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Identification for Differential 
Localization of Putative Corneal 
Epithelial Stem Cells in Mouse and 
Human
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Stephen C. Pflugfelder3 & De-Quan Li3

Human Corneal epithelial stem cells (CESCs) have been identified to reside in limbus for more than 2 
decades. However, the precise location of CESCs in other mammalian remains elusive. This study was 
to identify differential localization of putative CESCs in mice. Through a series of murine corneal cross-
sections from different directions, we identified that anatomically and morphologically the murine 
limbus is composed of the thinnest epithelium and the thinnest stroma without any palisades of Vogt-
like niche structure. The cells expressing five of stem/progenitor cell markers are localized in basal layer 
of entire murine corneal epithelium. BrdU label-retaining cells, a key characteristic of epithelial stem 
cells, are detected in both limbal and central cornea of mouse eye. Functionally, corneal epithelium can 
be regenerated in cultures from central and limbal explants of murine cornea. Such a distribution of 
mouse CESCs is different from human cornea, where limbal stem cell concept has been well established 
and accepted. We are aware that some new evidence supports limbal stem cell concept in mouse 
recently. However, it is important to know that central cornea may provide an alternative source of 
stem cells when one utilizes mice as animal model for corneal research.

Integrity of corneal epithelium is important for corneal transparency and vision. The corneal epithelium, which 
composed of superficial layers of flattened cells called squamas, layers of suprabasal or wing cells, and a single 
layer of columnar basal cells, is regenerated throughout life by corneal epithelial stem cells (CESCs), which are 
known as the reservoir responsible for maintaining the homeostasis of corneal epithelium. Human CESCs have 
been identified to be located in the basal epithelial layer of the limbus, a 1.5 mm to 2 mm wide area that straddles 
the cornea and bulbar conjunctiva. Substantial evidence from a large amount of investigations in last two decades 
leaves little doubt that human CESCs reside in the limbus and exhibit the full complement of well-defined kerat-
inocyte stem cell properties, including the lack of the K3/K12 keratin pair in limbal basal cells, the existence of 
label-retaining cells at this location, their higher proliferative potential compared with central corneal cells, and 
their ability to grow in colony-forming assays1–5. Thus, CESCs are also referred to as limbal stem cells (LSC) based 
on their location.

The LSC hypothesis is based on XYZ theory of corneal epithelial homeostasis. X represents proliferation and 
stratification of limbal basal cells; Y, centripetal migration of basal cells; and Z, desquamation of superficial cells6. 
Clinically, limbal stem cell deficiency (LSCD), a frequently encountered problem, has been recognized as a sight 
threatening disease that may causes blindness, and the great progress has been achieved using limbal stem cell 
transplantation and other therapy based on LSC concept7–13. Our previous studies also provide strong evidence 
supporting LSC concept in human14–16.

However, the anatomical location of CESCs in different mammalian species is still controversial and remains 
elusive. Majo and colleagues proposed an alternative hypothesis in 2008 that murine CESCs are distributed 
throughout the basal layer of entire corneal epithelium because central corneal epithelium could contribute to 
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long-term self-renewal and be capable of sustaining serial transplantation17. They demonstrated that the stem 
cells in the cornea were responsible for regeneration of central corneal epithelium while limbal stem cells mainly 
for limbal epithelial repair. Destruction of entire limbal stem cells by severe burn did not disturb the transparency 
of murine cornea, suggesting that steady-state renewal of cornea did not depend only on limbal stem cells.

Later Notara group has demonstrated the common structures with similar phenotype and function in the 
porcine and human limbus in terms of the location, topography, stem cell markers and proliferative capacity of 
palisades of Vogt18. Very recently, Patruno et al. investigated the main distinctive structural features of the cor-
neal limbus in a variety of animal species including dog, cat, pig, cow, sheep and horse, using optic microscope 
observations of histological sections. Their data revealed that the limbal epithelium of the horse and pig showed 
similarities with human corneal epithelium in terms of structure and ΔNp63α expression19.

