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I. Resumo  

A cegueira da córnea é uma doença bastante comum a nível mundial, razão pela qual é necessário 

melhorar e desenvolver novos tratamentos. Observou-se que a estirpe de ratinho BC11 Tomato 

apresenta uma variação na intensidade de fluorescência na superfície da córnea. Estudos dessa 

variação, quando aplicadas diferentes forças, tornam esta estirpe um bom modelo para o estudo das 

propriedades biomecânicas da córnea.  

Neste projeto foi testada e otimizada uma cultura organotípica para olhos de ratinhos, para posterior 

uso em estudos das propriedades biomecânicas. Para avaliar o estado de conservação dos olhos em 

cultura, colorações de histologia e de imunos aos antigenes Pax6 e Ki67 foram realizados. Após 11 

dias em cultura, o epitélio da córnea continuava a ter células basais e os marcadores de proliferação 

celular (Ki67) e de homeostasia da córnea (PAX6) foram positivos, ou seja, as células continuavam em 

proliferação após esse período. Demonstrou-se assim que é possível manter os olhos em condições 

semelhantes às in vivo, pelo menos, durante 11 dias, o que pode ser bastante útil para estudos da 

biomecânica dos olhos assim como dinâmica celular.  

 

Palavras-chave: Córnea; epitélio da córnea; cultura organotípica; padrão de riscas  
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II. Abstract 
 

Corneal blindness is a common disease of serious concern worldwide, reason why it is very 

important to develop and improve new therapies. Observations of the flat mounted cornea of BC11 

tomato mice revealed different fluorescence intensities throughout the cornea, resembling stripes, which 

makes this mouse strain a good model for the study of biomechanical properties of the cornea, by 

analysing changes on this pattern when forces are applied. 

During this project, an organotypic culture for the murine eyes was tested and optimized to study 

the eyes biomechanics. To assess the eyes viability, histological staining and immunohistochemistry 

against Pax6 and Ki67 were done.  After 11 days in culture, the cornea epithelium still had basal cells 

and the markers for proliferating cells (Ki67) and cornea homeostasis (Pax6) were present, meaning the 

cells were still proliferating after that period of time. This incubator will allow future studies on corneal 

biomechanics mimicking as maximum as possible the in vivo properties. 

 

Key words: Cornea; Corneal epithelium; Organotypic culture; Stripe pattern   
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1. Introduction 

Corneal blindness is a serious concern worldwide.1 According to the World Health Organization in 

2014, it was estimated there were 39 million people with bilateral blindness and 246 million with severe 

impaired vision in both eyes due to loss of corneal transparency.1;2 The most common causes of corneal 

blindness have been changing during the past 20 years due to an improvement in the public health 

programmes. This led to a decrease of infectious diseases, such as trachoma, onchocerciasis and 

leprosy. Nowadays, the main causes of corneal blindness or visual impairment are uncorrected 

refractive errors (myopia, hyperopia or astigmatism), unoperated cataract and glaucoma (see Figure 1 

and Figure 2), but it differs from country to country. 1; 2 Regarding unilateral blindness, ocular trauma is 

the most common cause (Figure 1 and Figure 2).1  

 

Figure 1 Global causes of Visual Impairment, inclusive of 
blindness, in 2010 3 DR= diabetic retinopathy; CO= Corneal 
opacity; AMD= age related macular degeneration; RE= 
refractive errors  

 

Figure 2 Global causes of blindness in 2010 3 DR= diabetic 
retinopathy; CO= Corneal opacity; AMD= age related 
macular degeneration; RE= refractive errors  
 

Corneal transplantation, known as Keratoplasty, is the most current method used to treat corneal 

blindness. Because of its dependency on a donor, people seek alternative ways, such as biosynthetic 

corneas, gene therapy or stem cells therapies.4 There are three types of keratoplasty: penetrating 

keratoplasty, where the 5 layers of the cornea (see section 1.1.1) are replaced; anterior lamella 

keratoplasty, where only the diseased tissue is replaced and the Descement’s membrane and 

endothelium are kept intact and endothelial keratoplasty, where only the endothelium and the 

Descement’s membrane are replaced.4 The last two, considered as selective lamella keratoplasty, were 

developed to overcome some of the risks associated to the penetrating keratoplasty, for instance poor 

graft survival, endothelial rejection, recurrence of original disease and post-surgical complications. 4 

These techniques have other limitations, such as, the mismatch between the donor and host corneal 

curvature; the donor preparation is time consuming and challenging and the transplantation of the tissue 

in the right orientation is quite difficult, especially in endothelial keratoplasty.4  

Since the development of limbal stem cells theory (see section 1.2.2), ophthalmologists started 

performing autologous (when unilateral damage) or allogenic limbal transplantations for the 
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reconstruction of ocular surfaces, and more recently, they started using ex-vivo cultivated autologous 

mucosal epithelial transplantations. 4;5 

Recently, Majo et. al.6  presented some results suggesting stem cells are also present in the 

cornea, and not only in the limbus. If this is the case, new and more efficient therapeutic techniques can 

be developed to treat patients. Having this in mind, several studies have been done during the past 

years to prove that stem cells’ niche is in the limbus (or not). When trying to label and track these putative 

stem cells, results showed a particular striped patterned cornea7–12.  

To have a better understanding of the corneal biomechanics and properties, one can take 

advantage of this stripe pattern and of an organotypic culture developed previously in this lab.13,14 

Manipulating different biomechanical properties could lead to deformation of the stripe pattern, which 

would help understanding the impact of the biomechanical properties in the corneal homeostasis.  To 

allow this biomechanical studies, the organotypic culture was tested and BC11 Tomato mice were 

chosen for future studies, because they strongly express red fluorescence membrane-proteins in all 

tissues and cells, but even though, they have the stripe pattern in the cornea. 

