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Abstract

Research is currently under way to produce tissue engineered corneal endothelium transplants for 

therapeutic use in humans. This work requires the use of model animals, both for the supply of 

corneal endothelial cells (CECs) for experimentation, and to serve as recipients for test transplants. A 

variety of species can be used, however, a number of important advantages can be gained by using 

sheep as transplant recipients. The purpose of the present study was therefore to develop a method 

for culturing sheep CECs that would be suitable for the eventual construction of corneal 

endothelium grafts destined for sheep subjects. A method was established for culturing sheep CECs 

and these were compared to cultured human CECs. Results showed that cultured sheep and human 

CECs had similar growth characteristics when expanded from corneal endothelium explants on 

gelatin-coated plates, and achieved similar cell densities after several weeks. Furthermore, the 

markers zonula occludens-1, N-cadherin and sodium potassium ATPase could be immunodetected in 

similar staining patterns at cell boundaries of cultured CECs from both species. This work represents 

the first detailed study of sheep CEC cultures, and is the first demonstration of their similarities to 

human CEC cultures. Our results indicate that sheep CECs would be an appropriate substitute for 

human CECs when developing methods to produce tissue engineered corneal endothelium 

transplants. 
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1 Introduction

The posterior surface of the cornea is lined with a monolayer of epithelial cells paradoxically known 

as the corneal endothelium. These cells play a key role in preserving the transparency of the cornea 

by regulating its level of hydration. Humans are born with a corneal endothelium cell density of 

approximately 6000 cells/mm2 (Bahn et al., 1986), but this declines with age as cells are lost and not 

replaced through cell division. This decline in cell density is not usually problematic however, as CECs 

are able to enlarge and slide around to close any gaps thereby maintaining tissue integrity and 

function (Matsuda et al., 1985). Nevertheless, at a cell density of around 500 cells/mm2 or less, the 

corneal endothelium can become dysfunctional and cause vision loss (Tuft and Coster, 1990). 

Donor corneal transplants can be used very successfully to restore vision to patients with endothelial 

dysfunction but there is a greater worldwide demand for this tissue than can be supplied by Eye 

Banks (Tan et al., 2012). To overcome this shortfall in donor tissue supplies many groups are 

developing methods for producing tissue engineered corneal endothelium for transplantation (Soh 

et al., 2017). A plentiful supply of cultured cells are required for this work, and while human corneal 

endothelial cells (CECs) can be used, the cultures are often difficult to establish and expand due to 

variations in the quality and age of available donor tissue. For example, CECs from donors older than 

30 years are less likely to divide in culture than those from younger donors (Senoo and Joyce, 2000). 

CECs from non-human species are often easier to grow in culture and are therefore widely used for 

research that requires large numbers of primary cells.

While good progress has been made towards developing tissue engineered corneal endothelium 

using CECs from non-human species, the choice of species can impact on the degree to which the 

results can be translated to humans. For example, rabbits and rodents may not be appropriate 

choices for studies involving wound-healing or regeneration in the corneal endothelium as their CECs 

undergo extensive cell division in response to injury, unlike human CECs which are considered to be 

essentially amitotic (Tuft et al., 1986; Valdez-Garcia et al., 2015). Cats and primates would be more 

appropriate choices for studying corneal endothelium wound-healing as their CECs are relatively 

non-proliferative (Van Horn and Hyndiuk, 1975; Van Horn et al., 1977), however the availability of 

these animals for research can be hampered by ethical considerations. Bovine corneal endothelium 

would also be an appropriate choice for wound-healing or regeneration studies, as it is also relatively 

non-proliferative (Gospodarowicz and Greenburg, 1979), however, the practicalities of performing 

surgeries in the cow limit its usefulness for in vivo work. 
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Clearly, all model animals will have their strengths and limitations, however, sheep share some 

important features of eye biology with humans that make them ideal candidates for corneal 

endothelium research. For example, the sheep eye has a deep anterior chamber that is conducive to 

surgical procedures, and corneal grafts undergo rejection processes that are similar clinically and 

histologically to the corresponding processes in humans. Furthermore, as in humans, the sheep 

corneal endothelium is essentially amitotic in vivo (Klebe et al., 2001; Mills et al., 2014; Williams et 

al., 1999). 

