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Abstract 

Purpose: This study will compare the efficacy of stem cell transplantation in corneal 

regeneration and restoration of the limbic deficit in an experimental chemical burn in rabbits. 

Methods: We performed the biopsy of the limbus and the chemical burns for all rabbits, and 

we collected the amniotic membranes from a pregnant female rabbit. We kept a control group 

without transplantation, to study spontaneous and natural healing, and we transplanted the 

stem cells produced in vitro under the corneal epithelium burned. To compare the result, we 

tested a group for amniotic stem cell transplantation, a group for limbal stem cell graft, and 

another group for combined transplantation of both types of stem cells. 

Results: Transplanted rabbits develop permanent unilateral blindness due to a severe limbic 

deficit. The group receiving only amniotic stem cells shows temporary anatomical 

improvement without functional recovery. The two groups receiving limbal stem cells alone 

or combined with amniotic stem cells showed anatomical and functional satisfaction with 

quick recovery time for the combined transplantation. 

Conclusions: A simple chemical burn can establish permanent blindness. When the limbic 

deficit is important, spontaneous healing is not available. Transplantation of stem cell 

transplant is the only way to repair this deficit and regenerate the cornea. Only limbic stem 

cells can be sufficient. Amniotic stem cells can support and speed up the healing time when it 

combined to limbal stem cells graft.  
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Introduction 

 The ocular surface contains three adjacent epithelia: conjunctiva, limb, and cornea. 

Cornea shows many roles in protecting internal structures from germs and particles and in 

protecting against ultraviolet rays.
1,2,3,4,5,6

  It is the main lens of the eye, its location on the 

front surface of the eyeball often exposes it to accidental injuries. All damage can lead to 

infectious keratitis, chronic ulcer, limbal deficiency, or even permanent blindness.  



 

 

 Corneal blindness is the 4th leading cause of blindness in the world (according to the 

World Health Organization), responsible for 5.1% cases.
7
 It was necessary to protect it or 

even regenerate it if possible.                                                                Various studies 

confirm the therapeutic success of amniotic membrane grafting associated or not with limbal 

stem cells. This success is limited in time and often linked to later complications. We don't 

know which of the transplanted cells are the most effective, and we haunt for long-term 

therapy. In this study, we explored two types of stem cells used for corneal repair in an 

experimental limbal deficit in rabbits; autologous cells from the limbus and amniotic cells 

amplified in vitro and then administered as a single or combined transplant. We hope to 

discriminate between their efficacy. 

Methods 

 We declare that sex does not affect the outcome and that we have followed the 

guidelines of the animal department of the faculty (ARRIVE guidelines, and EU Directive 

2010/63/EU for animal experiments), during all these trials without the need to have any 

ethical approval from the responsible authority. 

We declare that we conducted this study using the Dutch rabbit as the experimental model, 

with a cohort of 17 individuals, including a pregnant female for amniotic membrane 

collection and 16 rabbits, all males, for screening, which we divided into four groups: 

 The group without transplantation as a control (A), 

 The group that underwent amniotic cell transplantation only (B), 

 The limbic cell transplant group only (C), 

 The group with the combined transplant (D). 

 We keep all rabbits on an empty stomach for four hours. We perform sedation with 

Midazolam (0.5 mg/kg intramuscularly), and anesthesia with Propofol (5 mg/kg 

intravenously) injected slowly to avoid the risk of apnea. We placed an eyelid retractor, and 

we performed the biopsy in the limbic region of the left eye over an arc of about 70° to 80°, 1 

mm deep and 2 mm towards the cornea (Fig. 1). 

 

Fig. 1. limbal biopsy process. 

Before biopsy (a), Immediately after biopsy (b) et 1 hour after biopsy (c) 



 

 

 We applied a cotton swab immersed in 4% hydrogen chloride, at the center of the 

cornea for 2 seconds, and we washed immediately with a saline solution to limit diffusion of 

caustic to the rest of the ocular surface (Fig. 2).  

 

               

                  Fig. 2. Corneal opacity 

 We transported each biopsy in a sterile vial containing a culture medium. In the 

laboratory, we transferred them to an identified Nunc dish for microscopic observation (Fig. 

3: a), then to a conical tube containing 1 ml of trypsin solution at 0.25%. After 5 minutes of 

contact, we washed each tube with 3 ml of PBS to inhibit the enzymatic action. We centrifuge 

all tubes at 500 G for 5 minutes, and we incubated the recovered pellets in identified Petri 

dishes at 5% CO2 and 37°C. 