1.1. The cornea 

The cornea is the transparent anterior segment of the eye and the first element in the eye’s 

optical system. It is responsible for reflecting light onto the retina, protecting the eye from infections, 

mechanical and chemical damage and is responsible for the transmission of 95% of the incident 

raditiation.15,16The anatomic structure of the all eye is depicted in Figure 3.  

 

Figure 3   Eye’s Anatomy17 The eye is the organ 
responsible for animals’ vision and is a very sensitive 
organ. Its main constitutes are: the cornea, 
responsible for refracting the light; the iris; the lens, 
responsible for the bending and focusing of light; 
vitreous and sclera, responsible for the structural 
support of the eye; the retina that translates the light 
into nervous signals;16 the conjunctiva, populated by 
mucin-secreting goblet cells that contribute for the 
maintenance of the tear film in the ocular surface, and 
the limbus, which is the transitional zone between the 
cornea and the conjunctiva.5 

 

  The next sections briefly describe the structure and function of the different layers of the cornea 

and the theories about corneal renewal. 

1.1.1. Structure and function 

The human cornea consists of 5 layers: Corneal epithelium; Bowman’s layer; Stroma; 

Descement’s membrane and Corneal endothelium (see Figure 4).15,18 Another important component in 

the cornea is the tear film with 10μm of thickness, which is spread through blinking. It is responsible for 

the replenishment of the corneal epithelium with nutrients, to facilitate the transport of signalling proteins 

and to protect the cornea against pathogens due to the presence of antimicrobial agents.15 
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Figure 4 Mouse cornea section19 

Corneal epithelium: it is a squamous, stratified epithelium, with, approximately 0.5mm (5-7 

layers) of non-keratinised cell layers. Its main functions are the protection against direct physical trauma, 

pathogens and chemicals and serves as an optical interface.6,15,20,21,22 It is capable of self-regeneration 

within 7-14 days, to keep corneal homeostasis, and after injury.6,15,18 Three types of cells can be 

distinguished: the superficial squamous cells; the wing cells and the basal cells. The squamous cells 

are the most differentiated cells and the basal cells the most primitive. Basal cells are the only ones that 

have been proved to have mitotic activity, reason why it is thought the basal cells give rise to wing cells 

and these to squamous cells. These, are desquamated within a week through the tears.15,22  

Bowman’s membrane: It is acellular and mainly composed of collagen type IV and is 0.2μm 

thick.15 

Stroma: It is an organized and relatively avascular connective tissue, composed mainly of 

collagen type I and V and proteoglycans. It corresponds to 80% of the corneal thickness.15,20 Between 

collagen sheets there are keratinocytes, quiescent fibroblasts, responsible for producing the collagen.15 

Due to its high content in collagen, the stroma is responsible to maintain the shape of the cornea against 

the intra-ocular pressure (IOP) and to resist traumas, contributing for the majority of mechanical strength 

and stiffness of the cornea.15,18 

Descemet’s membrane: It is the collagenous basement membrane of the endothelium.15  

Corneal endothelium: It is a non-regenerative monolayer.15,20 It is responsible for the mass 

transfer of ions from the aqueous humour to the stroma and, in the opposite direction, osmotic transfer 

of water, to keep the cornea relatively dehydrated (it works as a pump).15 

1.2. Corneal epithelium renewal theories  

The process of corneal renewal is still not well understood. For several years, the limbal stem 

cell theory was the state of the art of corneal regeneration and it is consistent with a previous theory, 

Thoft’s XYZ Hypothesis.23,24,25 But in 2008, Majo et. al. published some results that challenged it and 

their new hypothesis for the corneal regeneration was a little bit controversial. 6 
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Stem cells are cells with particular characteristics, namely, the high proliferative capacity, i.e, 

they can self-replicate for long periods without losing their undifferentiated state, and the ability to 

differentiate in many different cell types with specialized functions.26,27 

In the next subchapters is a brief description of these theories.  

1.2.1. Thoft’s X,Y,Z hypothesis  

In 1983, Richard D. Thoft and his colleague Judith Friend developed a theory on corneal 

epithelial maintenance, named as The X, Y, Z Hypothesis, that was accepted until 1986. 23,24,25 As 

known, the cornea is continuously renewed (every 7-14 days), but its total mass doesn’t change, which 

can be translated in a simple mass balance (Equation 1) in the stationary state (the final mass is 

constant).23 The loss of epithelial cells by desquamation through tears (Z) is compensated by cell 

replacement, i.e, equal to the sum of proliferation of cells (X) and cell migration by centripetal movement 

(Y) (see Figure 5). 23 

𝑋 + 𝑌 = 𝑍 Equation 1 

 

 
Figure 5 X, Y, Z hypothesis of corneal epithelial maintenance. X= proliferation of basal cells; Y=centripetal movement of 

cells; Z=cell loss from the surface 23 

 

1.2.2. The limbal stem cell theory 
 

Limbal stem cell theory states that corneal stem cells lie in the narrow transitional zone of the 

ocular surface between the cornea and the conjunctiva, the limbus, and that the cornea homeostasis is 