Therefore, based on current evidence, the sheep has many ideal qualities that make it a promising 

model animal for developing methods for transplanting tissue engineered corneal endothelium. 

However, to more firmly establish the sheep in this role, it will be necessary to establish protocols 

for culturing sheep CECs for transplantation, and to show that these cells are similar to 

transplantable cultured human CECs. So far, only one other group besides our own (Walshe et al., 

2018) have reported growing sheep CECs in vitro (Ozcelik et al., 2013; Ozcelik et al., 2014).

The purpose of the present study was therefore to develop an optimal method for establishing 

sheep CEC cultures and then to compare these with human CEC cultures. Here we report a robust 

method for isolating and expanding CECs from sheep corneal endothelium explants and show that 

these cells are strikingly similar to cultured human CECs. This study provides a firm basis from which 

to embark upon developing tissue engineered corneal endothelium transplants from sheep cells for 

transfer to sheep recipients. 

2 Materials and Methods

2.1 Ocular tissue

A pair of human corneas from a deceased donor aged 14 years was provided by the Queensland Eye 

Bank with consent for research and ethics approval from the Metro South Hospital and Health 

Service’s Human Research Ethics Committee (HREC/07/QPAH/048). These corneas were stored in 

Optisol for 5 days at 4 °C prior to cell culture.  Sheep corneal tissue was provided by the Herston 

Medical Research Facility at the University of Queensland under a tissue sharing agreement. Donor 

sheep were aged between one and two years old and the corneal tissue was collected and placed 

into culture within 5 hours of death. 
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2.2 Culture surface coatings

Extracellular matrix coatings were applied to some tissue culture plates prior to cell culture. These 

coatings included FNC Coating Mix® (Athena Enzyme Systems), Cellmatrix Type 1-P (Nitta Gelatin 

Inc.) and Attachment Factor (Gibco). Tissue culture surfaces were coated with either FNC Coating 

Mix® or Attachment Factor after a brief incubation with the product at room temperature followed 

by removal of excess solution. Cellmatrix Type 1-P was diluted with sterile water to a concentration 

of 0.3 mg/ml and then applied sparingly to culture surfaces. Excess solution was removed from the 

plates after a 30 minute incubation at room temperature and the plates were washed twice with 

tissue culture medium prior to cell culture. 

2.3 Establishment of primary sheep corneal endothelial cell cultures

Primary cultures of CECs were established from sheep and human corneas using a tissue explant 

method reported previously (Walshe and Harkin, 2014). These cultures were considered to be at 

passage 0 (p0). Explants consisting of Descemet’s membrane with attached endothelium measuring 

approximately 3 mm in length were peeled away from the corneal stroma and placed onto either 

tissue culture plastic or glass cover slips coated with Attachment Factor. Explants were cultured in 

CEC Medium consisting of Opti-MEM 1 + GlutaMAX-1 (Gibco) supplemented with 5% foetal bovine 

serum and 100 U/mL penicillin-streptomycin (Gibco) in a tissue culture incubator at 37 °C with 5% 

CO2.

2.4 Establishing subcultures of primary sheep corneal endothelial cells

Passage 0 cultures underwent a two-step trypsinisation procedure to remove large, irregularly 

shaped cells prior to subculture. In step one, the cells were incubated with a mixture of Versene and 

TrypLE™ Select Enzyme (both Gibco) at a ratio of 1:1 for several minutes at 37 °C until the larger 

unwanted cells had detached from the plate. These large cells were removed by aspiration and 

discarded, and then in step two, fresh Versene/TrypLE™ Select Enzyme mixture was added to the 

plate to detach the remaining cells. Cells collected from the second trypsinisation step were diluted 

in PBS, centrifuged at 300 xg for 5 minutes, and passaged at a ratio of 1:2 into uncoated tissue 

culture plates or flasks.