 We extracted amniotic membranes from a pregnant rabbit and transported it to the 

laboratory in a sterile vial containing culture medium. We performed a microscopic 

examination by emptying the vial into an identified Nunc box (Fig. 3: b). We transferred the 

contents to a large Petri dish for cutting and cleaning from the conjunctive tissue. We perform 

washing in a conical liquid containing a PBS solution. We centrifuged the tube twice in PBS 

at 500 G for 5 minutes, and we cultivated the pellet in a Petri dish under the same conditions 

as mentioned above. 

 

     Fig. 3. Sample processing 

 We worked under optimal conditions of sterility (Fig. 4). The culture medium used 

contains a base of DMEM/F12 with fetal calf serum 10 %, glutamine 2 mM, non-essential 

amino acids0.1 M and antibiotic 100x (penicillin 10,000 u/ml, streptomycin 10,000 µg/ml) 

and antifungal agent (Nystatin) 0.1 %.  



 

 

           

 

 

 

 

 

 

 

 

       

Fig. 4. Workstation (Microbiological Safety Station)  

 During the proliferation process, we changed the culture medium every two days and 

performed trypsinization and passage at the level of 70% cell confluence. We stopped the 

proliferation after two passages. We divided the proliferated stem cells into two tubes per 

individual, each containing a volume of 500 ml (10
6
 cells/ml); to the first tube intended for 

transplantation we added 100 µl of sodium hyaluronate, and to the second tube intended for 

cryopreservation we added an equal volume of a freezing solution (20% DMSO in FBS). We 

left the tubes at - 80 °C for one night before transferring them into liquid nitrogen. 

 We kept the rabbit candidates for transplantation on a fast stomach for four hours 

before the anesthesia. After applying the eyelid retractor, we made a small incision in the 

cornea through which we passed a curved knife to separate the damaged epithelium from the 

stroma. Under this epithelium, we introduced the cell content for grafting using a syringe 

equipped with a fine, flexible catheter. 

 We treated the four test groups with local treatment (antibiotic and anti-inflammatory) 

for 15 days, and we extended the postoperative monitoring for up to 2 months. To explore the 

return of vision, we adopted two functional tests: the light reaction test and the labyrinth test 

in search of food after covering the right eye. 

Results 

 When we examined the samples under the microscope, we found the amniotic 

membranes in a perfect state, and we found limbic cells in all the biopsies. The caustic 

induced an immediate opacity of the cornea, visible with Trypan blue (Fig. 2). The in vitro 

culture provided sufficient cells for grafting and freezing in only two passages. The rabbits 

showed very good clinical performance after biopsies and transplantation, with no 

postoperative complications, no signs of infection, no neovascularization of the cornea, and 

no graft rejection. 



 

 

 In only 10 days, rabbits that received amniotic stem cells alone developed temporary 

anatomical improvement without functional recovery. Rabbits that received a combined graft 

of limbal and amniotic stem cells showed a clear anatomical and functional improvement 

compared to those that received limbal stem cells alone, but both regained their visual 

abilities. The control group (rabbit without grafting) showed unilateral blindness without 

anatomical improvement during the two months of follow-up (Fig.5). 

 

 

 

 

            

       Fig.5. Anatomical evolution of the ocular surface for the four study groups     

 

Discussion:  

 All groups tested developed a corneal ulcer (Fig. 2). Without stem cell transplantation, 

the ulcer was complicated by a severe limbic deficit and unilateral blindness (Group A) 
14

. 

There was a temporary anatomical improvement, but no improvement in visual acuity for the 

group that received an amniotic cell transplant (Group B). The anatomical and functional 

recovery observed for groups C (limbic stem cells) and D (mixed limbic and amniotic stem 

cells) was so rapid and significant for group D. 

 Various cellular and molecular processes started; first, the caustic agent destroys the 

epithelial cell membranes around the cornea and limbus and the extracellular matrix 

composed of structural proteins (collagen, laminin, and fibronectin) and signaling proteins 

(integrin and metalloproteine). 
15-17

 Two systems are activated, the metalloproteinases that 

break down proteins in the extracellular matrix and the system that converts plasminogen to 

plasmin. Plasmin intervenes in the cleavage of extracellular matrix proteins and activates the 

TGF-b pathway and pro-collagenases.
15,16,18-20

 This hyperactivity leads to the fusion of the 

stroma.
21

 Secretions from the limbic blood vessels, the tear film, or the aqueous humor, inhibit 

the expansion of the lesion into the underlying tissues. 
1,2,5

 

