 

was detected in the sheet on the amniotic membrane. It is considered that the 

extracellular matrix of the collagen gel could promote differentiation from stem cells to 
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progenitor cells with preservation of stem/progenitor cells. Additionally, the corneal 

epithelial cell sheet cultivated on the collagen gel can be transplanted to cornea 

without the substrate because the collagen gel is easily degraded by collagenase. 

Therefore, collagen gel may be the most suitable material among the three to promise 

the effective and safe transplantation to canine corneal injury in clinical cases. 

In chapter 3, the optimal period of air exposure was evaluated by comparing 

the cell sheets treated with air exposure for 0, 3, 5, and 7 days. The sheet with 5 days 

of air exposure showed similar morphology to normal cornea and exhibited the 

highest expression of Ki-67 and p63. However, longer than 5 days air exposure not 

only failed to promote stratification of the sheet and but also resulted in 

downregulation of p63 expression in the sheet. Any adverse effects on structural and 

immunohistological phenotypes of the sheet were not observed after degradation of 

collagen gel. Therefore, air exposure for 5 days and degradation of the collagen gel 

could be a most suitable culture method to develop the corneal epithelial cell sheet 

with similar morphology to normal cornea and retention of cells in immature state for 

promising transplantation in clinical settings. 

In chapter 4, the corneal epithelial cell sheet was transplanted to the corneal 

injury model in dogs. Canine corneal epithelial cell sheet was cultivated according to 

the results in chapter 2 and 3, and was autologously transplanted to the corneal injury 

model. The persistent corneal opacity remained in a control dog, while restoration of 

corneal transparency was observed in the transplantation group. However the sutures 

used to transplant the sheet caused the moderate reactive inflammatory, the immune 

response caused by the cell sheet and the graft failure were not observed without 

administration of any immunosuppressant for 60 days after transplantation. The 

inflammation caused by the sutures diminished after elimination of the sutures. 

Histopathological analysis revealed that the defected area of cornea in the control 
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dog was coved by cells with cytoplasmic vacuolization in all layers and showed a lack 

of expression of K3, Ki-67 and p63. In contrast, the corneal epithelium in the 

transplantation group was reconstructed by cells with normal morphology and 

consisted 6 to 13 layers supposedly caused by hyperplasia of epithelium. In addition, 

hypercellularity in stroma under the transplanted sheet was observed and suggested 

that reconstruction of superficial stroma as well as the corneal epithelium can be 

available by transplantation of the corneal epithelial cell sheet. The transplanted area 

showed positive expressions of K3 in all the layers, and Ki-67 and p63 in the basal 

layer, while the lack of expression was detected in the control dogs. Although longer 

observation should be needed to identify the influence of hyperplasia of reconstructed 

epithelium, the transplantation of the autologous corneal epithelial cell sheet achieved 

the reconstruction of corneal epithelia morphologically and immunohistologically 

similar to the normal cornea and restored the corneal transparency.   

The purpose of this study was to develop the corneal epithelial cell sheet 

using limbal stem cells for corneal regenerative therapy in dogs. This study suggested 

that the collagen gel was the most suitable material to cultivate corneal epithelial cells 

and preserve stem/progenitor cells. In addition, air exposure for five days and 

degradation of the collagen gel revealed that these culture methods could be used to 

produce most suitable cell sheet for transplantation. Finally, the corneal epithelial cell 

sheet demonstrated its safety and efficacy by transplantation to the corneal defect 

model in dogs. The result of this study encourage that the corneal epithelial cell sheet 

cultivated on the collagen gel can be a new treatment for corneal injury in the clinical 

practice.  

!
!
!
!
!
!



! 76!

Acknowledgements 

 

I express my most sincere gratitude to my mentor, Prof. Ryohei Nishimura, 

(Laboratory of Surgery, Graduate School of Agricultural and Life Sciences, University 

of Tokyo) for his continuous supervision, supports, encouragement and patients in 

the course of study.  

I would like to greatly appreciate Dr. Naoki Fujita (Project Research Associate, 

Laboratory of Surgery), Assistant Prof. Keiko Tsuzuki (Laboratory of Surgery), 

Assistant Prof. Takayuki Nakagawa (Laboratory of Surgery), and Prof. Manabu 

Mochizuki (Laboratory of Emergency Medicine) for all the help, guidance and 

invaluable advice. 

