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Cornea, the anterior part of the eye, is transparent but can become opaque resulting in blindness, a major concern 

worldwide. It is covered with an epithelium that is constantly renewed by stem cells. The location of stem cells is still 

debated, some think that they are only at the limbus (the junction of the cornea and the conjunctiva) while others oppose 

that they are located throughout the ocular surface. The maintenance of the corneal epithelium was studied using wild 

type or transgenic tdTomato mice. Whole eyeballs were dissected from wild type mice and cultured in a mini-incubator 

previously developed in the Barrandon laboratory. The viability and renewal of the corneal epithelium were assessed 

by histology and by the expression of keratins krt3/krt12 and of the transcription factor Pax6. Proliferation was evaluated 

by the expression of the nuclear protein Ki67. After 11 days in culture, Pax6+ proliferating basal cells were observed 

throughout the entire cornea. Corneas of adult tdTomato mice were microdissected and examined under fluorescent 

microscopy. A stripe pattern was systematically observed despite supposedly ubiquitous expression of the tdTomato 

reporter gene. tdTomato corneas were then enzymatically dissociated and the fluorescent cells FACS sorted. Different 

subpopulations of corneal cells differing by their fluorescent intensity were observed. This work opens new avenues to 

investigate corneal renewal.  
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Introduction 

   Corneal blindness is a serious concern worldwide.1 

According to the World Health Organization in 2014, it 

was estimated that 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 Currently, the main causes of corneal 

blindness or visual impairment are uncorrected 

refractive errors (myopia, hyperopia or astigmatism), 

unoperated cataract and glaucoma, but it differs from 

country to country. 1; 2 

   Cornea is the transparent anterior segment of the eye 

and the first element in the eye’s optical system. 3,4  It is 

covered with an epithelium that is continuously renewed 

within 7-14 days by stem cells. 3,5,6 The prevailing theory 

on cornea renewal is that corneal stem cells are located 

only in the limbus, junction between the conjunctiva and 

the cornea, and stem-cell derived transient amplifying 

cells migrate centripetally to the cornea surface to 

promote corneal maintenance (see Figure 1). 6,7 

 

Figure 1 a) Mouse eye Anatomy. The limbus is the interface between 
the cornea and the conjunctiva. b) The Limbal stem cell theory is 
shown. “The cornea does not contain stem cells and is renewed by 
transient amplifying cells (purple) generated by limbal stem cells (red) 
dividing asymmetrically. Transient amplifying cells then migrate 
centripetally to the central cornea while renewing the corneal 
epithelium.”  Scale bar 50 µm. (from Majo. et.al. 2008) 6 

   Recently, Majo et. al.6  presented some results 

showing stem cells are present not only in the limbus 

but also in the cornea. 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 localize stem cells’ 

niche. When trying to label and track these putative 
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stem cells, results showed a particular striped patterned 

cornea8–13.  

   To have a better understanding of the corneal  

maintenance properties, one can take advantage of this 

stripe pattern and of the organotypic culture developed 

previously in Barrandon’s laboratory (not 

published).14,15  

 

Figure 2 Top-view of the mini-incubator. The holder has several holes 
with different diameters, to allow the immobilization of mouse eyes of 
different dimensions.15 

   The mini-incubator (Figure 2) was optimized by 

manipulating the rocking speed, the cornea viability was 

assessed by histology and studies to the expression of 

the transcription factor Pax6.The proliferating properties 

were studied through the evaluation of the Ki67 

expression.  Studies to the intriguing stripe pattern were 

also started using tdTomato mice, because, 

theoretically, it expresses ubiquitously the red 

fluorescence protein in all tissues.  

Materials and Methods 

Mice 

   Wild Type mice, sacrificed for other projects, were 

used for the protocols optimization. To study the stripe 

pattern, BC11 tdTomato (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.  

Organotypic Culture 

   Upon enucleation, the eyes were disinfected with 

Hibidil or Betadine, 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. The eyes 

were incubated at 37ºC and 10% CO2 and the Petri dish 

was put on a shaker (14rpm). All these steps, after eye 

enucleation, were performed under a laminar-flow hood 

and the medium was changed every 2 to 3 days. 