“maintained by centripetal migration of stem-cell-derived transient amplifying cells”.5 This theory is 

grounded in the fact that limbal basal cells do not express biomarkers of cell differentiation and because 

label retaining cells were identified in the limbus.24,7 Since the slow-cycling characteristic of some cells 

is not necessarily correlated with its proliferative potential, in 1999, Pellegrini, et. al., studied limbal and 

corneal cells proliferative and differentiation capacity through clonal analysis.27 They observed a higher 

proliferative capacity of epithelial cells in the limbus than in the central cornea and most of those 
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proliferative cells were classified as meroclonesa, corroborating the previous idea of stem cells being 

located in the limbal region.27  

1.2.3. Corneal Epithelial stem cells Theory 

Morphological and kinetic data suggested that stem cells of different epithelial tissues (for 

instance, tongue; palatal; palm; sole and trunk skin epithelia) are spread throughout the entire 

epithelium, but, according to the limbal stem cell theory, not in the cornea. 24  So why should cornea be 

different from the other analogous tissues in our body?  Another important question is that, since the 

cornea has a vertical turnover of 7 to 14 days6,15, which means, it is continuously self-renewing, why 

should stem cells migrate from the limbus, instead of having highly proliferating cells on site? Most of 

the data suggesting stem cells niche is in the limbus are focused on results that show limbus has slow-

cycling cells, but for instance, stem cells in the human intestinal crypts divide approximately every 24h 

during normal homeostasis, meaning they aren’t in a quiescence state.27  

Majo and his colleagues 6, made several experiments that raised those questions within 

scientific community. They demonstrated that, after transplantation of labelled limbal cells into the limbal 

area, these cells didn’t participate in the self-maintenance because there was no evidence of cell 

migration. Cell migration only occurred when the cornea was seriously injured.6 The same results were 

obtained when labelled cornea cells were transplanted into the cauterized limbus, suggesting that 

cornea might have stem cells. 6 The grafts were rapidly incorporated and after severe wounds to the 

cornea, cells migrated to restore the cornea within 7 days. 6 

Another experiment that suggested the presence of stem cells in central cornea was the 

transplantation of labelled corneal cells into the central region of the cornea, where there was evidence 

of cell migration from the central cornea to the limbal area. It was also proved that it is possible to do a 

serial transplantation of corneal cells, keeping their proliferative power. Moreover, when conjunctival or 

forniceal wound was made, corneal epithelial cells could adopt either a conjunctival or a corneal 

phenotype depending on the environment, suggesting their oligo potencyb. 6 

To explain these results, these group developed a theory based on the tectonic plate 

phenomena. They suggest some stem cells from corneal and conjunctival tissues migrate to limbus (see 

Figure 6), where they stay in quiescence, and are recruited when the eye homeostasis is compromised, 

resulting in the cell migration from the limbus to the cornea or conjunctiva. 6 

                                                           
aIn 1987 Barrandon, et al., identified 3 types of keratinocytes with different capacities of proliferation: Holoclones 
(have the highest proliferative capacity); Merocolones and Paraclones (lowest proliferative capacity, up to 15 
divisions, and are thought to be the transient amplifying cells) 
b There are different types of stem cell potency: Totipotency (cells that can give rise to the all organism, including 
the blastocyst), pluripotency/oligopotency (cells that can give rise to all types of cell of the organism, of the three 
germ layers, except the blastocyst), multipotency (cells that can differentiate into only a limited range of cell 
types within one germ layer) and unipotency (cells can differentiate in one type of cells). 
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Figure 6 Model of ocular surface renewal. “The combination of blinking, variable stroma elasticity and pressure in 
the eyeball and within the corneal dome-shape (grey arrows) results in opposite forces (white arrows) in the 
conjunctival and corneal epithelia. Besides that, corneal and conjunctival epithelia are continuously expanding in 
opposite directions confronting ate the limbal area.” 6  

1.3. Corneal stripe formation  

Several studies to the murine cornea have been done to corroborate the Limbal Stem Cell theory, 

using lineage tracing and engineered mice expressing ubiquitously a fluorescence protein.7–12 In all 

cases the results showed a curious stripe pattern in the cornea. This was also reported in a rat cornea.18  

Takayuki Nagasaki and Jin Zhao11, when studying the natural movement of corneal epithelial cells 

with transgenic mice expressing ubiquitously green-fluorescence protein (GFP), saw that 1 week after 

the mice birth, the GFP expression became gradually sporadic resulting in the stripe pattern (Figure 7).  

In lineage tracing studies using R26-confetti mice to follow k14+limbal/corneal epithelial cells, there 

was also formation of radial stripes, as can be seen in Figure 8.7 There are other examples of lineage 

tracing where these stripes were reported, for instance, in the work of Dorà et.al.12, they used tamoxifen-

inducible CreER-loxP with adult CAGGG-creER; R26R-lacZ reporter mice, and after 6 weeks the stripe 

pattern started to form. 

 

Figure 7 GFP expression in the corneal epithelium at different 
time-points of flattened corneas. White: GFP-positive.11 

 

Figure 8 Flattened cornea 4 months after tamoxifen 
induction. There is evidence of stripes formation. Scale 
bar: 500 µm.  CFP, cyan Fluorescent protein; GFP, green 

fluorescent protein; RFP, red florescent protein; YFP, 
yellow fluorescent protein. 
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1.4. Organotypic culture system 
 

As mentioned before, it is very important to understand the corneal dynamics at cell level to develop 

more adequate therapies, such as corneal transplants, wound healing and cell therapies. There have 

been in vivo studies of cells dynamics in mouse11 9, but it is difficult to perform live imaging, due to some 

constrains like breathing or movement, and it brings many ethical problems. To overcome these hurdles 

and replace animal models, an organotypic culture system for the eyes was developed at the Laboratory 

of stem cells dynamics at EPFL.13,14 This system was first used to study corneal regeneration through 

the application of lenses with stem cells in suspension in pig and rabbit eyes, and later it was adapted 

to the mouse eyes.13,14 The system can be used for many other purposes as it is presented in this 

project. 