I would like to thank Dr. Sung-Jin Choi, Dr. Soo-Jung Lee, Dr. Eun-Sil Park, 

and Dr. Cheng Shu Chung for their assistance and precious advice; Ms. Hsing Yi Lin, 

Mr. Kentaro Endo, and Mr. Fumito Mikashima for the technical assistance; and all 

members of Regeneration Team and Laboratory of Surgery. 

Moreover, I would like to thank Hwi-Yool Kim and Jin-Soo Han (Prof. College 

of Veterinary Medicine, Konkuk University) and Jeong-Ik Lee (Prof. College of 

Medicine, Konkuk University) for continuous encouragement and support. 

Finally, I would like to deeply thank my parents, who have prayed for me all 

the time, and put all their faith in me and dedicate this thesis to them.  

!

 

 

 

 



! 77!

References 

1. Pajoohesh-Ganji, A., Pal-Ghosh, S., Simmens, S. J., and Stepp, M. A. 2006. 

Integrins in Slow-Cycling Corneal Epithelial Cells at the Limbus in the Mouse. Stem 

Cells  24:  1075-1086. 

2. Hansen, P. A., and Guandalini, A. 1999. A Retrospective Study of 30 Cases 

of Frozen Lamellar Corneal Graft in Dogs and Cats. Vet Ophthalmol  2:  233-241. 

3. Dua, H. S., Shanmuganathan, V. A., Powell-Richards, A. O., Tighe, P. J., and 

Joseph, A. 2005. Limbal Epithelial Crypts: A Novel Anatomical Structure and a 

Putative Limbal Stem Cell Niche. Br J Ophthalmol  89:  529-532. 

4. Townsend, W. M. 1991. The Limbal Palisades of Vogt. Trans Am Ophthalmol 

Soc  89:  721-756. 

5. Thoft, R. A., and Friend, J. 1983. The X, Y, Z Hypothesis of Corneal Epithelial 

Maintenance. Invest Ophthalmol Vis Sci  24:  1442-1443. 

6. Notara, M., Alatza, A., Gilfillan, J., Harris, A. R., Levis, H. J., Schrader, S., 

Vernon, A., and Daniels, J. T. 2010. In Sickness and in Health: Corneal Epithelial 

Stem Cell Biology, Pathology and Therapy. Exp Eye Res  90:  188-195. 

7. Cotsarelis, G., Cheng, S. Z., Dong, G., Sun, T. T., and Lavker, R. M. 1989. 

Existence of Slow-Cycling Limbal Epithelial Basal Cells That Can Be Preferentially 

Stimulated to Proliferate: Implications on Epithelial Stem Cells. Cell  57:  201-209. 

8. Mort, R. L., Douvaras, P., Morley, S. D., Dora, N., Hill, R. E., Collinson, J. M., 

and West, J. D. 2012. Stem Cells and Corneal Epithelial Maintenance: Insights from 

the Mouse and Other Animal Models. Results Probl Cell Differ  55:  357-394. 

9. De Paiva, C. S., Pflugfelder, S. C., and Li, D. Q. 2006. Cell Size Correlates 

with Phenotype and Proliferative Capacity in Human Corneal Epithelial Cells. Stem 

Cells  24:  368-375. 

10. Yang, A., Kaghad, M., Wang, Y., Gillett, E., Fleming, M. D., Dotsch, V., 

Andrews, N. C., Caput, D., and McKeon, F. 1998. P63, a P53 Homolog at 3q27-29, 



! 78!

Encodes Multiple Products with Transactivating, Death-Inducing, and Dominant-

Negative Activities. Mol Cell  2:  305-316. 

11. Pellegrini, G., Dellambra, E., Golisano, O., Martinelli, E., Fantozzi, I., 

Bondanza, S., Ponzin, D., McKeon, F., and De Luca, M. 2001. P63 Identifies 

Keratinocyte Stem Cells. Proc Natl Acad Sci U S A  98:  3156-3161. 

12. Yang, A., Schweitzer, R., Sun, D., Kaghad, M., Walker, N., Bronson, R. T., 

Tabin, C., Sharpe, A., Caput, D., Crum, C., and McKeon, F. 1999. P63 Is Essential 

for Regenerative Proliferation in Limb, Craniofacial and Epithelial Development. 