2.5 Quantification of cell outgrowth from explants

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is a soluble yellow dye that is 

converted to an insoluble purple product (formazan) within living cells. Primary cell cultures were 

incubated with MTT (Merck) at 0.05 mg/ml in culture medium for 2 hours in a tissue culture 

incubator until all living cells had been stained purple. The cultures were then rinsed with PBS and 
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fixed with 10% neutral buffered formalin (Merck), before photography. Culture surfaces covered by 

purple-stained cells were quantified using Image J software and data was subjected to statistical 

analyses using Prism software. 

2.6 Immunofluorescence

Cells were grown on glass cover slips and then fixed in either 10% neutral buffered formalin at room 

temperature or in 100% methanol at -20 °C (for Na+/K+-ATPase antibodies) for 10 minutes. The cells 

were then permeabilized with 0.3% Triton X-100 and blocked with 2% goat serum before 24 hours 

incubation at 4 °C with primary antibodies (Table 1). The cells were then incubated at 4 °C for 24 

hours with AlexFluor-488 (Invitrogen A-11001) or AlexaFluor-594  (Invitrogen A-11012) conjugated 

secondary antibody at 2 µg/ml and nuclei were counterstained with Hoechst 33342 (Merck) at 1 

µg/ml for 15 minutes at room temperature. The cover slips were mounted in 90% glycerol or PBS for 

microscopy and photography. 

Primary antibody Company and catalogue number Host species Dilution
ZO-1 Thermo Scientific (33-9100) mouse 1:100
Na+/K+-ATPase Abcam (ab7671) mouse 1:100
N-cadherin Cell Signaling Technology (13116) rabbit 1:200

Table 1. Primary antibodies used for immunofluorescence analyses.

2.7 RNA extraction and cDNA synthesis

RNA was extracted from cells using the single-step acid guanidinium thiocyanate-phenol-chloroform 

extraction method (Chomczynski and Sacchi, 1987). Basically, cells were homogenised in TRIsure 

reagent (Bioline), chloroform was added, and the RNA component separated from the lysate by 

centrifugation. Total RNA was precipitated using isopropyl alcohol and the pellet washed with 75% 

ethanol. The RNA was resuspended in water and quantified in a Qubit 2.0 Fluorometer (Invitrogen) 

using a Qubit RNA HS Assay Kit (Invitrogen) according to the manufacturer’s instructions. RNA (2 µg) 

from each sample was used to prepare cDNA by reverse transcription. Basically, RNA samples were 

incubated with dsDNAse (Thermo Scientific) to degrade any contaminating genomic DNA and cDNA 

generated using random hexamer primers and RevertAid Reverse Transcriptase (Thermo Scientific). 

2.8 Quantitative Reverse Transcription Polymerase Chain Reaction 

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed with cDNA 

samples diluted 1:10 in water using SensiFAST SYBR no-ROX master mix (Bioline) according to the 

manufacturer’s instructions. Forward and reverse primers (Table 2) were added to a final 

concentration of 0.5 µM per reaction volume of 20 µl. PCR was carried out in 96-well plates in an 

LC96 Lightcycler (Roche). The PCR cycling conditions included a pre-incubation for 10 minutes at 95 
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°C and 45 cycles of 10 seconds at 95 °C, 10 seconds at 62 °C, and 10 seconds at 72 °C. Fluorescence 

data was recorded at the end of each 72 °C step. A DNA melt profile was run subsequently by 

heating the samples for 10 seconds at 95 °C, then for 60 seconds at 65 °C and finally for 1 second at 

97 °C. Fluorescence data was analysed using Roche Lightcycler 96 SW1.1 software.

Sheep 
mRNA 
target

GenBank 
Accession

Forward primer Reverse primer product 
length 
(bp)

ZO-1 XM_012098594 ATCAGCACCTGGCAGAGAGGA TTTCAGAGGACGGCGTTACC 162
Na+/K+-
ATPase

NM_001009360 TTCCTCAGCAAGCTCTCGTG TGTGGCTCTGATTCTCCCGT 181

β-actin 
(reference)

NM_001009784 CTGAGCGCAAGTACTCCGTGT GCATTTGCGGTGGACGAT 125

Table 2. PCR primers used during RT-qPCR. 