This system consists of a holder, a shaker, the incubator and the culture media. The purpose of the 

holder, built with a biocompatible stainless steel, is to: 

 keep the eye intact, thus its native form (3D structure), so the conditions are as close as 

possible to in vivo conditions;  

 immobilize the eye to avoid eyeball movement or rotation that could damage the 

epithelium; 

 Ensure open access to the whole anterior part of the eye to allow imaging and, in the case 

of that project, manipulation of the cornea with the lenses.13  

 Materials and Methods 

2.1. Animals 

Wild Type mice, sacrificed for other projects, were used for the protocols optimization. To study 

the stripe pattern, BC11 Tomato (Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) mice were used. 

All animals were maintained in a 12 hours light cycle and provided with food and water. They were 

sacrificed by CO2 inhalation.  

2.2. Organotypic culture 

After eyes enucleation, they were disinfected with Hibidil or Betadine. Then, the eyes were rinsed 

in PBS and immobilized in the holder with Agarose 0.4%. The holder was inverted and put in a 35 Petri-

dish, allowing the eyes to be always immersed in medium (cFAD supplemented with 10%FCS), 

providing nutrients and moistening. It is very important that the cornea does not touch the petri dish, 

because it can scratch the epithelium, reason why the height of the holder can be adjustable. 13,14 The 

eyes were incubated at 37ºC and 10% CO2. The Petri dish was put on a shaker (14rpm) so the rocking 

movement of the fluid could mimic the movement of the eyelids and of the tear fluid that usually 

contribute for the desquamation of dead cells and is a source of some shear stress.15,28,29 All these 
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steps, after eye enucleation, were performed under a laminar-flow hood and the medium was changed 

every 2 to 3 days.  

2.3. Flow cytometry and Fluorescence-activated cell 

sorting 

Prior to cell sorting, fresh murine corneal epithelial cells were dissociated. When enucleated, 

the eyes were maintained with cFAD (10%FCS) medium, and the cornea was isolated. To separate the 

corneal epithelium from the stroma, the tissue was transferred to cFAD (10% FCS) complemented with 

Collagen dispase (2mg/mL)30 and DNase I (0.5mg/mL) and incubated for 1h30min at 37ºC. After 

separation, the epithelium was transferred to a solution of Trypsine and EDTA (1:1) for cell dissociation 

at 37ºC. After 1h, an equivalent volume of cFAD was added to stop trypsine action, and the suspension 

was centrifuged 5min at 1300rpm.  Cells were resuspended in HBSS (Hank’s Balanced Salt solution) 

supplemented with 2% FCS (FACS buffer) and cells were counted. To assess cell viability, DAPI was 

added (1:5000) and cells were analysed and sorted with FACS Aria II (BD Bioscience).  

2.4. Hematoxylin and Eosin (H&E) staining  

In the first few months, the Hematoxylin and Eosin (H&E) staining was done manually, but after a 

while the machine TissueTek PrismaTM (Sokura) was used. Prior to H&E staining, paraffin processed 

samples were dewaxed with xylol and then with ethanol (with an increasing percentage of water content/ 

progressive hydration). After H&E, the slides were dehydrated again and dipped in xylene before 

mounting with the coverslip. Samples were visualized under the Microscope Axioskop 2 plus, from Zeiss. 

2.5. Immunohistochemistry  

For immunohistochemistry (IHC), the entire cornea was fixed in 4%Paraformaldehyde (PFA) for 2h 

at room temperature (RT) and then the lens was removed. The tissue was embedded in paraffin (Leica 

ASP200) and 4 μm tissue sections were cut in the Microtome HM 325 (from Microm). Slides were 

dewaxed, heated up to 95ºC during 20min for antigen retrieval, with 10mM trisodium citrate buffer (pH 

6.0), and unspecific sites were blocked with 1%BSA in PBS 1x for 15 min. Tissue sections were 

incubated overnight at 4ºC under agitation with primary antibody that was diluted with the blocking 

solution. After washing (with PBS 1x) and blocking (with 1%BSA), samples were incubated with the 

secondary antibody (Alexa-fluor568 from Abcam; dilution 1/1000) at room temperature for 40min under 

agitation. Nuclear staining was performed with DAPI. The antibodies used are listed in Table 1. Samples 

were visualized under the fluorescence Microscope Axioplan 2 Imagin, from Zeiss. 

Table 1 Antibodies used for Immunohistochemistry 

Antigen Host Provider Location 

Ki67 Rabbit Abcam nucleus 

Pax6 Rabbit Covance nucleus 
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3. Results 

3.1. Study of corneal stripe formation 

Eyes of BC11 Tomato mice were fixed and flat mounted to validate the fact that all labelled mice 

have the corneal stripe pattern. As one can see in Figure 9 and Figure 10, there is indeed a variation in 

the fluorescence intensity throughout all the cornea.   

 
Figure 9 Flat mounted cornea of a BC11 Tomato mouse. 
Red, RFP; blue, Dapi nucelar stainning. Sacle bar 100 μm. 

 
Figure 10 Zoom of a striped region of the flat mounted 
cornea of a BC11 Tomato mouse. Red, RFP; blue, Dapi 
nuclear stain. Scale bar 50μm. 