However, little data have shown the anatomical structure of limbus and the phenotype of the central cornea 
in mice. The present study provides new evidence indicating that murine corneal stem cells are localized in the 
entire cornea, but not limited to limbal area, based on structural morphology, expression and location of stem/
progenitor cell markers, label-retaining cells, and proliferative capacity of central corneal epithelium in murine 
cornea, a differential phenotype from human corneal epithelium.

Results
Anatomical structures of murine corneal limbus differ from human limbus.  To thoroughly exam-
ine the anatomical structures of mouse cornea, we performed hematoxylin and eosin staining (H & E) on serial 
cross sections of C57BL/6 mouse eyes (10 mice) through radial and tangential cut, as well as different directions 
from superior to inferior and from nasal to temporal. In Fig. 1A, the representative images of 5 positions of 
cross sections, which were separated by approximately 0.35 mm each other from 0.2 mm to nasal to central 
cornea based on a schematic measurement of mouse eye20, represented, from left to right, the cross sections of 
the entire eye, peripheral/limbal cornea and the central cornea. We observed that mouse central corneal epithe-
lium was the thickest area containing 5–7 (5.8 ± 1.2, n = 10) layers of epithelial cells, similar to human central 
cornea that contains 5–8 (6.3 ± 1.6, n = 10, P > 0.05) epithelial layers. However, the murine corneal epithelium 
became thinner from central to peripheral areas, and the limbal margin was the thinnest area containing only 1–3 
(1.8 ± 0.8, n = 10) epithelial layers, which was totally different from human limbus that contains 7–10 (8.3 ± 1.8, 
n = 10, P < 0.001) layers of epithelial cells. Human limbal epithelium became much thicker when transitioned 
from peripheral cornea. Human limbus is the thickest area of epithelium with densely packed small stem/pro-
genitor cells in the basal layer of papilla-like epithelial column, together with multiple stromal invaginations 
forming a special niche structure called the palisades of Vogt (Fig. 1B)14, 21. There were also blood vessels, nerves 
and connective tissue between the epithelial columns. The microenvironment of the niche structure is essential 
to maintaining quiescence of stem cells, while also providing protection from mechanical and chemical injures. 
As seen in Fig. 1A, murine limbal epithelium was a thinner margin without such anatomical structures serving as 
stem cell niche as found in the human cornea.

Cells expressing stem/progenitor cell markers are localized in basal layer of entire murine cor-
neal epithelium.  A group of molecular markers has been used for identification of human corneal stem/
progenitor cells due to no definitive markers exist for adult stem cells to date14, 22, 23. Many molecular markers are 
expressed exclusively or significantly stronger in some human limbal basal cells than central corneal epithelium. 
This study used the same strategy for human CESCs to identify the potential stem/progenitor cells localized in 
murine cornea. These markers were ΔNp63, a isoform of nuclear transcription factor p6312, ATP-binding cassette 
protein-B5 (ABCB5)24, integrin-β125, nerve growth factor (NGF) and its receptor TrkA26. The immunofluorescent 
staining showed that these five markers were expressed by some cells in the basal layer of entire corneal epithe-
lium including central and peripheral/limbal areas in murine cornea, although the type, intensity, frequency 
and distribution pattern of these markers in positive cells were not equal (Fig. 2A). These results suggest that 
potential stem/progenitor cells of murine corneal epithelium are not restricted to reside in limbus, but distributed 
throughout the entire corneal epithelial basal layer. Double staining with corneal specific marker K12 and stem 
cell markers further showed that murine corneal basal epithelial cells that were positive to ΔNp63 and NGF did 
not express the differentiation marker K12 (Fig. 2B).