Nature  398:  714-718. 

13. Senoo, M., Pinto, F., Crum, C. P., and McKeon, F. 2007. P63 Is Essential for 

the Proliferative Potential of Stem Cells in Stratified Epithelia. Cell  129:  523-536. 

14. Park, K. S., Lim, C. H., Min, B. M., Lee, J. L., Chung, H. Y., Joo, C. K., Park, 

C. W., and Son, Y. 2006. The Side Population Cells in the Rabbit Limbus Sensitively 

Increased in Response to the Central Cornea Wounding. Invest Ophthalmol Vis Sci  

47:  892-900. 

15. Zhou, S., Schuetz, J. D., Bunting, K. D., Colapietro, A. M., Sampath, J., 

Morris, J. J., Lagutina, I., Grosveld, G. C., Osawa, M., Nakauchi, H., and Sorrentino, 

B. P. 2001. The Abc Transporter Bcrp1/Abcg2 Is Expressed in a Wide Variety of 

Stem Cells and Is a Molecular Determinant of the Side-Population Phenotype. Nat 

Med  7:  1028-1034. 

16. Watanabe, K., Nishida, K., Yamato, M., Umemoto, T., Sumide, T., Yamamoto, 

K., Maeda, N., Watanabe, H., Okano, T., and Tano, Y. 2004. Human Limbal 

Epithelium Contains Side Population Cells Expressing the Atp-Binding Cassette 

Transporter Abcg2. FEBS Lett  565:  6-10. 

17. Budak, M. T., Alpdogan, O. S., Zhou, M., Lavker, R. M., Akinci, M. A., and 

Wolosin, J. M. 2005. Ocular Surface Epithelia Contain Abcg2-Dependent Side 

Population Cells Exhibiting Features Associated with Stem Cells. J Cell Sci  118:  

1715-1724. 



! 79!

18. Kuhns, E. L. 1979. Conjunctival Patch Grafts for Treatment of Corneal 

Lesions in Dogs. Mod Vet Pract  60:  301-305. 

19. Scagliotti, R. H. 1988. Tarsoconjunctival Island Graft for the Treatment of 

Deep Corneal Ulcers, Desmetocoeles, and Perforations in 35 Dogs and 6 Cats. 

Semin Vet Med Surg (Small Anim)  3:  69-76. 

20. Kuhns, E. L. 1981. Reconstruction of Canine Membrane Nictitans with an 

Autograft. Mod Vet Pract  62:  697-700. 

21. Schantz, B. 1977. Fluorescein Angiography of Canine Conjunctival Auto- and 

Allografts. Bibl Anat:  269-273. 

22. Brightman, A. H., McLaughlin, S. A., and Brogdon, J. D. 1989. Autogenous 

Lamellar Corneal Grafting in Dogs. J Am Vet Med Assoc  195:  469-475. 

23. Whitcher, J. P., Srinivasan, M., and Upadhyay, M. P. 2001. Corneal 

Blindness: A Global Perspective. Bull World Health Organ  79:  214-221. 

24. 1992. The Collaborative Corneal Transplantation Studies (Ccts). 

Effectiveness of Histocompatibility Matching in High-Risk Corneal Transplantation. 

The Collaborative Corneal Transplantation Studies Research Group. Arch 

Ophthalmol  110:  1392-1403. 

25. Qazi, Y., Wong, G., Monson, B., Stringham, J., and Ambati, B. K. 2010. 

Corneal Transparency: Genesis, Maintenance and Dysfunction. Brain Res Bull  81:  

198-210. 

26. Niederkorn, J. Y. 2010. High-Risk Corneal Allografts and Why They Lose 

Their Immune Privilege. Curr Opin Allergy Clin Immunol  10:  493-497. 

27. Pellegrini, G., Traverso, C. E., Franzi, A. T., Zingirian, M., Cancedda, R., and 

De Luca, M. 1997. Long-Term Restoration of Damaged Corneal Surfaces with 

Autologous Cultivated Corneal Epithelium. Lancet  349:  990-993. 

28. Schwab, I. R., Reyes, M., and Isseroff, R. R. 2000. Successful 

Transplantation of Bioengineered Tissue Replacements in Patients with Ocular 

Surface Disease(1). Am J Ophthalmol  130:  543-544. 