 

Because fixation with 4%PFA can inactivate the natural fluorescence of proteins, due to the 

cross-linking between proteins, another fixation method was tested.31  One eye of a 49 weeks old mouse 

was fixed with the standard procedure and the other was fixed in pre-chilled 95% Ethanol for 22h at 4ºC 

(Figure 11 and Figure 12).31 To compare, both eyes were analysed with a fluorescence microscope and 

the same time exposure, 663.9ms, was tested to see if there is any changes in the proteins fluorescence 

intensity with the fixation method. As one can see in Figure 11 and Figure 12, the natural fluorescence 

of the proteins is much more preserved when the tissue is fixed with 95% Ethanol instead of 4% PFA 

(there is an overexposure in the cornea fixed with 95% Ethanol). After, the time of exposure was 

decreased and the fluorescence intensity was evaluated in all cornea surface (Figure 13). As expected, 

there was still evidence of different fluorescence intensities, meaning the stripe pattern is not a 

consequence of the fixation method used, but due to a natural phenomenon.  
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Figure 11 Section of flattened cornea fixed with 4%PFA. 
Red, RFP; Blue, Dapi nuclear staining. Scale bar 100 μm. 
Exposure of red fluorescence of 663.9ms 

 

Figure 12 Section of flattened cornea fixed with 
95%Ethanol. Red, RFP; Blue, Dapi nuclear staining. Scale bar 
100 μm. Exposure of red fluorescence of 663.9ms 

 

 

Figure 13 Section of flattened cornea fixed with 
95%Ethanol. Red, RFP; blue, Dapi nuclear satining. Scale bar 
100μm. Exposure of red fluorescence of 182.7ms 

 

 

3.2. Development and optimization of a protocol for corneal 

epithelial cell dissociation and Flow cytometry  

The next step on this project was the development and optimization of a protocol to dissociate 

the corneal epithelial cells, to sort them according to the different fluorescence intensity. In some 

conditions, collagen dispase (2mg/mL), diluted in HBSS (10%FCS), was used to separate the epithelium 

from the stroma, during 1h30.30 DNAse (0,5mg/mL) was also added, to degrade the DNA released by 

the cells, when under stress. After separating the epithelium from the stroma, the epithelium was put in 

a solution of 50% tripsine-50% EDTA for cell dissociation, for different periods of time. After, an equal 

volume of HBSS was added to stop tripsine action; cells were centrifuged; resuspended and counted 

(Figure 14). In the beginning, only 4 conditions were tested (tripsine 2h and tripsine 3h, with or without 

dispase) but, because it seemed to be very aggressive for cells (there was a high number of dead cells), 
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shorter times with tripsine were tested. Those were tested only when dispase was used, because there 

was always a lower number of cells when it wasn’t used (Figure 14). In total, 6 conditions were tested.  

Analysing Figure 14 one can conclude, keeping in mind that tripsine is very aggressive for cells, 

the best condition to obtain the highest number of cells, without having many dead cells, is using dispase 

during 1h30min and tripsine during 1h.  

 

Figure 14 Number of corneal epithelial cells obtained after cell dissociation. (The inconsistent values were discarded)  

 

The next step was to apply the chosen protocol to the fluorescent eyes and see if there was 

enough cells for the cell sorting. To determine the maximum threshold for living cells (approximately, 

4×104 of DAPI), a sample with wild type (wt) cells and no nuclear staining was used (Figure 15).   

 

Figure 15 Identification of living WT cells, and set up of maximum threshold for living cells.   
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Unfortunately, there was a relative high number of dead cells (identified with nuclear DAPI 

staining), which were discarded, meaning the dissociation process was still harmful for the cells (see 

Figure 16 and Figure 17). 

 

Figure 16 Identification of dead (blue) and living cells 
(purple) according to nuclear DAPI staining intensity. 

 

Figure 17 Selection and distinction between fluorescent 
(purple) and non-fluorescent cells (green), discarding dead 
cells (blue) 

 

To improve cell viability, instead of using HBSS (supplemented with 10%FCS), the medium 

cFAD (10%FCS) was used and the results obtained are present in Figure 18.  

 

Figure 18 Number of corneal epithelial cells obtained after cell dissociation for dispase 1h30+ 1h tripsine with HBSS or 
cFAD (10%FCS)  

 

Because the number of cells obtained is quite similar and the error bars overlap, conclusions 

cannot be taken about different cell isolation protocols. The best way to assess cell viability is through 

nuclear Dapi staining, so this new condition was used to dissociate corneal epithelial cells of tdTomato 

mice and samples were analysed by flow cytometry (Figure 19 and Figure 20).  
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Figure 19 Identification of dead (blue) and living cells (red) 
according to DAPI staining intensity. (sample 1) 

 

Figure 20 Identification of dead (blue) and living cells (red) 
according to DAPI staining intensity. (sample 2) 

 

Comparing Figure 19 and Figure 20 with Figure 16, it is clear the number of living cells is much 

higher (higher number of dots under 105 of Dapi). This means that using cFAD medium during the 

dissociation process is less aggressive for cells than using only a salt solution (HBSS). 

3.3. Flow cytometry and Fluorescence-activated cell 

sorting 

After cell dissociation, living cells were sorted by different fluorescence intensities. Before, 

samples were analysed through flow cytometry and compared with a wild-type, non-fluorescent sample, 

(Figure 21 and Figure 22), to determine the minimum threshold for the red fluorescence intensity (103) 

and sorting parameters.  

 

Figure 21 Histogram of number of cells and their fluorescence 
(WT sample). The minimum threshold for red fluorescence 
would be from 103. 

 
 

Figure 22 Characterization of non-fluorescent cells. 

 

 As shown in Figure 23 and Figure 24, the number of non-fluorescent cells is approximately 

zero, as expected. Two groups of cells, with different fluorescence intensities, can be distinguished, 

especially in the first sample (Figure 23), reason why cells were sorted for two different groups, Tomato 
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+ and Tomato ++ (Figure 25 and Figure 26). Tomato + cells have a fluorescence intensity between 103 

and 3 × 104 and the Tomato ++ between 5 × 104 and 105. The number of cells sorted for each group, 

per sample, are listed in Table 2.  