BrdU label-retaining cells (LRCs) are detected in both limbal and central cornea of mouse 
eye.  The LRCs have been widely accepted as a key characteristic of epithelial stem cells based on that stem 
cells from adult tissue are quiescently in a growth-arrested or slow cycling state3. We sought to detect CESCs by 
determining if slow cycling BrdU-LRCs are present in murine corneal epithelium. To accomplish this, a standard 
“pulse-chase” nuclear label retention experiment was performed. Four weeks old C57BL/6 mice were injected 
with BrdU (1 mg/mouse/day) daily for two weeks and allowed to clear BrdU for four weeks. After the four week 
chase period, eyes were harvested and the presence of BrdU positive cells was examined by staining cryosections 
with anti-BrdU antibody. BrdU-positive cells that are slow cycling LRCs were observed in the basal layer of the 
limbal, peripheral and central cornea of mouse eye (Fig. 3A). These BrdU LRCs were co-stained with epithelial 
cell marker K14, indicating they were belong to epithelial lineage, and LRCs may also co-stained with stem cell 
marker such as NGF (Fig. 3B). These findings suggest that CESCs not only exist at the limbus but also reside in the 
area outside of limbal epithelium in mouse eye. The frequency of LRCs was distributed as 2.6 ± 1.4 in limbus vs. 
3.2 ± 1.8 (n = 10, P > 0.05) in cornea per mouse eye section, which showed no statistical significance of difference.

Corneal epithelium can be regenerated in cultures from both central and limbal explants of 
murine cornea.  Furthermore, we sought to determine the proliferative capacity of different parts of murine 
cornea to functionally identify the localization of CESCs through their growth potential in primary corneal 
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epithelial cultures. To accomplish this, the explants at size of 1 × 1 mm from the central or peripheral/limbal cor-
nea were cultured for seven days and observed by phase contrast microscope. Interestingly, all explants from both 
the central and peripheral/limbal areas of mouse cornea grew well and became confluent after seven days. No 
significant difference in growth was observed among the explants from different areas of mouse cornea (Fig. 4A). 
By contrast, cultures with explants taken from the central human cornea could not be established, and only the 
explants from the human limbus grew well and reach to confluence in 14 days (Fig. 4B). WST proliferation assay 
further showed the similar proliferative capacity on days 3, 5 and 7 between the cultures established from central 
and limbal corneal explants, which was compared with the culture from human explants, among which only 

Figure 1.  Representative Haematoxylin-Eosin (H & E) staining images of mouse and human corneas. (A) Five 
sets of images were chosen from a series of mouse corneal cross sections from nasal to central cutting. The left 
column shows images of whole eye sections at different positions as red line on small eye inserts. The middle 
column shows limbal structures with red rectangles indicating the limbal epithelium containing 1~3 layers of 
cells. The right column shows corneal structures with red rectangles indicating the 5–7 layers of central corneal 
epithelium. (B) Human limbal sections with vertical or horizontal cutting show the palisades of Vogt structures.
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limbal explants were growing well (Fig. 4C). Furthermore, clonogenic assay vividly showed that the single cells 
isolated from murine corneal and limbal epithelia grew well, generated many holoclones, and reached confluence 
in 10 days on 3T3 feeder layer. In contrast, only single cells isolated from human limbal epithelium, but not from 
central cornea, were able to generate holoclones and grew to confluence in 14 days (Fig. 4D). These findings pro-
vided functional evidence that the murine CESCs with proliferation capacity in regenerating corneal epithelium 
may be distributed not only in the limbus, but also in the central cornea of murine eye, which is different from 
human limbal stem cell concept.

Discussion
Mouse has been widely utilized as experimental models of human diseases in life science and medical research 
including ocular stem cell and vision research due to their high degree of similarity with human genomes and 
physiology. For example, CESCs are identified to maintain homeostasis and regeneration of corneal epithelium in 
both human and mouse corneas. However, their differential localizations of CESCs between human and mouse 
remain controversial and elusive. Limbal stem cell concept has been recognized and widely accepted in more than 
two decades1, 2, 4, 27, 28. Our previous studies have also provided strong evidence that CESCs reside in limbus of 
human cornea14–16, 29. However, limbal stem cell concept was challenged in differential mammalian species, such 
as mouse17. The present study suggests that the putative corneal stem/progenitor cells may sparsely localized in 
entire cornea, but not confined to the limbus, in murine cornea.