! 80!

29. Shah, A., Brugnano, J., Sun, S., Vase, A., and Orwin, E. 2008. The 

Development of a Tissue-Engineered Cornea: Biomaterials and Culture Methods. 

Pediatr Res  63:  535-544. 

30. Tan, D. T., Dart, J. K., Holland, E. J., and Kinoshita, S. 2012. Corneal 

Transplantation. Lancet  379:  1749-1761. 

31. Tsai, R. J., Li, L., and Chen, J. 2000. Reconstruction of Damaged Corneas by 

Transplantation of Autologous Limbal Epithelial Cells(1). Am J Ophthalmol  130:  543. 

32. Rama, P., Matuska, S., Paganoni, G., Spinelli, A., De Luca, M., and Pellegrini, 

G. 2010. Limbal Stem-Cell Therapy and Long-Term Corneal Regeneration. N Engl J 

Med  363:  147-155. 

33. Tsai, R. J., Li, L. M., and Chen, J. K. 2000. Reconstruction of Damaged 

Corneas by Transplantation of Autologous Limbal Epithelial Cells. N Engl J Med  343:  

86-93. 

34. Vacanti, C. A. 2006. History of Tissue Engineering and a Glimpse into Its 

Future. Tissue Eng  12:  1137-1142. 

35. Sangwan, V. S., Matalia, H. P., Vemuganti, G. K., Ifthekar, G., Fatima, A., 

Singh, S., and Rao, G. N. 2005. Early Results of Penetrating Keratoplasty after 

Cultivated Limbal Epithelium Transplantation. Arch Ophthalmol  123:  334-340. 

36. Sangwan, V. S., Matalia, H. P., Vemuganti, G. K., Fatima, A., Ifthekar, G., 

Singh, S., Nutheti, R., and Rao, G. N. 2006. Clinical Outcome of Autologous 

Cultivated Limbal Epithelium Transplantation. Indian J Ophthalmol  54:  29-34. 

37. Yang, J., Yamato, M., Nishida, K., Hayashida, Y., Shimizu, T., Kikuchi, A., 

Tano, Y., and Okano, T. 2006. Corneal Epithelial Stem Cell Delivery Using Cell 

Sheet Engineering: Not Lost in Transplantation. J Drug Target  14:  471-482. 

38. Brown, A. 1941. Lime Burns of the Eye: Use of Rabbit Peritoneum to Prevent 

Severe Delayed Effects: Experimental Studies and Report of Cases. Arch 

Ophthalmol  26. 



! 81!

39. Sorsby, A., and Symons, H. M. 1946. Amniotic Membrane Grafts in Caustic 

Burns of the Eye (Burns of the Second Degree). Br J Ophthalmol  30:  337-345. 

40. Kim, J. C., and Tseng, S. C. 1995. Transplantation of Preserved Human 

Amniotic Membrane for Surface Reconstruction in Severely Damaged Rabbit 

Corneas. Cornea  14:  473-484. 

41. Tseng, S. C., Espana, E. M., Kawakita, T., Di Pascuale, M. A., Li, W., He, H., 

Liu, T. S., Cho, T. H., Gao, Y. Y., Yeh, L. K., and Liu, C. Y. 2004. How Does Amniotic 

Membrane Work? Ocul Surf  2:  177-187. 

42. Tseng, S. C., Li, D. Q., and Ma, X. 1999. Suppression of Transforming 

Growth Factor-Beta Isoforms, Tgf-Beta Receptor Type Ii, and Myofibroblast 

Differentiation in Cultured Human Corneal and Limbal Fibroblasts by Amniotic 

Membrane Matrix. J Cell Physiol  179:  325-335. 

43. Lee, N. J., Wang, S. J., Durairaj, K. K., Srivatsan, E. S., and Wang, M. B. 

2000. Increased Expression of Transforming Growth Factor-Beta1, Acidic Fibroblast 

Growth Factor, and Basic Fibroblast Growth Factor in Fetal Versus Adult Fibroblast 

Cell Lines. Laryngoscope  110:  616-619. 