 

Figure 23 Histogram of number of cells plotted against 
their fluorescence intensity (sample 1). Two peaks of cells 
with different fluorescence intensities were distinguished 
(red and purple rectangles).  

 

Figure 24 Histogram of number of cells plotted aganist their 
fluorescence intensity (sample 2). Two groups of cells with 
different fluorescence intensities were distinguished (red 
and purple rectangles). 

 

 

Figure 25 Characterization of two sorted populations 
according to their fluorescent intensity: Tomato + (red) and 
Tomato ++ (purple). (Sample 1) 

 

Figure 26 Characterization of two sorted populations 
according to their fluorescent intensity: Tomato + (red) and 
Tomato ++ (purple). (Sample 2) 

 

Table 2 Number of cells sorted in each population 

 Sample 1 Sample 2 

Tomato + 20 977 17 485 

Tomato ++ 3 708 1 718 

 

3.4. Organotypic culture  

To anticipate the following steps of this project, the study of biomechanical properties of the eyes in 

ex-vivo, an organotypic culture for the murine eyes was tested and optimized. In the beginning, the 

rocking speed used was about 24 rpm, but after 3 days in the incubator the corneal epithelium was 

seriously damaged, there was no epithelium left in the cornea (data not shown). In order to improve the 
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epithelium viability, the speed of rocking movement was decreased to 14 rpm and the goal was 

achieved, the eye could be maintained in the incubator for 11 days. Histology observations of the eyes 

were done every day, since time zero, until 16 days in the incubator, to evaluate the progression of the 

epithelium viability. 

 In Figure 27 and Figure 28, the structure of the corneal epithelium before incubation (fresh eye) can 

be observed. The stroma is not intact due to manipulation during embedding and cutting, but the 

epithelium is and one can distinguish the different layers, basal cells (more round), wing cells (more 

flat), and squamous cells (layer of dead cells). Figure 29 and Figure 30 show the structure of the corneal 

epithelium after 1 week in the incubator and Figure 31 and Figure 32 after 11days in the incubator. After 

1 week the cornea seems very healthy, one can distinguish very well the most primitive cells of the 

epithelium, basal cells, and it is homogeneous throughout all cornea surface. On top of the basal cells 

there are more differentiated cells that can be squamous cells or wing cells. After 11 days of incubation 

the epithelium is thinner, it only has one layer of cells that might be basal cells and wing cells (more 

differentiated), because there are some cells more round and other more flat.  After 16 days in the 

incubator, there is no epithelium, only some cells in some areas of the cornea surface (data not shown).  

 

Figure 27 H&E staining of a murine fresh eye. Scale bar: 
100µm 

 

Figure 28 H&E staining of a zoomed section of the murine 
fresh eye. Scale bar: 100µm 
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Figure 29 H&E staining of a murine eye after 1 week in the 
incubator. Scale bar: 100µm 

 

Figure 30 H&E staining of a zoomed section of a murine eye 
after 1 week in the incubator. Scale bar: 100µm 

 

 

Figure 31 H&E staining of a murine eye after 11 days in the 
incubator. Scale bar: 100µm 

 

Figure 32 H&E staining of a zoomed section of a murine eye 
after 11 days in the incubator. Scale bar: 100µm 

 

To be more accurate when evaluating the corneal epithelium viability, immunostaining was also 

done. When targeting specific markers, it is possible to conjecture if after 11 days the epithelia cells are 

the same as in the beginning of the incubation and just differentiated during that period of time, or if the 

cornea keeps its dynamic state of self-renovation. For that, the target antigens were Pax6, which is a 

regulatory gene required for the eye development and corneal morphogenesis and homeostasis32; and 

ki67, a marker of cell proliferation at the time the mouse was sacrificed. It would also be important to 

target markers of differentiation (k3/k12)33,34, but unfortunately the immunostaining didn’t work in the 

conditions used for the embedding (data not shown). 

As can be seen in Figure 33, the fresh murine eye have some proliferating cells (red) in the basal 

layer of the epithelium, as expected. In Figure 34, it is possible to see the presence of a relative high 

number of cells, in all layers, responsible for corneal homeostasis (red cells).  
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Figure 33 Immunostaining against Ki67 in the murine fresh 
eye. Red, Ki67 labelled cells; Blue, Dapi nuclear staining. 
Scale bar: 100 µm 

 

Figure 34 Immunostaining against Pax6 in the murine fresh 
eye. Red, Pax6 labelled cells; Blue, Dapi nuclear staining. 
Scale bar: 100 µm 

 

 

Figure 35 Immunostaining against Ki67 in the murine eye, 
after one week in the incubator. Red, Ki67 labelled cells; 
Blue, Dapi nuclear staining. Scale bar: 100 µm 

 

Figure 36 Immunostaining against Pax6 in the murine eye, 
after one week in the incubator (cornea periphery). Red, 
Pax6 labelled cells; Blue, Dapi nuclear staining. Scale bar: 
100 µm 

 

As expected, throughout time the relative number of cells labelled for ki67 and Pax6 decreased 

(Figure 35, Figure 36, Figure 37 and Figure 38), but after 11 days they are still present, meaning the 

cornea maintained a dynamic state of self-renewal and homeostasis, even if the self-renewal rate 

decreases during time.  