Figure 2.  Representative images of Immunofluorescent staining of stem cell markers. (A) Five proposed stem/
progenitor cell markers, ΔNp63, ABCB5, NGF, TrkA and integrin β1 (ITG-β1), were mainly expressed by some 
basal epithelial cells in both limbus and central cornea. (B) Double staining with corneal specific marker K12 
and stem cell markers ΔNp63 and NGF. Image magnification: 400×.
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First, we identified that anatomical murine cornea does not contain a specific structure as a limbal niche 
for stem cells. The palisades of Vogt are distinctive features of the human corneoscleral limbus, which provide 
microenvironment niches to harbor and maintain the stemness of human corneal stem cells, and protect the stem 
cells from physical, chemical or light damage. Numerous evidence from histology, electron microscopy, in vivo 
confocal reflectance microscopy and optical coherence tomography, supports the existence of corneal stem cell 
niche for human epithelial regeneration from small amount of self-renewing CESC in limbal basal cells. Thus, the 
palisades of Vogt have been suggested as the reservoir that protects stem cells from traumatic and environmental 
insults, allows epithelial-mesenchymal interactions, and provides access to chemical signals that diffuse from the 
rich underlying vascular network30–32.

However, controversial findings have been recently realized in other species like mouse. Majo and colleagues 
demonstrated that murine CESCs were distributed throughout the basal layer of entire corneal epithelium in 
2008. Later, Henriksson et al. observed that peripheral/limbal corneal epithelium was significantly thinner than 
central cornea in three strains of mice in 200933. Recently, Zhang et al. were able to measure in vivo thicknesses of 
corneal layers in living mice by 3D images using two-photon laser microscopy with fluorescent viability dyes34. 
They observed that the thickness of the entire cornea and corneal epithelium had their maximum at the central 
cornea, and gradually decreased from peripheral cornea to limbus, which is the thinnest part of corneal epi-
thelium with the thinnest stromal layers in two strains of mice, C57BL/6 and BALB/c. The thickness of limbal 
epithelial layer is about 20 µm in both strains, which is account for 50 or 37% of thickness of central corneal 
epithelium in C57BL/6 or BALB/c mice, respectively34. The findings were supported with full-field optical coher-
ence microscopy by Grieve et al., who detected the palisades of Vogt with limbal crypt features in organ-cultured 
human corneoscleral rims, but not in fresh mouse cornea, where the limbal region contained only an epithelial 
trough circumferentially surrounding the cornea35.

In the present study, through a series of mouse eye cross sections from different directions, corneal epithelium 
was further identified to be the thickest in central area while the thinnest at limbal margin, which contains 2–3 
layers of epithelial cells without palisades of Vogt-like anatomical structure. These findings suggest that murine 
limbus does not possess any niche-like features with microenvironment to harbor and protect CESCs.

Second, we identified that the potential corneal epithelial stem/progenitor cells are localized sparsely in the 
entire mouse cornea including central and peripheral/limbal areas. Although numerous stem cell markers have 
been proposed, none of these stem/progenitor cells markers have been identified as definitive markers to date14. 
Thus, multiple markers are commonly used to identify the phenotype and potential existence of adult stem/
progenitor cells including CESCs as our previous reports14–16, 29, 36–38. In this study, five molecular markers, p63, 
ABCB5, integrin β1, NGF and TrkA, were used to detect the stem/progenitor cells in mouse cornea. The nuclear 
transcription factor p63, a member of the p53 family, is highly expressed in the basal cells of many human epithe-
lial tissues and the truncated dominant-negative ΔNp63 isoform is the predominant species in stem cells39. It was 
reported that p63 knockout mice lack stratified epithelia, and that p63 expression is associated with proliferative 
potential in human keratinocytes12, 40. ABCB5 is recently proposed stem cell marker, a member of ATP-binding 
cassette transporters24, among which ABCG2 has been identified as a molecular determinant for the side pop-
ulation that enriched in hematopoitic stem cells, and has been proposed as a universal marker for stem cells41 
including corneal epithelial cells16. NGF and its receptor TrkA has been identified to be exclusive localized to 
a subpopulation of basal limbal epithelial cells where stem cells reside26. Integrins are cell surface adhesion 