44. Tseng, S. C., Prabhasawat, P., Barton, K., Gray, T., and Meller, D. 1998. 

Amniotic Membrane Transplantation with or without Limbal Allografts for Corneal 

Surface Reconstruction in Patients with Limbal Stem Cell Deficiency. Arch 

Ophthalmol  116:  431-441. 

45. Tseng, S. C., Meller, D., Anderson, D. F., Touhami, A., Pires, R. T., Gruterich, 

M., Solomon, A., Espana, E., Sandoval, H., Ti, S. E., and Goto, E. 2002. Ex Vivo 

Preservation and Expansion of Human Limbal Epithelial Stem Cells on Amniotic 

Membrane for Treating Corneal Diseases with Total Limbal Stem Cell Deficiency. 

Adv Exp Med Biol  506:  1323-1334. 

46. Hernandez Galindo, E. E., Theiss, C., Steuhl, K. P., and Meller, D. 2003. 

Expression of Delta Np63 in Response to Phorbol Ester in Human Limbal Epithelial 



! 82!

Cells Expanded on Intact Human Amniotic Membrane. Invest Ophthalmol Vis Sci  44:  

2959-2965. 

47. Du, Y., Chen, J., Funderburgh, J. L., Zhu, X., and Li, L. 2003. Functional 

Reconstruction of Rabbit Corneal Epithelium by Human Limbal Cells Cultured on 

Amniotic Membrane. Mol Vis  9:  635-643. 

48. Grueterich, M., Espana, E. M., and Tseng, S. C. 2003. Ex Vivo Expansion of 

Limbal Epithelial Stem Cells: Amniotic Membrane Serving as a Stem Cell Niche. 

Surv Ophthalmol  48:  631-646. 

49. Grueterich, M., Espana, E. M., Touhami, A., Ti, S. E., and Tseng, S. C. 2002. 

Phenotypic Study of a Case with Successful Transplantation of Ex Vivo Expanded 

Human Limbal Epithelium for Unilateral Total Limbal Stem Cell Deficiency. 

Ophthalmology  109:  1547-1552. 

50. Cen, L., Liu, W., Cui, L., Zhang, W., and Cao, Y. 2008. Collagen Tissue 

Engineering: Development of Novel Biomaterials and Applications. Pediatr Res  63:  

492-496. 

51. Lynn, A. K., Yannas, I. V., and Bonfield, W. 2004. Antigenicity and 

Immunogenicity of Collagen. J Biomed Mater Res B Appl Biomater  71:  343-354. 

52. Eschenhagen, T., Fink, C., Remmers, U., Scholz, H., Wattchow, J., Weil, J., 

Zimmermann, W., Dohmen, H. H., Schafer, H., Bishopric, N., Wakatsuki, T., and 

Elson, E. L. 1997. Three-Dimensional Reconstitution of Embryonic Cardiomyocytes 

in a Collagen Matrix: A New Heart Muscle Model System. FASEB J  11:  683-694. 

53. Ceballos, D., Navarro, X., Dubey, N., Wendelschafer-Crabb, G., Kennedy, W. 

R., and Tranquillo, R. T. 1999. Magnetically Aligned Collagen Gel Filling a Collagen 

Nerve Guide Improves Peripheral Nerve Regeneration. Exp Neurol  158:  290-300. 

54. McIntosh Ambrose, W., Salahuddin, A., So, S., Ng, S., Ponce Marquez, S., 

Takezawa, T., Schein, O., and Elisseeff, J. 2009. Collagen Vitrigel Membranes for 

the in Vitro Reconstruction of Separate Corneal Epithelial, Stromal, and Endothelial 

Cell Layers. J Biomed Mater Res B Appl Biomater  90:  818-831. 



! 83!

55. Ohno, S., Hirano, S., Kanemaru, S., Kitani, Y., Kojima, T., Tateya, I., 

Nakamura, T., and Ito, J. 2011. Implantation of an Atelocollagen Sponge with 

Autologous Bone Marrow-Derived Mesenchymal Stromal Cells for Treatment of 

Vocal Fold Scarring in a Canine Model. Ann Otol Rhinol Laryngol  120:  401-408. 

56. Yamazoe, K., Mishima, H., Torigoe, K., Iijima, H., Watanabe, K., Sakai, H., 

and Kudo, T. 2007. Effects of Atelocollagen Gel Containing Bone Marrow-Derived 

Stromal Cells on Repair of Osteochondral Defect in a Dog. J Vet Med Sci  69:  835-

839. 