Hematoxylin and Eosin (H&E) staining 

   The Hematoxylin and Eosin (H&E) staining was done 

manually in the beginning and after a while the machine 

TissueTek PrismaTM (Sokura) was used. Samples were 

visualized under the Microscope Axioskop 2 plus, from 

Zeiss. 

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 

were Ki67 (Abcam), Pax6 (Covance) Krt3 (Milipore 

Chemicon) and krt12 (Acris Antibodies). Samples were 

visualized under the fluorescence Microscope Axioplan 

2 Imagin, from Zeiss. 

Flow cytometry and Fluorescence-activated cell sorting 

   Prior to cell sorting, fresh murine corneal epithelial 

cells were enzymatically 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)16 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 
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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). 

Results  

Organotypic culture 

   To study corneal homeostasis maintenance, an 

organotypic culture for the murine eyes was optimized. 

In the beginning, the rocking speed used was about 

24rpm, 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 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, to evaluate the 

progression of the epithelium integrity. 

   In Figure 3 a, 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 3 b illustrates the structure of the 

corneal epithelium after 11 days in the incubator. The 

epithelium is thinner, it only has one layer of cells, 

probably basal cells and wing cells (more 

differentiated), because there are some cells more 

round and others 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), a 

difference with pig ocular surface, in which corneal 

epithelium could be maintained for 4 weeks (data not 

published). 15 

 

  

Figure 3 H&E staining of zoomed sections of corneas after a. zero 
days (fresh cornea) and b. 11 days in the incubator.Scale bars: 
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 epithelial 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, a regulatory gene required 

for the eye development and corneal morphogenesis 

and homeostasis17; and ki67, a marker of cell 

proliferation at the time the mouse was sacrificed. It 

would also be important to target markers of corneal 

epithelial cells differentiation (krt3/krt12)18,19, but 

unfortunately the immunostaining didn’t work in the 

conditions used for the embedding (data not shown). 

   As can be seen in Figure 4 a, the fresh cornea has 

some proliferating cells (red) in the basal layer of the 

epithelium, as expected. In Figure 4 b, it is possible to 

see the presence of a relative high number of cells, in 

all layers, responsible for corneal homeostasis (red 

cells).  

   As expected, throughout time the relative number of 

cells labelled for ki67 and Pax6 decreased (Figure 4 c 

and d), 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. 

a b 
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Figure 4 Immunostaining against Ki67, proliferating cells (red cells), a. and c., and Pax6 (red cells), b. and d. on fresh corneas (a. and b.)  and on 
cornea after 11 days in the incubator (c. and d.). Blue, Dapi nuclear staining. Scale bars: 100 µm 

Study of the stripe pattern 

Corneas of tdTomato 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 5 a, 

there is indeed a variation in the fluorescent intensity 

throughout all the cornea. 

   Because fixation with 4%PFA can inactivate the 

natural fluorescence of proteins, due to the cross-linking 

between proteins, another fixation method was tested.20  

One cornea of a mouse was fixed with the standard 

procedure and the other was fixed in pre-chilled 95% 

Ethanol for 22h at 4ºC.20 To compare, both corneas 

were analysed with a fluorescence microscope with the 

same time exposure, 663.9ms, to see if there are any 

changes in the proteins fluorescence intensity with the 

fixation method. As one can see in Figure 5 b and c, the 

natural fluorescence of the proteins is more preserved 

when the tissue is fixed with 95% Ethanol (there is an 

overexposure in the cornea). 

   After, the time of exposure was decreased and the 

fluorescence intensity of the cornea surface was 

evaluated (Figure 5 d). 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.

    

Figure 5 Stripe pattern of a. flat mounted cornea of a BC11 tdTomato mouse. b. Section of flattened cornea fixed with 4%PFA.Exposure of red 
fluorescence of 663.9ms. c. Section of flattened cornea fixed with 95%Ethanol. Exposure of red fluorescence of 663.9ms. d. Section of flattened 
cornea fixed with 95%Ethanol. Exposure of red fluorescence of 182.7ms. Red, Red Fluorescent Protein (RFP); blue, Dapi nuclear satining. Scale 
bars 100μm.  