 Underlying cells that escape caustic action modify their cytoskeleton and increase their 

metabolism to produce the various proteins of the cytoskeleton (vinculin, actin, talin, and 

integrin).
 22,23 

Fibronectin, fibrinogen, and fibrin reach the site of damage by limbic blood 

vessels and participate in the reconstitution of a temporary extracellular matrix consisting of 

tenascin, lumican, and laminin, which facilitates the migration of epithelial cells.
24,25

 Laminin 

reduces gene expression in integrin subunits by altering the level of sp1 and sp3 transcription 



 

 

factors, which reduces integrin production and facilitates the detachment of intact epithelial 

cells from the basement membrane. These cells modify their differentiation and proliferation 

properties to regenerate a neo-epithelium 
26,27

. This process is known as vertical renewal and 

requires continuous multiplication and migration of stem cells from the limbus to satisfy the 

need, which becomes impossible if the niche is damaged. 

 The amniotic cells contain epithelial stem cells (ESC) and stromal or mesenchymal 

stem cells (SSC, MSC) 
28

, while the limbic cells contains epithelial stem cells (ESC) and 

mesenchymal stem cells (MSC)
 3,29,30

. After transplantation, only the epithelial cells migrate to 

the recently synthesized fibronectin matrix, 
31,32

 and forme intercellular and matrix contacts as 

a protective barrier. 
10,11,20,21,33

 Reassembly of the hemidesmosomes at the basal pole of the 

limbic epithelial cells facilitates their adhesion to the basement membrane to form a 

temporary corneal epithelium. 
21,33

 

 The limbal graft cell joins the limbus and divides asymmetrically into a small cell that 

remains in the niche (pool renewal) and a large differentiated cell called the transient 

amplifier cell (TAC).  This TAC proliferates and migrates from the limbus to the centre of the 

cornea.
4,11-13

 This explains the permanent renewal provided by limbal stem cell 

transplantation. 

 Studies on laboratory animals describe the beneficial effect of MSCs on corneal 

healing after the application of their conditioned medium or after their implantation in injured 

tissue. 
5,9

 These cells produce growth factors (KGF; HGF; EGF; TGF and bFGF) and 

cytokines that facilitate corneal reepithelialization,
20,31,34,35

 prevent apoptosis of epithelial 

cells,
24,36-38

 promote their differentiation and migration,
12,39

 and enhance their adhesion.
11,40

 

They also have anti-adhesive, antibacterial, and antifungal properties that inhibit microbial 

colonization; 
37

 and anti-angiogenic properties that reduce neo-vascularization and the 

invasion of conjunctival tissue (Ptérygion).
8,24,37,38,41

 Amniotic epithelial cells produce anti-

inflammatory cytokines such as IL-1Ra and IL-10 that block the inflammatory cascade and 

inhibit metalloproteinases.
36,38,41,42

 Finally, these cells have the advantage of not expressing 

histocompatibility antigens and therefore do not cause a rejection reaction.
38,42

 Amniotic 

epithelial and mesenchymal cells can synthesize thrombospondin-1, endostatin, and 

metalloproteinase tissue inhibitors (TIMPs).
15-18,43 

Simultaneous amniotic cell transplantation 

has shown that it can be an important complement to auto or limbal allograft techniques.
31,32,44 

 We discovered a temporary therapeutic result with the amniotic stem cell 

transplantation compared to a synergistic, rapid and permanent result obtained with the 

combined amniotic and limbal stem cell transplant, thanks to the supportive effect of amniotic 

stem cells and the regenerative effect of limbal stem cells.  



 

 

 This therapeutic alternative has successfully repaired the caustic corneal burn and 

restored the limbic deficit. In humans, it will replace and surpass the various therapies used in 

this sense, as it is technically fast, inexpensive, and with a short time of recovery. 

   

Acknowledgments:  

 The authors would like to thank all the people who participated directly or indirectly in 

the realization of this work, more precisely the team of Professor " Azeddine IBRAHIMI." 

and the team of Professor " Gamal Tawfiq.", as well as the other teams from the different 

departments of the Faculty of Medicine and Pharmacy of Rabat. 

 

References:  

1. Tsubota K, Tseng SCG, Nordlund ML. Anatomy and Physiology of the Ocular Surface. 

Ocular Surface Disease Medical and Surgical Management. Springer, New York, NY, 

2002:3–15. 

2. Knop E, Knop N.  Anatomy and Immunology of the Ocular Surface. Immune 

Response and the Eye. Chem Immunol Allergy. Basel, Karger, 2007;92:36–49.  

3. Dua HS, Shanmuganathan VA, Powell‐Richards AO, Tighe PJ, Joseph A.  Limbal 

epithelial crypts: a novel anatomical structure and a putative limbal stem cell niche.  

British Journal of Ophthalmology. 2005;89(5):529–32. 