57. Nagayasu, A., Hosaka, Y., Yamasaki, A., Tsuzuki, K., Ueda, H., Honda, T., 

and Takehana, K. 2008. A Preliminary Study of Direct Application of Atelocollagen 

into a Wound Lesion in the Dog Cornea. Curr Eye Res  33:  727-735. 

58. Liu, Y., Gan, L., Carlsson, D. J., Fagerholm, P., Lagali, N., Watsky, M. A., 

Munger, R., Hodge, W. G., Priest, D., and Griffith, M. 2006. A Simple, Cross-Linked 

Collagen Tissue Substitute for Corneal Implantation. Invest Ophthalmol Vis Sci  47:  

1869-1875. 

59. Okano, T., Yamada, N., Sakai, H., and Sakurai, Y. 1993. A Novel Recovery 

System for Cultured Cells Using Plasma-Treated Polystyrene Dishes Grafted with 

Poly(N-Isopropylacrylamide). J Biomed Mater Res  27:  1243-1251. 

60. Wang, D. Y., Hsueh, Y. J., Yang, V. C., and Chen, J. K. 2003. Propagation 

and Phenotypic Preservation of Rabbit Limbal Epithelial Cells on Amniotic Membrane. 

Invest Ophthalmol Vis Sci  44:  4698-4704. 

61. Pauklin, M., Fuchsluger, T. A., Westekemper, H., Steuhl, K. P., and Meller, D. 

2010. Midterm Results of Cultivated Autologous and Allogeneic Limbal Epithelial 

Transplantation in Limbal Stem Cell Deficiency. Dev Ophthalmol  45:  57-70. 

62. Huang, A. J., and Tseng, S. C. 1991. Corneal Epithelial Wound Healing in the 

Absence of Limbal Epithelium. Invest Ophthalmol Vis Sci  32:  96-105. 

63. Nishida, K., Yamato, M., Hayashida, Y., Watanabe, K., Maeda, N., Watanabe, 

H., Yamamoto, K., Nagai, S., Kikuchi, A., Tano, Y., and Okano, T. 2004. Functional 



! 84!

Bioengineered Corneal Epithelial Sheet Grafts from Corneal Stem Cells Expanded 

Ex Vivo on a Temperature-Responsive Cell Culture Surface. Transplantation  77:  

379-385. 

64. Krishnan, S., Sekar, S., Katheem, M. F., Krishnakumar, S., and Sastry, T. P. 

2012. Fish Scale Collagen--a Novel Material for Corneal Tissue Engineering. Artif 

Organs  36:  829-835. 

65. Mi, S., and Connon, C. J. 2013. The Formation of a Tissue-Engineered 

Cornea Using Plastically Compressed Collagen Scaffolds and Limbal Stem Cells. 

Methods Mol Biol  1014:  143-155. 

66. Shimazaki, J., Aiba, M., Goto, E., Kato, N., Shimmura, S., and Tsubota, K. 

2002. Transplantation of Human Limbal Epithelium Cultivated on Amniotic 

Membrane for the Treatment of Severe Ocular Surface Disorders. Ophthalmology  

109:  1285-1290. 

67. Ke, Q., Wang, X., Gao, Q., Wu, Z., Wan, P., Zhan, W., Ge, J., and Wang, Z. 

2011. Carrier-Free Epithelial Cell Sheets Prepared by Enzymatic Degradation of 

Collagen Gel. J Tissue Eng Regen Med  5:  138-145. 

68. Scholzen, T., and Gerdes, J. 2000. The Ki-67 Protein: From the Known and 

the Unknown. J Cell Physiol  182:  311-322. 

69. Zhang, Y., Kobayashi, T., Hayashi, Y., Yoshioka, R., Shiraishi, A., Shirasawa, 

S., Higashiyama, S., and Ohashi, Y. 2012. Important Role of Epiregulin in 

Inflammatory Responses During Corneal Epithelial Wound Healing. Invest 

Ophthalmol Vis Sci  53:  2414-2423. 

70. Castro-Munozledo, F. 2013. Review: Corneal Epithelial Stem Cells, Their 

Niche and Wound Healing. Mol Vis  19:  1600-1613. 