Basal cells 

c 

b a 

d c 

a b d 
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      The next step was cell analysis and sorting, through 

FACS, of dissociated cells, according to their 

fluorescence intensity. The minimum threshold for the 

red intensity (103) was determined using wild-type 

mouse cells (data not shown).  

   To define the best dissociation protocol, in total, 7 

conditions were tested (Figure 6). In some conditions, 

collagen dispase (2mg/mL), diluted in HBSS (10%FCS), 

was used to separate the epithelium from the stroma, 

during 1h30.16 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. 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), shorter times with 

tripsine were tested. Those were tested only when 

dispase was used, since there was always a lower 

number of cells when it was not used (Figure 6). 

 

Figure 6 Number of corneal epithelial cells obtained after cell 
dissociation. (The inconsistent values were discarded) 

   The condition that resulted in higher number of cells 

and required less time with tripsine was chosen. So the 

cells dissociated with dispase during 1h30min and 

Tripsine during 1h were analysed in the Flow cytometry 

to see if there were enough cells for sorting. 

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. To improve cell viability, instead of 

using HBSS (supplemented with 10%FCS), the medium 

cFAD (10%FCS) was used (Figure 7).  

 

Figure 7 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. This time, the number of 

living cells was higher, meaning that using cFAD 

medium during the dissociation process is less 

aggressive for cells than using only a salt solution 

(HBSS). 

   After optimizing the dissociation protocol, dissociated 

cells were sorted. As shown in Figure 8, the number of 

non-fluorescent cells is approximately zero, as 

expected. Two groups of cells, with different 

fluorescence intensities, can be distinguished, reason 

why cells were sorted for two different groups, Tomato+ 

and Tomato++ (Figure 8). Tomato+ cells have a 

fluorescence intensity between 103 and 3 × 104 and the 

Tomato ++ between 5 × 104 and 105. 

 

Figure 8 Histogram of number of cells plotted against their 
fluorescence intensity. Two peaks of cells with different fluorescence 
intensities were distinguished (red and purple rectangles). 
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Figure 9 Characterization of two sorted populations according to their 
fluorescent intensity: Tomato + (red) and Tomato ++ (purple).  

Discussion  

Organotypic Culture 

   To study corneal homeostasis maintenance, an 

organotypic culture for the murine eyes was optimized. 

   The organotypic culture was tested up to 16 days 

with WT mouse eyes. As presented above, 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).  

   Regarding the expression evaluation of the 

cytokeratins krt3 and krt12, according to the datasheet 

of those antibodies, the samples should be fixed in 

acetone which could not work for the other antibodies 

used. So one should try with new replicates, embedding 

the samples in acetone, or improve the protocol used or 

one should try a new stock of antibodies since the ones 

used had a few years. 

Study of the stripe pattern 

   The second goal of this project was the study of the 

corneal stripe pattern formation. For that the BC11 

tdTomato 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 5).  

   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. For that, a protocol was 

developed and optimized. The protocol was 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.21  

   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, due to a relative high number of dead 

cells, which means the dissociation protocol should be 

improved. But, even though the cell quantity was low, it 

was enough to do RNA or DNA extraction for genetic 

studies or even cell culture.  

Conclusions 

   Regarding the organotypic culture, 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). 

   The dissociation protocol of corneal epithelial cells 

was effective but can be improved to reduce the number 

of dead cells. The identification, through FACS, of two 

tomato subpopulations in the cornea of mice, 

theoretically expressing ubiquitously the tdTomato 

gene, opens a door for further investigation on the 

maintenance of the corneal epithelium.  
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Future Perspectives 

   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.22–

24 The Fucci technology was developed by Sakaue-

Sawano et.al.24, and relies on the fluorescence 

ubiquitylation-based cell cycle indicator (Fucci), to 

visualize the cell cycle in living cells. 22,24 Usually, the 

phase G1 phase is characterized by the orange/red 

colour and the S/G2/M phases by the green colour.  

   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 of those, 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.al23 reported, using the Fucci 

technology, different times in G1 phase according to the 

cell differentiated state (more differentiated more time in 

the G1 phase).23 This knowledge could be transposed to 

corneal epithelial cells and correlate the mechanical 

stimuli with changes in cells differentiation. 
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