Basal cells 
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Figure 37 Immunostaining against Ki67 in the murine eye, 
after 11 days in the incubator. Red, Ki67 labelled cells; Blue, 
Dapi nuclear staining. Scale bar: 100 µm 

 

Figure 38 Immunostaining against Pax6 in the murine eye, 
after 11 days in the incubator (cornea periphery). Red, Pax6 
labelled cells; Blue, Dapi nuclear staining. Scale bar: 100 µm 
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4. Discussion and Perspectives 
 

4.1. Study of corneal stripe formation  

One of the goals of this project was the study of the corneal stripe pattern formation. For that the 

BC11 Tomato mice were used, because they express ubiquitously a red-fluorescent protein, RFP, in 

the cellular membrane, but there is still evidence of the stripe pattern. To eliminate the possibility of the 

stripe pattern being a consequence of the current fixing process, a new technique was tested. 

Comparing the results, there is indeed a higher conservation of the natural fluorescence of the proteins 

when the tissue is fixed with 95% Ethanol than when with 4% PFA, but the stripe pattern was still present, 

meaning it occurs naturally (Figure 11, Figure 12 and Figure 13). 

A final validation test was cell analysis and sorting, to know quantitatively if there was indeed 

differences in fluorescence intensity throughout corneal surface, taking advantage of proteins natural 

fluorescence.  Prior to the cell sorting, the tissue had to be digested in order to dissociate the cells. The 

protocol was developed and optimized having in mind that the final goal was to have the maximum 

dissociated cells and a high number of living cells, reason why shorter times with trypsin were chosen. 

Because trypsin is very destructive for cells, other enzymes could be tested in the future, for instance 

the papain, which has similar action to trypsin but is less aggressive.35  

After cell dissociation, cells were analysed and sorted in a FACS machine. As expected, it was 

possible to sort the cells into two different groups of different fluorescence intensities, meaning that the 

stripe pattern is definitely a natural occurrence, and not a result of the fixation procedures. The number 

of sorted cells was relatively low, because the number of dead cells was still relatively high, which means 

the dissociation protocol should be improved. But, even though the cell quantity was low, it was enough 

to do a RNA or DNA extraction for genetic studies or even cell culture. 

For future Biomechanical studies of the eyes, these mouse strain would be used with the 

organotypic culture that has been tested. 

It is known that a cell microenvironment is very complex, cells receive many different types of 

stimuli, namely soluble factors, cell-cells interaction signals and cell-matrix interactions signals. In 2006, 

Engle et al, demonstrated for the first time, with mesenchymal stem cells, that the stiffness of the tissues 

influences the stem cell fate.36,28 Later, Moers et al. showed that corneal Keratinocytes differentiation 

also depend on the tissue elasticity, emphasizing the importance of biomechanics in tissue 

homeostasis.28,37 Materials stiffness can be assessed by the determination of its Young’s modulus, also 

known as elastic modulus, E. It is defined as the fraction between the stress applied to the material 

(force (F) per unit area (A), N/m2, i.e. Pa) and the strain (ratio of deformation (ΔL) over initial length (L0)), 

see Equation 2.38This parameter is only constant when the material has a linear elastic behaviour, which 

usually occurs for low stresses. 38 

𝐸 =
𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑎𝑖𝑛
=

𝐹/𝐴0
∆𝐿/𝐿0

 Equation 2 



22 

 

An elastic material is deformed reversely when a force is applied. Lower the deformation of the 

material, with increasing force applied, means the material is stiffer, so higher the Young’s modulus, 

higher the material stiffness.39  

The cornea has a non-linear elastic behaviour, so its Young’s modulus have to be defined as a 

function of load. Studies have shown that Young’s modulus of the cornea increases with increasing 

stress and it varies directionally and regionally due to the different collagen fibrils arrangement (see 

Figure 39). 20,39Since the tissue hydration, loading conditions and experimental techniques influence the 

elastic behaviour, the reported values of Young’s modulus of the cornea aren’t consistent. 38,39   

 

Figure 39 Orientation of collagen fibrils in the 

cornea. In the limbal area they are oriented 

circumferentially due to interweaving between 

corneal stromal lamellae and scleral collagens, 

which is thought to be the reason for an increased 

thickening in this region, in the human eye.39 

Moers et. al.37 and Jones et.al.40, showed that, when cultured in materials with higher E, i.e. 

more stiff, the corneal epithelial cells expressed markers of later differentiation, but with materials with 

lower E, they expressed early differentiation markers (K19).  

As said before, real values for E are still unknown, but mathematical modelling predicted it varies 

directly with Intra-ocular Pressure (IOP), i.e, cornea is stiffer for higher levels of IOP. 39  

Ocular rigidity coefficient is also dependent on IOP. Ocular rigidity coefficient (mmHg/μL) is a 

measurable physical parameter of the eye that expresses the relationship between pressure and volume 

changes in the eye during a volumetric distension. In other words, it translates the elastic and stiffness 

properties of the eye globe.38,41–43 It was verified that ocular rigidity increases non-linearly with 

intraocular Pressure (IOP), age, arterial pressure and ocular blood volume. 38,41–43 

Another biomechanical factor proven to be very important in cells fate is the shear stress.28 In 

2014, Kang et. al.29 mimicked the shear stress induced by the eye lids and tear flow by testing 

intermittent and non-intermittent flows in a bioreactor, when trying to expand the LSC. Briefly, the results 

showed that intermittent shear flow induced cells differentiation, while constant flow helped maintaining 

the stem cells properties.29  

The shape of the cornea and of the all eye, has also an impact in the mechanical forces ruling 

in the cornea. The cornea has a dome shape, whose curvature is reversed at the limbus. This has a 

significant impact in the organization of the collagen fibrils as shown in Figure 39. Another component 

that might have an impact on collagen structure is the existence of four external muscles acting in the 

corneal connective tissue. Finally, the corneal thickness is not homogenous (in the human it increases 
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from the centre to the periphery and in the mouse is the opposite way), which might have an impact in 

the organization and tissue biomechanics. In Figure 40 is a scheme with the major forces in cornea.18,20  