71. Jayakrishnan, A., and Jameela, S. R. 1996. Glutaraldehyde as a Fixative in 

Bioprostheses and Drug Delivery Matrices. Biomaterials  17:  471-484. 

72. Takigawa, T., and Endo, Y. 2006. Effects of Glutaraldehyde Exposure on 

Human Health. J Occup Health  48:  75-87. 



! 85!

73. Ballantyne, B., and Myers, R. C. 2001. The Acute Toxicity and Primary 

Irritancy of Glutaraldehyde Solutions. Vet Hum Toxicol  43:  193-202. 

74. Espana, E. M., Kawakita, T., Romano, A., Di Pascuale, M., Smiddy, R., Liu, C. 

Y., and Tseng, S. C. 2003. Stromal Niche Controls the Plasticity of Limbal and 

Corneal Epithelial Differentiation in a Rabbit Model of Recombined Tissue. Invest 

Ophthalmol Vis Sci  44:  5130-5135. 

75. Li, W., Hayashida, Y., Chen, Y. T., He, H., Tseng, D. Y., Alonso, M., Chen, S. 

Y., Xi, X., and Tseng, S. C. 2008. Air Exposure Induced Squamous Metaplasia of 

Human Limbal Epithelium. Invest Ophthalmol Vis Sci  49:  154-162. 

76. Philp, D., Chen, S. S., Fitzgerald, W., Orenstein, J., Margolis, L., and 

Kleinman, H. K. 2005. Complex Extracellular Matrices Promote Tissue-Specific Stem 

Cell Differentiation. Stem Cells  23:  288-296. 

77. Koizumi, N., Inatomi, T., Suzuki, T., Sotozono, C., and Kinoshita, S. 2001. 

Cultivated Corneal Epithelial Stem Cell Transplantation in Ocular Surface Disorders. 

Ophthalmology  108:  1569-1574. 

78. Ban, Y., Cooper, L. J., Fullwood, N. J., Nakamura, T., Tsuzuki, M., Koizumi, 

N., Dota, A., Mochida, C., and Kinoshita, S. 2003. Comparison of Ultrastructure, 

Tight Junction-Related Protein Expression and Barrier Function of Human Corneal 

Epithelial Cells Cultivated on Amniotic Membrane with and without Air-Lifting. Exp 

Eye Res  76:  735-743. 

79. Chang, J. E., Basu, S. K., and Lee, V. H. 2000. Air-Interface Condition 

Promotes the Formation of Tight Corneal Epithelial Cell Layers for Drug Transport 

Studies. Pharm Res  17:  670-676. 

80. Richard, N. R., Anderson, J. A., Weiss, J. L., and Binder, P. S. 1991. 

Air/Liquid Corneal Organ Culture: A Light Microscopic Study. Curr Eye Res  10:  739-

749. 



! 86!

81. Ohji, M., SundarRaj, N., Hassell, J. R., and Thoft, R. A. 1994. Basement 

Membrane Synthesis by Human Corneal Epithelial Cells in Vitro. Invest Ophthalmol 

Vis Sci  35:  479-485. 

82. Lehrer, M. S., Sun, T. T., and Lavker, R. M. 1998. Strategies of Epithelial 

Repair: Modulation of Stem Cell and Transit Amplifying Cell Proliferation. J Cell Sci  

111 ( Pt 19):  2867-2875. 

83. Murphy, C. J., Marfurt, C. F., McDermott, A., Bentley, E., Abrams, G. A., Reid, 

T. W., and Campbell, S. 2001. Spontaneous Chronic Corneal Epithelial Defects 

(Scced) in Dogs: Clinical Features, Innervation, and Effect of Topical Sp, with or 

without Igf-1. Invest Ophthalmol Vis Sci  42:  2252-2261. 

84. Ledbetter, E. C., Munger, R. J., Ring, R. D., and Scarlett, J. M. 2006. Efficacy 

of Two Chondroitin Sulfate Ophthalmic Solutions in the Therapy of Spontaneous 

Chronic Corneal Epithelial Defects and Ulcerative Keratitis Associated with Bullous 

Keratopathy in Dogs. Vet Ophthalmol  9:  77-87. 