Figure 3.  Label- retaining cells (LRCs) detected by BrdU immunofluorescent staining. (A) A number of slow 
cycling LRCs were detected in limbal (top panel), peripheral (middle panel) and central cornea (bottom panel) 
in C57BL/6 mice with 4 weeks chasing after BrdU injections. See method for detail. (B) Double staining of LRCs 
with epithelial cell marker K14 and stem cell marker NGF. Image magnification: 400×.
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molecules. Integrin β1-enriched human epidermal or corneal epithelial cells were demonstrated to possess stem 
cell property including high colony-forming efficiency and slow-cycling25, 42. In the present study, immunoflu-
orescent staining revealed that the cells positively stained with these markers were localized in the basal layer of 

Figure 4.  Comparison of proliferative capacity in primary corneal epithelial cultures between limbal and 
central cornea in mouse and human. (A) Phase-contrast microscopy showed the mouse epithelial cell growth of 
explants from limbal and central corneas on days 3, 5 and 7; (B) Human epithelial cell growth of explants from 
limbal and central corneas on days 3, 7 and 14. (C) WST-1 assay showed no difference of epithelial cell growth 
between limbal and central corneal explants from mice during 7 days (n = 5, P > 0.05); but there is growth 
difference between limbal and central corneal explants of human during 14 days. Data were summarized from 
5 separated experiments. *P < 0.05 and ***P < 0.001, as two groups compared. (D) The representative images 
from clonogenic assays of the single cells from corneal or limbal epithelia in mice and human.
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both limbal and central corneal epithelium, indicating that the corneal stem/progenitor cells may reside in the 
basal layer throughout entire cornea. Furthermore, the double staining with corneal specific marker K12 and 
stem cell markers further showed that murine corneal basal epithelial cells that were positive to ΔNp63 and NGF 
did not express the differentiation marker K12.

Third, we further identified the potential stem cells with slow cycling LRCs in their corneal and limbal loca-
tion. It has been widely accepted that one of the most reliable ways to identify keratinocyte stem cells takes 
advantage of the fact that these cells are normally slow-cycling, and hence can be identified experimentally as the 
so-called LRCs22, 29, 43–45. It appears that stem cells have exclusively slow cycling feature to preserve their prolif-
erative capacity and to minimize DNA replication-associated errors while the transient amplifying cells (TACs) 
could not proliferate for long term. To detect LRCs, one can label all the cells in the epithelium by a repeated or 
continuous supply of a deoxynucleoside, tritiated thymidine or bromodeoxyuridine (BrdU), followed by a long 
chase period when the label is lost from all the cycling TACs, so that only stem cells that cycle slowly retain the 
label, and are designated as LRCs. Using this approach, we detected some BrdU-LRCs localized in the basal epi-
thelial layer of both limbal and central cornea in mice, suggesting that corneal stem cells may be distributed in the 
entire cornea, not only in limbus.

Finally, we functionally examined the most important stem cells feature, proliferative capacity for tissue regen-
eration46–48. Adult stem cells have been known to have a high proliferative capacity both in vivo and in vitro; they 
are essential for the long-term maintenance of normal corneal epithelium, and can be used to reconstitute the 
entire corneal epithelium in patients with corneal epithelial stem cell deficiencies16, 48–50. In the present study, 
primary corneal epithelial cultures were performed using explants from the central and peripheral/limbal cornea. 
Results showed that the explants from both limbal and central murine corneas grew well to establish the corneal 
epithelial cell culture, and could regenerate corneal epithelial sheets when confluent, suggesting that the high 
colonogenic stem/progenitor cells are possibly located and distributed in entire mouse cornea. This result is dif-
ferent from human cornea, of which only limbal explants grow well to regenerate corneal epithelial sheets, while 
central corneal explants fail to do so.