4. Schermer A, Galvin S, and Sun TT. Differentiation-related expression of a major 64K 

corneal keratin in vivo and in culture suggests limbal location of corneal epithelial 

stem cells. The Journal of cell biology. 1986;103(1):49–62.  

5. Borderie V, Touzeau O, Bourcier T, Laroche L. Physiology of the cornea. EMC-

Ophtalmologie. 2005;2:103–117. 

6. Delmarcelle Y, Collignon-Brach J. Biométrie photographique de l'inclinaison de la 

cornée au limbe chez le sujet normal et dans le glaucome à angle fermé. 

Ophthalmologica. 1973;166:110–119.  

7. Copeland RA, Afshari N.  Copelandand Afshari's Principles and Practice of Cornea. 

2013 - books.google.com. 

8. Shukla IM. Amniotic membrane grafts in corneal ulcer. Indian Journal of 

Ophthalmology 1962;10(3):55–60. 

9. Kim JC, Tseng SC. The effects on inhibition of corneal neovascularization after human 

amniotic membrane transplantation in severely damaged rabbit corneas.  Korean 

Journal of Ophthalmology. 1995;9(1):32–46. 

10. Khodadoust AA, Silverstein AM, Kenyon KR, Dowling JE.  Adhesion of  

https://sci-hub.se/https:/books.google.com/books?hl=fr&lr=&id=5WRrRMbSxbQC&oi=fnd&pg=PR1&dq=Copeland+and+Afshari%27s+Principles+and+Practice+of+Cornea,+Volume+1+De+Robert+A.+Copeland,+Natalie+Afshari&ots=iUn1Qbw5b8&sig=7vDWY9OGNHFDXc4_g-jpJf_kbi0


 

 

regenerating corneal epithelium: the role of basement membrane.  American Journal of 

Ophthalmology. 1968;65(3):339–348. 

11. Davanger M, Evensen A. Role of the pericorneal peripapillary structure in renewal of 

corneal epithelium.  Nature. 1971;229(5286):560–561. 

12. Buck RC. Cell migration in repair of mouse corneal epithelium.  Invest Ophthalmol & 

Visual Science. 1979;18:767–784. 

13. Kruse FE. Stem-cells and corneal epithelial regeneration. Eye. 1994;8(2):170–183. 

14. López‐García JS, Jara RL, García‐Lozano I, Murube J.  Histopathologic  

limbus evolution after alkaline burns. Cornea. 2007;26(9):1043–1048. 

15. Visse R, Nagase H. Matrix metalloproteinases and tissue inhibitors of  

metalloproteinases: structure, function, and biochemistry. Circ Res. 2003;92(8):827–

839. 

16. Yu Q, Stamenkovic I. Cell surface-localized matrix metalloproteinase-9  

proteolytically activates TGF-beta and promotes tumor invasion and  

angiogenesis. Genes & Development. 2000;14(2):163–176. 

17. Fini ME, Cook JR, Mohan R.  Proteolytic mechanisms in corneal ulceration and 

repair.  Archives of Dermatological Research. 1998;290(1):S12–S23. 

18. Zieske J, Hutcheon AE, Guo X, Chung EH, & Joyce NC. TGF-beta receptor types I 

and II are differentially expressed during corneal epithelial wound repair. Invest 

Ophthalmol & Visual Science. 2001;42(7):1465–1471. 

19. Ye HQ, Maeda M, Yu FS, & Azar DT. Differential expression of MT1-MMP (MMP-

14) and collagenase III (MMP-13) genes in normal and wounded rat corneas. Invest 

Ophthalmol & Visual Science. 2000;41(10):2894–2899. 

20. Wilson SE, Mohan Rahul R, Mohan Rajiv R, et al. The corneal wound healing 

response: cytokine-mediated interaction of the epithelium, stroma, and inflammatory 

cells. Progress in Retinal & Eye Research. 2001;20(5):625–637.  

21. Wilson SE, Liu JJ, & Mohan RR. Stromal-epithelial interactions in the cornea. 

Progress in Retinal & Eye Research. 1999;18(3):293–309. 

22. Yoon J, Ismail S, & Sherwin T. Limbal stem cells: Central concepts of corneal 

epithelial homeostasis. World journal of stem cells. 2014;6(4):391– 403.  

23. Zieske JD, & Gipson IK. Protein synthesis during corneal epithelial wound healing. 

Invest Ophthalmol & Visual Science. 1986;27(1):1–7.  