3 Results

3.1 Sheep and human corneal endothelial cell cultures can be established 

from explants placed onto gelatin-coated culture surfaces

In a previous study we demonstrated the successful expansion of human CECs in culture using a 

tissue explant method (Walshe and Harkin, 2014). The aims of the present study were to determine 

whether the same method could be employed to establish CEC cultures from sheep corneas, and if 

so, to then characterise these in comparison to human CEC cultures. For consistency, CECs from 

sheep and human sources were grown under the same conditions and in identical culture medium.

To begin this project, corneal endothelium explants obtained from freshly euthanised sheep were 

placed into FNC-coated tissue culture plates and incubated in CEC Medium. The results from this 

preliminary study showed that some of the explants had attached to the plates and produced CEC 

monolayer cultures, while others had remained floating and unproductive (data not shown). These 

results prompted us to test a range of tissue culture surface coatings for their effectiveness at 

sticking corneal endothelium explants to the plate and to promoting CEC monolayer outgrowth.  

The wells of a 12 well tissue culture plate were either left uncoated or coated with FNC Coating Mix® 

(FNC) consisting of a proprietary mix of fibronectin, collagen and albumin, Cellmatrix Type 1-P 

(collagen 1) consisting of porcine type 1-P collagen, or Attachment Factor (AF) consisting of 0.1% 
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gelatin. Corneal endothelium explants obtained from an individual sheep were then placed into 3 of 

each type of well, with each well receiving 2 explants. After 10 days of culture the cells were stained 

with MTT and outgrowth areas measured. This assay was performed in triplicate using explants 

obtained from 3 different sheep and the results combined to show total cell outgrowth per well for 

each culture surface. It was clear from this study that a small proportion of explants never became 

attached to the culture surface regardless of whether it was coated or not. Nevertheless, after 10 

days of culture, the surface to which the most explants had stuck and initiated cell outgrowth was 

that coated with AF (Fig. 1A).

We next placed human corneal endothelium explants on AF-coated surfaces and examined the 

resulting cell outgrowths. Human CEC cultures on AF were established within one week from 

explants and were morphologically similar to sheep CEC cultures established using the same method 

(Fig. 1B,C). Based on this, AF was used to coat tissue culture plates for explant culture throughout 

the study.

We hypothesised that CECs taken from different regions of the cornea may differ in their ability to 

expand in culture. To determine if this were the case, explants from the central cornea, and from the 

nasal, temporal, superior and inferior regions of the peripheral cornea, were placed into culture, and 

resulting cell outgrowths were measured after 10 days. These analyses indicated that explants from 

all regions of the sheep cornea had similar abilities to generate CEC cultures (Fig. 2). 

3.2 Cell size within CEC cultures increases with distance from the explant 

A study was performed to compare the morphological characteristics of CEC cultures established 

from sheep and human corneal endothelium explants. Explants from 3 different sheep and from an 

individual human donor aged 14 years were placed onto AF-coated tissue culture plates and 

observations made at regular intervals. Cell outgrowth proceeded in a similar fashion for both sheep 

and human cultures, although human cultures tended to expand at a slower rate. Average cell 

densities for sheep CEC cultures after 10 days of growth were found to be very similar to the average 

cell densities of human CEC cultures after 20 days of growth (1331 ± 244 cells/mm2 and 1132 ± 82 

cells/mm2 respectively). By 4 weeks, very small cells measuring approximately 400 – 500 µm2 in area 

were observed to be present immediately next to the majority of explants from both the human and 

sheep donors (Fig. 3 and 4). These very small “proximal” cells achieved a cell density that was almost 

double that of the larger “distal” cells within the cultures (Table 3). 
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Location of cells within culture 

relative to explant

Sheep cell culture density 

(cells/mm2)

Human cell culture density 

(cells/mm2)

Distal 1331 ± 244 1132 ± 82

Proximal 2359 ± 100 2125 ± 112

Table 3. Cell densities within CEC monolayers differ according to their proximity to the explant. 