In conclusion, this study provides new evidence that the potential corneal epithelial stem cells are reside and 
sparsely distributed in basal epithelial layer of entire murine cornea, not confined to corneal limbus. Through a 
series of murine corneal cross-sections from different directions, we identified that anatomically and morpholog-
ically the murine limbus is composed of the thinnest epithelium and the thinnest stroma without any palisades 
of Vogt-like niche structure. Cells expressing five of stem/progenitor cell markers are localized in basal layer 
of entire murine corneal epithelium. BrdU label-retaining cells, a key characteristic of epithelial stem cells, are 
detected in both limbal and central cornea of mouse eye. Functionally, corneal epithelium can be regenerated in 
cultures from central and limbal explants of murine cornea. Such a distribution of mouse CESCs is different from 
human cornea, where limbal stem cell concept has been well established and accepted to be true. We are aware 
that new evidence using lineage tracing supports limbal stem cell concept in mouse recently51. However, until 
more definitive data becomes available, the possibility of the existence of stem/progenitor cells outside the limbus 
should not be excluded. It is important to know that central cornea may provide an alternative source of stem cells 
when one utilizes mice as animal model for corneal research.

Materials and Methods
Animals and Hematoxylin and Eosin (H & E) Staining of Cryosections from Murine Eyes.  The 
animal research protocol for this study was approved by the Institutional Animal Care and Use Committee 
(IACUC), Center for Comparative Medicine, Baylor College of Medicine. All animals used for experiments were 
treated in accordance with the Guide for the Care and Use of Laboratory Animals by the National Institute of 
Health. C57BL/6 mice (6–8 weeks of both sexes) were purchased from The Jackson Laboratory (Bar Harbor, ME).

A series of 8 μm-cryosections of eyeballs were prepared through different directions, radial and tangential, 
from nasal or temporal to central, as well as from superior or inferior to central cornea using ten eyes of five 
C57BL/6 mice. The frozen section slides were warmed to room temperature for H & E staining using a routine 
laboratory protocol.

Immunofluorescent Staining.  Using a previously reported method14, 8 µm-cryosections slides of C57BL/6 
mice eye tissue were fixed with 4% paraformaldehyde for 10 min and incubated in 10% goat serum/1% BSA/0.3 M 
glycine in 0.1% PBS-tween for 1 h to block non-specific protein interactions. The sections were then incubated 
with primary antibodies against mouse ΔNp63, ABCB5, NGF, TrkA, integrin-β1, K14 or K12 overnight at 4 °C. 
Alexa-Fluor 488 (green) or Alexa-Fluor 594 (red) was used as secondary antibody, and propidium iodide or DAPI 
was used for nuclear counter staining. The stained slides were photographed with Zeiss laser scanning confocal 
microscope (LSCM510META, Thornwood, NY).

In vivo Detection of BrdU-LRCs in Corneas of C57BL/6 Mice.  This animal experiment was performed 
according to a published method45 with modification. In brief, the 4-weeks old C57BL/6 mice were administered 
by i.p. injections of BrdU (Sigma-Aldrich, 100 mg/kg body weight) daily up to 14 days as the pulse treatment, fol-
lowed by a chasing period for 4 more weeks. The mouse eyeballs were harvest for the cryosections after chasing. 
The sections were fixed in cold methanol at 4°C for 10 min, followed by PBS wash for three times. After DNA 
denatured in 2 N HCL for 30 min, and neutralized in 0.1 M sodium tetraborate buffer for 10 min, the sections 
were blocked with 1% BSA in PBS for 1 h, and then incubated with anti-BrdU mouse IgG (Abcam, ab6326, 1:100) 
overnight at 4 °C. Alexa 488 goat anti-rat (1:300) or DAPI were used as secondary antibody or nuclear staining 
respectively.
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Primary Corneal Epithelial Cells Cultures.  Primary corneal epithelial cell cultures were established from 
explants of corneas. Explants (1 × 1 mm) from murine central cornea or limbus were prepared immediately after 
euthanasia under a dissecting microscope (Olympus SZ60). Human explants (2 × 2 mm) were prepared from 
donor corneas within 72 h after death, which obtained from Lions Eye Bank of Texas (Houston, TX). All explants 
were cultured in 24-well plates with 0.5 ml of supplemented hormonal epidermal medium (SHEM) containing 5% 
FBS according to previous published methods15. Media was changed every two days.