85. Nakamura, T., Inatomi, T., Sotozono, C., Koizumi, N., and Kinoshita, S. 2004. 

Successful Primary Culture and Autologous Transplantation of Corneal Limbal 

Epithelial Cells from Minimal Biopsy for Unilateral Severe Ocular Surface Disease. 

Acta Ophthalmol Scand  82:  468-471. 

86. Ang, L. P., Tanioka, H., Kawasaki, S., Ang, L. P., Yamasaki, K., Do, T. P., 

Thein, Z. M., Koizumi, N., Nakamura, T., Yokoi, N., Komuro, A., Inatomi, T., 

Nakatsukasa, M., and Kinoshita, S. 2010. Cultivated Human Conjunctival Epithelial 

Transplantation for Total Limbal Stem Cell Deficiency. Invest Ophthalmol Vis Sci  51:  

758-764. 

87. Kim, J. S., Kim, J. C., Na, B. K., Jeong, J. M., and Song, C. Y. 2000. Amniotic 

Membrane Patching Promotes Healing and Inhibits Proteinase Activity on Wound 

Healing Following Acute Corneal Alkali Burn. Exp Eye Res  70:  329-337. 



! 87!

88. Dua, H. S., Saini, J. S., Azuara-Blanco, A., and Gupta, P. 2000. Limbal Stem 

Cell Deficiency: Concept, Aetiology, Clinical Presentation, Diagnosis and 

Management. Indian J Ophthalmol  48:  83-92. 

89. Fatima, A., Sangwan, V. S., Iftekhar, G., Reddy, P., Matalia, H., 

Balasubramanian, D., and Vemuganti, G. K. 2006. Technique of Cultivating Limbal 

Derived Corneal Epithelium on Human Amniotic Membrane for Clinical 

Transplantation. J Postgrad Med  52:  257-261. 

90. Sedlakova, K., and Filipec, M. 2007. Effect of Suturing Technique on Corneal 

Xenograft Survival. Cornea  26:  1111-1114. 

91. Palmer, R. M., and McDonald, M. B. 1995. A Corneal Lens/Shield System to 

Promote Postoperative Corneal Epithelial Healing. J Cataract Refract Surg  21:  125-

126. 

92. Moffatt, S. L., Cartwright, V. A., and Stumpf, T. H. 2005. Centennial Review of 

Corneal Transplantation. Clin Experiment Ophthalmol  33:  642-657. 

93. Irvine, A. D., Corden, L. D., Swensson, O., Swensson, B., Moore, J. E., 

Frazer, D. G., Smith, F. J., Knowlton, R. G., Christophers, E., Rochels, R., Uitto, J., 

and McLean, W. H. 1997. Mutations in Cornea-Specific Keratin K3 or K12 Genes 

Cause Meesmann's Corneal Dystrophy. Nat Genet  16:  184-187. 

94. Lohmann, C. P., and Guell, J. L. 1998. Regression after Lasik for the 

Treatment of Myopia: The Role of the Corneal Epithelium. Semin Ophthalmol  13:  

79-82. 

95. Mishima, H., Hibino, T., Hara, H., Murakami, J., and Otori, T. 1998. Sparc 

from Corneal Epithelial Cells Modulates Collagen Contraction by Keratocytes. Invest 

Ophthalmol Vis Sci  39:  2547-2553. 

96. Wilson, S. E., and Kim, W. J. 1998. Keratocyte Apoptosis: Implications on 

Corneal Wound Healing, Tissue Organization, and Disease. Invest Ophthalmol Vis 

Sci  39:  220-226. 



! 88!

97. Wilson, S. L. E. H., Alicia J.; Yang, Ying. 2012. Control of Scar Tissue 

Formation in the Cornea: Strategies in Clinical and Corneal Tissue Engineering. 

Journal of Functional Biomaterials  3:  642-687. 

98. Musselmann, K., Kane, B. P., Alexandrou, B., and Hassell, J. R. 2008. Igf-Ii Is 

Present in Bovine Corneal Stroma and Activates Keratocytes to Proliferate in Vitro. 

Exp Eye Res  86:  506-511. 

99. Kondo, M., Yamato, M., Takagi, R., Namiki, H., and Okano, T. 2013. The 

Regulation of Epithelial Cell Proliferation and Growth by Il-1 Receptor Antagonist. 

Biomaterials  34:  121-129. 

 

 