Average cell densities were measured in monolayers that were distal to explants after 10 days in 

sheep cultures, or 20 days in human cultures. Cell densities for proximal cells located immediately 

next to explants after 6 weeks of incubation were then measured for both sheep and human 

cultures.

3.3 Characteristic markers can be detected in cultured sheep corneal 

endothelial cells

Cultures were initiated from both sheep and human corneal endothelium explants and then 

examined after 6 weeks of growth by immunofluorescence for the presence of the characteristic CEC 

markers zonula occludens 1 (ZO-1), N-cadherin and sodium potassium ATPase (Na+/K+-ATPase). The 

same ZO-1, N-cadherin and Na+/K+-ATPase primary antibodies were used for both sheep and human 

cultures. Remarkably similar staining patterns were observed between sheep and human cultures, in 

which all 3 markers were detected at cell borders. A difference in the staining pattern for the 

junctional markers ZO-1 and N-cadherin was observed between the small proximal cells and the 

larger distal cells for both species. Specifically, ZO-1 and N-cadherin were detected as continuous 

bands of protein at cell borders of small proximal cells but as discontinuous bands at cell borders of 

larger cells (Fig. 5).

3.4 Multiple sequential cultures of corneal endothelial cells can be generated 

from individual sheep corneal endothelium explants

In our previous study we demonstrated the ability of a single corneal endothelium explant, taken 

from a human donor, to generate multiple CEC cultures by serial transfer from plate to plate (Walshe 

and Harkin, 2014). In the present study, we wished to determine whether explants taken from sheep 

corneas also possessed the ability to generate multiple CEC cultures. Explants were taken from an 
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individual sheep cornea, placed into AF-coated wells and then cultured in CEC Medium for 10 days. 

Explants that had initiated cultures were then transferred to fresh plates for further incubation 

under the same conditions. The results of this study showed that all transferred explants were 

capable of producing multiple cell cultures. In one case, an explant was still productive after 8 

transfers (Fig. 6).

3.5 Na+/K+-ATPase protein can be detected at cell borders of passaged sheep 

CECs after 4 weeks of culture. 

Explant-derived sheep CEC cultures were passaged into fresh, uncoated tissue culture flasks for 

expansion and these were designated as p1 cultures. Studies were conducted to determine the 

temporal profile of ZO-1 and Na+/K+-ATPase expression in p1 cultures. To conduct these studies 

explant-derived CECs from an individual sheep donor were seeded onto glass coverslips in 24-well 

plates at a seeding density of 40,000 cells/cm2. Immunofluorescence analyses were conducted on 

some cultures after 2 weeks and on others after 4 or 6 weeks of incubation. P1 cultures were 

composed of a heterogeneous population of cells, with some cells exhibiting a regular polygonal 

shape while others were more irregular in shape. ZO-1 and N-cadherin were immunodetected at cell 

borders of polygonal cells at all time points examined, however, Na+/K+-ATPase was not detected in 

cultures until 4 weeks (Fig. 7). 

ZO-1 and Na+/K+-ATPase mRNA levels were also analysed in p1 sheep CEC cultures at 2, 4 and 6 

weeks. For this study, explant-derived CECs from 3 different sheep were passaged into T25 flasks 

and then analysed at the appropriate time points by RT-qPCR. Transcripts for both markers could be 

detected in the cultures at all time points examined (Fig. 8). Messenger RNA levels for both markers 

appeared to be highest at 4 weeks for all 3 sheep, but the differences in expression levels at 

different time points were not found to be statistically significant after analysis using a one-way 

ANOVA followed by Tukey’s multiple comparison.

4 Discussion
In the present study we set out to establish a method for growing sheep CECs in vitro, and to 

examine the similarities between these and cultured human CECs. To complete this study we chose 

to use the explant method for establishing the cell cultures and then analysed the morphology, 

density and marker expression of the cells within these cultures. The results showed that cultured 
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sheep CECs at p0 had similar characteristics to cultured human CECs at p0. Specifically, the sheep 

and human p0 CEC cultures both expanded from explants as cell sheets and and achieved similar cell 

densities after several weeks. Furthermore, the functional markers ZO-1, N-cadherin and Na+/K+-

ATPase could be immunodetected in similar staining patterns at cell boundaries of cultured CECs at 

p0 from both species. These basic similarities suggest that the sheep would provide a valuable 

alternative source of CECs for investigators that lack a reliable source of good quality human CECs. 