WST Cell Proliferation Assay.  Corneal epithelial cells were established from cultures of central corneal 
or limbal tissue in 24-well plates. Cells were seeded in a 96-well plate at a density of 104–105 cells/well in 100 µL 
medium and cultured in a CO2 incubator at 37 °C for up to 7 days. Cell proliferation was evaluated by a WST assay 
kit according to manufacturer’s protocol as previously reported52. In brief, each well of cells was added with 10 µl 
of WST-1 mixture, mixed well and incubated for two hours in an incubator. Before reading the plate, it is impor-
tant to mix gently on an orbital shaker for one minute to ensure homogeneous distribution of color. Measure the 
absorbance of each sample using a microplate reader at a wavelength of 450 nm.

Clonogenic Assays.  The clonogenic assay was performed as our previously published method16, 22 In brief, 
The single cells isolated from corneal and limbal epithelia of mouse or human were seeded, in triplicate, at 1×103 
cells/cm2 on a feeder layer of 3T3 fibroblast in 6-well culture plates in SHEM medium. The clonal growth capacity 
was evaluated every other days until confluence in days 10–14 when the cultures were stained with 1% crystal 
violet.

Statistical analysis.  Student’s t-test was used to compare differences between two groups. One-way ANOVA 
test was used to make comparisons among three or more groups, followed by Dunnett’s post-hoc test. P < 0.05 
was considered statistically significant.

References
	 1.	 Schermer, A., Galvin, S. & Sun, T.-T. Differentiation-related expression of a major 64K corneal keratin in vivo and in culture suggests 

limbal location of corneal epithelial stem cells. J.Cell Biol. 103, 49–62 (1986).
	 2.	 Tseng, S. C. Concept and application of limbal stem cells. Eye 3(Pt 2), 141–157 (1989).
	 3.	 Cotsarelis, G., Cheng, S. Z., Dong, G., Sun, T. T. & Lavker, R. M. Existence of slow-cycling limbal epithelial basal cells that can be 

preferentially stimulated to proliferate: implications on epithelial stem cells. Cell 57, 201–209 (1989).
	 4.	 Lavker, R. M. et al. Relative proliferative rates of limbal and corneal epithelia. Implications of corneal epithelial migration, circadian 

rhythm, and suprabasally located DNA-synthesizing keratinocytes. Invest Ophthalmol.Vis.Sci. 32, 1864–1875 (1991).
	 5.	 Sun, T. T. & Lavker, R. M. Corneal epithelial stem cells: past, present, and future. J.Investig.Dermatol.Symp.Proc. 9, 202–207 (2004).
	 6.	 Thoft, R. A. & Friend, J. The X, Y, Z hypothesis of corneal epithelial maintenance. Invest.Ophthalmol.Vis.Sci. 24, 1442–1443 (1983).
	 7.	 Goldberg, M. F. & Bron, A. J. Limbal palisades of Vogt. Trans.Am.Ophthalmol.Soc. 80, 155–171 (1982).
	 8.	 Donisi, P. M., Rama, P., Fasolo, A. & Ponzin, D. Analysis of limbal stem cell deficiency by corneal impression cytology. Cornea 22, 

533–538 (2003).
	 9.	 Ti, S. E. et al. Correlation of long term phenotypic and clinical outcomes following limbal epithelial transplantation cultivated on 

amniotic membrane in rabbits. Br.J.Ophthalmol 88, 422–427 (2004).
	10.	 Liang, L., Sheha, H., Li, J. & Tseng, S. C. Limbal stem cell transplantation: new progresses and challenges. Eye (Lond) 23, 1946–1953 