   

Figure 40 Major Corneal loading forces (steady state)44  

In previous papers, people observed that epithelial cells migrate as a sheet by contraction, as 

an actomyosin purse string, towards a wound in order to close it.  In the paper of Selman Sakar45, they 

saw that, when in the heeling process of wounds in fibrous tissues, closure is driven by cellular 

contractility rather than proliferation, like in epithelial tissues. But, unlikely epithelial cells, they observed 

that fibroblasts follow non-correlated trajectories. After injuring the tissue, the wound becomes 

circular/oval and the far fibroblasts migrated radially while the close-by fibroblasts migrated tangentially 

to the wound. This can be compared with the stripes in the cornea. In the centre, there is a hurricane-

like pattern and far from the centre there is a radial pattern18. This could be translated in cell migration 

from central cornea to limbus (or oriented mitosis), because the central cornea is under several forces 

due to its dome shape (intraocular pressure (IOP) and intralamellar cohesive forces (ILCF), for instance). 

These forces could pull the cells in the limbal direction. A reason that could explain cell migration could 

be the fact that cornea is completely regenerated in 7-14 days, meaning cells are continuously 

proliferating, so the increasing number of cells would spread throughout the corneal surface until the 

endpoint, the limbus. 

Assuming cells migrate radially (or have a radial mitosis) and the corneal stem cell theory is 

verified (stem cells are present in the central corneal), because of the dome shape, cells accumulate in 

the limbus. This, a probable decrease of internal forces from the central cornea to the edge and the 

decrease in the thickness and stiffness (in mouse eyes) could explain why the stripes broaden when 

closer to the limbal area.10   

Most of the biomechanical tests to determine the cornea mechanical properties, like 

extensiometry, cannot be done in vivo because they damage the eye, so they must be executed in ex-

vivo. Usually, the ex-vivo experiments don’t mimic very well the natural conditions of the tissue/organ 

under study leading to different and non-accurate results. But, with the organotypic tested during this 

project, it is possible to do ex-vivo experiments while maintaining the natural properties of the eyes. With 

this system one can, for example, execute cells dynamic studies and determine patterns of cell migration 
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because real-time and time laps imaging are possible.14 For biomechanical studies, it is also possible 

to integrate an atomic force microscope, AFM.  

The Atomic force microscopy has the ability to measure mechanical properties like the elastic 

modulus (E) of a surface, locally and variations across the sample surface, in their physiological 

conditions.46 It is important to know that the AFM measures the E under compression, so it is different 

from other techniques.46 

The AFM can be combined with various optical and spectroscopic techniques, such as the 

fluorescence life time imaging. Integrating this two, one can study the cell dynamics changes in real 

time, caused by mechanical stimuli.46 Andrea Trache and Gerald A. Meninger47 developed  an hybrid 

imaging system called Nanofluor microscope, where they integrated the AFM with TIRF (total internal 

reflection fluorescence); the FRET (forster resonance energy transfer) and the IRM (interference 

reflection microscopy), to study functional interactions between cells of the vasculature with the 

extracellular matrix. This system could be improved for organs applications and integrated with the 

organotypic culture system tested.     

4.2. Organotypic culture 

The organotypic culture was tested up to 16 days with WT mouse eyes. As presented in section 

2.2, it was possible to maintain the eyes with good physiological conditions up to 11 days, because there 

was evidence of proliferating cells (Ki67 marker) and cells responsible for corneal homeostasis (Pax6 

marker).  

For short-term studies, the current conditions used are adequate, but for long-term studies, the 

system can be further optimized by testing other shaking speeds and test a culture medium specific for 

mouse cells (more expensive).  

As said before, this system can be used for biomechanical tests, incorporating the AFM, and for 

live-imaging. The organotypic culture integrated with the BC11 Tomato mouse eyes allows a broad 

variety of studies, like cell dynamics and biomechanical studies. Because it is possible to do live-imaging 

in real-time or time-lapse and because the tomato mouse has a really strong fluorescence intensity, one 

could focus on a single cell and see its spatial evolution throughout time. Associating this with 

mechanical stimuli, by compressing or stretching the eye, for instance, it is possible to study the cell 

kinetics changes in real time, focusing in a single cell or on the stripe pattern.  

Another promising application for the organotypic culture is the study of corneal cell kinetics 

using, for example, Fucci mice. Fucci cells allow the distinction between the G1 and S/G2/M phases 

through the expression of different colours in the different phases.48–50 The Fucci technology was 

developed by Sakaue-Sawano et.al.50, and relies on the fluorescence ubiquitylation-based cell cycle 

indicator (Fucci), to visualize the cell cycle in living cells. 48,50 Usually, the phase G1 phase is 

characterized by the orange/red colour and the S/G2/M phases by the green colour.  
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Taking advantage of these transgenic mice, one could use their eyes in the organotypic culture 

tested and study the cell kinetics in real time through live imaging. An additional application would be 

the study of the mechanical properties of the cornea. By submitting the Fucci mouse eyes to different 

forces, is possible to see in real time the influences on the cell cycle of the cornea. In  2012, Roccio 

et.al49 reported, using the Fucci technology, different times in G1 phase according to the cell 

differentiated state (more differentiated more time in the G1 phase).49 This knowledge could be 

transposed to corneal epithelial cells and correlate the mechanical stimuli with changes in cells 

differentiation.  
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