To the best of our knowledge, only one other group has reported using isolated sheep CECs in vitro 

(Ozcelik et al., 2014). This group used an enzymatic dissociation method to isolate CECs from sheep 

corneas and then seeded them onto tissue culture plastic or hydrogel films. While this group was the 

first to demonstrate that CEC cultures could be established from the sheep, details about the cell 

cultures were very limited, and no comparisons were made to cultured human cells. Our report 

therefore contains the first detailed description of a method for establishing CEC cultures from 

sheep corneal explants and, more importantly, also contains the first comparison of these cultures 

to human CEC cultures. 

The current most common method for establishing CEC cultures involves using enzymes to isolate 

the cells from Descemet’s membrane before seeding them into plates (Peh et al., 2011). An 

alternative method that can also be used to establish CEC cultures is called the explant method and 

it involves placing intact pieces of corneal endothelium/Descemet’s membrane into a plate and then 

allowing the CECs to grow out over the plate’s surface (Newsome et al., 1974; Yue et al., 1989). An 

advantage of the explant method for establishing CEC cultures is that it allows many p0 cultures to 

be initiated from an individual donor by serial transfer of the explants from plate to plate. We 

demonstrated this benefit of explant culture for human CECs in a previous study (Walshe and Harkin, 

2014), and in the present study show that the same technique can be applied to sheep explants. 

The type of tissue culture surface is critical to the successful establishment of CEC cultures from 

explants. The culture surface must first adhere to the explant and then promote the outward 

migration of cells. In a recent study we used FNC-coated plates for explant culture (Walshe and 

Harkin, 2014) and gelatin-coated plates have also been used successfully by another group (Nayak 

and Binder, 1984). In the present study, more cell outgrowth was observed from sheep explants that 

were placed onto tissue culture plastic that was coated with AF (gelatin) than from explants placed 

onto FNC or collagen 1 coatings or onto uncoated tissue culture plastic. Furthermore, CEC cultures 

were also successfully established from human explants on AF-coated surfaces. AF is therefore 

recommended as a suitable tissue culture surface coating to establish sheep or human explant 

cultures.
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It is thought that some CECs located at the periphery of the cornea could have greater proliferative 

potential than those located in the centre (Bednarz et al., 1998; He et al., 2012; Mimura and Joyce, 

2006) and that this could explain the corneal endothelium regeneration seen in some patients 

following surgical removal of the central cells (Moloney et al., 2015; Van den Bogerd et al., 2017). 

We therefore conducted a study to compare the cell outgrowth from explants taken from peripheral 

and central regions of sheep corneas, to identify corneal regions that would be most productive in 

explant cultures. Analyses of these cultures indicated that explants from all regions of the cornea 

were capable of producing similar levels of cell outgrowth. While this data is suggestive that CECs 

from peripheral and central regions of sheep corneas have similar proliferative potentials, more 

extensive studies would be required before any conclusions could be drawn in this area. 

Nevertheless, based on these results, we suggest that the entire corneal endothelium could 

effectively be utilised to generate p0 cultures from explants. 

The p0 cell cultures generated from sheep and human corneal explants appeared remarkably similar 

after 4 weeks, and were generally comprised of a heterogeneous population of cells, with a small 

proportion of very small cells situated adjacent to explants (proximal cells) and a majority of larger 

cells surrounding the smaller cells (distal cells). Very small explant-proximal cells and larger distal 

cells have also been observed in rabbit corneal endothelium explant cultures (Kageyama et al., 

2017), suggesting that this may be an inherent feature of the CEC explant culture method across 

species. Analysis of the small proximal cells present in our cultures showed that they had attributes 

of fully mature CECs, including a uniform polygonal cell shape, a well-developed expression of 

functional and junctional protein markers and a small size. Furthermore, at a cell density of 2,359 ± 

100 cells/mm2, the sheep proximal cell layer was very similar to the cell density of  2204 ± 261 

cells/mm2 that has been reported for the corneal endothelium in the adult sheep (Coyo et al., 2016). 