24. Agrawal VB, Tsai RJ. Corneal epithelial wound healing. Indian journal of  

Ophthalmology. 2003;51(1):5–15. 

https://sci-hub.se/https:/www.nature.com/articles/eye199442
http://www.ijo.in/searchresult.asp?search=&author=Vinay+B+Agrawal&journal=Y&but_search=Search&entries=10&pg=1&s=0
http://www.ijo.in/searchresult.asp?search=&author=Ray+J+Tsai&journal=Y&but_search=Search&entries=10&pg=1&s=0


 

 

25. Zieske JD. Extracellular matrix and wound healing. Curr Opin Ophthalmol. 

2001;12(4):237–241. 

27. Gaudreault M, Carrier P, Larouche K, et al. Influence of sp1/sp3 expression on corneal 

epithelial cells proliferation and differentiation properties in reconstructed tissues. 

Investigative ophthalmology & visual science. 2003;44(4):1447–1457.  

28. Gaudreault M, Vigneault F, Leclerc S, & Guerin SL. Laminin reduces expression of 

the human alpha6 integrin subunit gene by altering the level of the transcription 

factors Sp1 and Sp3. Invest Ophthalmol & Visual Science. 2007;48(8):3490–3505.  

29. Roubelakis MG, Bitsika V, Zagoura D, et al. In vitro and in vivo properties of distinct 

populations of amniotic fluid mesenchymal progenitor cells. Journal of Cellular and 

Molecular Medecine. 2011;15(9)1896–1913.  

30. Reinshagen H, Auw-Haedrich C, Sorg RV, et al. Corneal surface reconstruction using 

adult mesenchymal stem cells in experimental limbal  

stem cell deficiency in rabbits. Acta Ophthalmol. 2011;89(8):741–748. 

31. Choong PF, Mok PL, Cheong SK, et al. Mesenchymal stromal cell-like characteristics 

of corneal keratocytes. Cytotherapy. 2007;9(3):252–258. 

32. Koizumi N, Inatomi T, Quantock AJ, et al. Amniotic membrane as a substrate for 

cultivating limbal corneal epithelial cells for autologous transplantation in rabbits.  

Cornea. 2000;19(1):65–71. 

33. Avila M, España M, Moreno C, Peña C. Reconstruction of ocular surface with 

heterologous limbal epithelium and amniotic membrane in a rabbit model. 

Cornea.2001;20(4):414–420. 

34. Suzuki K, Saito J, Yanai R, et al. Cell-matrix and cell-cell interactions during corneal 

epithelial wound healing. Prog Retin Eye Res. 2003;22(2):113–133. 

35. Yu FS, Yin J, Xu K, & Huang J. Growth factors and corneal epithelial wound healing. 

Brain Res Bull. 2010;81(2-3):229–235.  

36. Koizumi NJ, Inatomi TJ, Sotozono CJ, et al. Growth factor mRNA and protein in 

preserved human amniotic membrane. Current Eye Research. 2000; 20(3):173–177. 

37. Shimmura S, Shimazaki J, Ohashi Y, Tsubota K.  Anti‐inflammatory effects of  

amniotic membrane transplantation in ocular surface disorders. Cornea. 

2001;20(4):408–413. 

38. Hori J, Wang M, Kamiya K, Takahashi H, Sakuragawa N. Immunological  

characteristics of amniotic epithelium. Cornea. 2006;25:S53–S58. 



 

 

39. Li H, Niederkorn JY, Neelam S, et al. Immunosuppressive factors secreted by human 

amniotic epithelial cells. Investigative Ophthalmology and Visual Science. 

2005;46(3):900–907. 

40. Hanna C. Proliferation and migration of epithelial cells during corneal wound repair in 

the rabbit and the rat. Am J Ophthalmol. 1966;61(1):55–63. 

41. Tseng SC, Espana EM, Kawakita T, et al.  How does amniotic membrane work?  

Ocular Surface. 2004;2(3):177–187. 

42. Hao Y, Ma DH, Hwang DG, Kim WS, Zhang F.  Identification of anti‐angiogenic and 

anti‐inflammatory proteins in human amniotic membrane. Cornea. 2000; 19(3):348–

352. 

43. Kenyon KR. Limbal autograft transplantation for chemical and thermal burns.   New 

Microsurgical Concepts II. 1989, vol 18, pp 53-58. 

44. Kim JS, Kim JC, Na BK, Jeong JM, Song CY.  Amniotic membrane patching  

promotes healing and inhibits proteinase activity on wound healing following acute 

corneal alkali burn.  Experimental Eye Research. 2000;70(3):329–337. 

 

https://iovs.arvojournals.org/solr/searchresults.aspx?author=Jerry+Y.+Niederkorn
https://iovs.arvojournals.org/solr/searchresults.aspx?author=Sudha+Neelam