The human proximal cells that were derived from a 14 year old donor achieved a cell density of 

2,125 ± 112 cells/mm2, which was very similar to that of sheep proximal cells, but only two thirds of 

the 3101 ± 268 cells/mm2 value that has been reported for corneal endothelium in humans aged 

between 6 and 20 years old (Duman et al., 2016). Nevertheless, at over 2,000 cells/mm2, the human 

proximal cells in this study were at a cell density that would be considered suitable for therapeutic 

use (Armitage et al., 2003). 

Studies from other groups have shown that cultures established from enzymatically-isolated CECs, 

rather than from explants, are also heterogeneous in nature (Okumura et al., 2013), and recent 

investigations have focused on defining the CEC subpopulations within these cultures in order to 

identify those cells that would be most suitable for therapeutic use (Hamuro et al., 2016). According 

to these investigations, the human CECs that were considered the most ideal for clinical applications 
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(termed “effector cells”) achieved a cell density in culture of at least 2,500 cells/mm2, and had a 

characteristic expression profile for a certain set of cell surface proteins. Since the proximal cells in 

our study were almost as densely packed as effector cells, and also exhibited other features of 

mature CECs, it would have been interesting to investigate their cell surface proteins to see if they 

matched the effector cell profile. These investigations will form the basis of a future study. 

Our results showed that ZO-1 and N-cadherin proteins could be detected at borders of sheep CECs at 

2 weeks after passaging, indicating that the cells were potentially capable of forming mature cell-cell 

contacts within this culture period. Na+/K+- ATPase immunofluorescence was however, noticeably 

absent from these cultures at 2 weeks, appearing at 4 weeks, suggesting that the cell sheets would 

require at least 2 -4 weeks maturation before potentially attaining Na+/K+-ATPase activity. This 

would be an important consideration for cell therapy applications since Na+/K+-ATPase activity is 

required for CECs to maintain fluid balance in the cornea. While these results signify the culture 

period that would be required for the expression of important functional markers in sheep CECs, 

further functional tests would be required to determine the pumping ability of the cells. 

The reason for the disparity between the RT-qPCR results and immunofluorescence results for 

Na+/K+-ATPase in cultured sheep CECs at 2 weeks is not known, however, similar observations were 

described for N-cadherin expression in human CEC cultures by another group. Specifically, this group 

showed that RNA transcripts for N-cadherin could be detected in human CECs after 2 days of culture 

and yet immunofluorescence analyses showed that the corresponding proteins only gradually 

accumulated at cell boundaries over several weeks (Ying-Ting et al., 2008). Taken together, these 

observations support the idea that the translation of important junctional and channel proteins such 

as N-cadherin and Na+/K+-ATPase may be tightly regulated in CECs, and that several weeks of 

maturation in culture are required before the proteins are assembled at the plasma membrane. 

In summary, this study has shown that cultured sheep and human CECs have many similar attributes 

including growth characteristics and protein marker expression. Based on these results we propose 

that the sheep would provide a valuable model animal for in vitro-based investigations of basic 

corneal endothelium biology and for developing tissue engineering techniques that could be tested 

using sheep recipients and eventually used for cell therapy in the human. 
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Figure Captions

Fig. 1. Culture surfaces coated with Attachment Factor increased the outgrowth of CECs from sheep 

and human explants. (A) Cell outgrowth generated from sheep explants was measured after 10 days 

of culture on uncoated tissue culture plastic (TCP), or on TCP coated with FNC Coating Mix® (FNC), 

collagen type I (Collagen) or Attachment Factor Protein (AF). A total of 18 explants derived from 3 

separate donor sheep were distributed amongst 9 wells for each culture surface. Error bars 

represent the mean +/- SEM for wells containing evidence of cell growth (6 wells for TCP and AF, 5 

wells for FNC and Collagen). Asterisk indicates significant difference (p < 0.01) to TCP control using a 

one-way ANOVA followed by Tukey’s multiple comparisons test. (B and C) Explants obtained from 

both sheep and human donors could successfully generate CEC cultures on AF-coated surfaces. The 

image in (B) depicts sheep CEC outgrowth after 3 days of culture and the image in (C) depicts human 

CEC outgrowth after 7 days in culture. Asterisks indicate the presence of the Descemet’s membrane 

explant in the culture dishes and scale bars represent 50 µm.

Fig. 2. The corneal region from which endothelium explants are obtained does not affect the area of 

CEC outgrowth. Cell outgrowth from explants obtained from the corneal endothelium periphery 

(nasal, temporal, superior and inferior regions), and from the central cornea, was measured after 10 

days of culture. A total of 18 explants (originating from 6 different sheep) were obtained for each 

test region and these were placed individually into AF-coated wells. Error bars represent the mean 

+/- SEM for wells containing evidence of cell growth. Statistical analysis using a one-way ANOVA 

followed by Tukey’s multiple comparisons test revealed no significant differences (at p < 0.05) for 

CEC outgrowth between corneal regions.

Fig. 3. Diagram illustrating the relative location of 2 distinct populations of cells that develop during 

explant culture. Populations of very small cells that develop immediately next to explants are 

defined as proximal CECs while the larger cells within the culture that are located further away from 

the explant are defined as distal CECs. 

Fig. 4. Populations of small, densely packed CECs develop next to explants during tissue culture. 

Panels A –C represent sheep CEC cultures and panels D – F represent human CEC cultures. (A, D) 

Representative images of cell monolayers generated from explants within the first 3 weeks of 

culture from sheep and human donors respectively. (B, E) Sheep and human explant cultures at 6 

weeks in which small, densely packed proximal CECs (indicated by P) were surrounded by larger 

distal CECs (indicated by D). (C, F) Populations of small, densely packed CECs remain amongst the 
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larger cells following removal of the explant in both sheep and human CEC cultures. Asterisks 

indicate explants within cultures and scale bars represent 100 µm.

Fig. 5. Characteristic CEC markers can be detected in sheep CEC cultures. Explants from sheep and 

human donors were placed onto AF-coated glass coverslips and the resulting cell cultures were 

analysed at 6 weeks by immunofluorescence for the presence of ZO-1, N-cadherin and Na+/K+-

ATPase proteins. (A-H) ZO-1 and N-cadherin proteins were typically immunodetected as a 

continuous band at cell borders in small proximal CECs (A,C,E,G), while staining tended to be less 

continuous in larger distal cells (B,D,F,H), in both sheep and human CEC cultures. (I-L) Na+/K+-ATPase 

proteins were immunodetected in small proximal cells (I,K), and in larger distal cells (J,L), in both 

sheep and human CEC cultures. Scale bar represents 50 µm.

Fig. 6. Multiple CEC cultures can be established from a single sheep explant using the serial explant 

culture method. (A) Schematic displaying the principle of the serial explant culture method. Each 

tissue explant is allowed to generate CEC cultures for approximately 10 days before being 

transferred to a fresh tissue culture dish. (B,C) An individual sheep explant was tracked during serial 

culture. The morphology of the CECs generated by this explant appeared similar in plate 1 and plate 

9 respectively. Scale bar represents 100 µm.

Fig. 7. Functional markers can be immunodetected in the plasma membranes of p1 sheep CEC 

subcultures by 4 weeks. CEC cultures from an individual sheep were analysed by 

immunofluorescence for the presence of ZO-1, N-cadherin or Na+/K+-ATPase proteins after 2, 4 and 6 

weeks incubation. (A-F) ZO-1 and N-cadherin proteins were detected at the borders of many, but not 

all, CECs at all time points examined. (G-I) Na+/K+-ATPase proteins were not detected in CEC cultures 

at 2 weeks but were present in cultures at 4 and 6 weeks. Scale bar represents 50 µm.

Fig. 8. Messenger RNA transcripts for ZO-1 and Na+/K+-ATPase were detected in p1 sheep CECs after 

2, 4 and 6 weeks of culture.
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