(2009).
	11.	 Secker, G. A. & Daniels, J. T. Corneal epithelial stem cells: deficiency and regulation. Stem cell reviews 4, 159–168 (2008).
	12.	 Pellegrini, G. et al. p63 identifies keratinocyte stem cells. Proc.Natl.Acad.Sci.USA 98, 3156–3161 (2001).
	13.	 Rama, P. et al. Limbal stem-cell therapy and long-term corneal regeneration. N.Engl.J.Med. 363, 147–155 (2010).
	14.	 Chen, Z. et al. Characterization of putative stem cell phenotype in human limbal epithelia. Stem Cells 22, 355–366 (2004).
	15.	 Kim, H. S. et al. Phenotypic characterization of human corneal epithelial cells expanded ex vivo from limbal explant and single cell 

cultures. Experimental eye research 79, 41–49 (2004).
	16.	 de Paiva, C. S., Chen, Z., Corrales, R. M., Pflugfelder, S. C. & Li, D.-Q. ABCG2 transporter identifies a population of clonogenic 

human limbal epithelial cells. Stem Cells 23, 63–73 (2005).
	17.	 Majo, F., Rochat, A., Nicolas, M., Jaoude, G. A. & Barrandon, Y. Oligopotent stem cells are distributed throughout the mammalian 

ocular surface. Nature 456, 250–254 (2008).
	18.	 Notara, M., Schrader, S. & Daniels, J. T. The porcine limbal epithelial stem cell niche as a new model for the study of transplanted 

tissue-engineered human limbal epithelial cells. Tissue Eng Part A 17, 741–750 (2011).
	19.	 Patruno, M. et al. Morphological description of limbal epithelium: searching for stem cells crypts in the dog, cat, pig, cow, sheep and 

horse. Veterinary research communications. doi:10.1007/s11259-017-9676-y (2017).
	20.	 Remtulla, S. & Hallett, P. E. A schematic eye for the mouse, and comparisons with the rat. Vision research 25, 21–31 (1985).
	21.	 Dua, H. S., Shanmuganathan, V. A., Powell-Richards, A. O., Tighe, P. J. & Joseph, A. Limbal epithelial crypts: a novel anatomical 

structure and a putative limbal stem cell niche. The British journal of ophthalmology 89, 529–532 (2005).
	22.	 Kim, H. S. et al. Phenotypic characterization of human corneal epithelial cells expanded ex vivo from limbal explant and single cell 

cultures. Exp.Eye Res. 79, 41–49 (2004).
	23.	 Castro-Munozledo, F. Review: corneal epithelial stem cells, their niche and wound healing. Molecular vision 19, 1600–1613 (2013).
	24.	 Ksander, B. R. et al. ABCB5 is a limbal stem cell gene required for corneal development and repair. Nature 511, 353–357 (2014).
	25.	 Li, D. Q. et al. Partial enrichment of a population of human limbal epithelial cells with putative stem cell properties based on collagen 

type IV adhesiveness. Experimental eye research 80, 581–590 (2005).
	26.	 Qi, H. et al. Nerve growth factor and its receptor TrkA serve as potential markers for human corneal epithelial progenitor cells. 

Experimental eye research 86, 34–40 (2008).
	27.	 Dua, H. S. & Azuara-Blanco, A. Limbal stem cells of the corneal epithelium. Surv.Ophthalmol. 44, 415–425 (2000).
	28.	 Lavker, R. M., Tseng, S. C. G. & Sun, T.-T. Corneal epithelial stem cells at the limbus: looking at some old problems from a new angle. 

Experimental eye research 78, 433–446 (2004).
	29.	 Li, D.-Q. et al. Partial enrichment of a population of human limbal epithelial cells with putative stem cell properties based on 

collagen type IV adhesiveness. Exp.Eye Res. 80, 581–590 (2005).
	30.	 Zieske, J. D. Perpetuation of stem cells in the eye. Eye 8(Pt 2), 163–169 (1994).
	31.	 Lavker, R. M., Tseng, S. C. & Sun, T. T. Corneal epithelial stem cells at the limbus: looking at some old problems from a new angle. 

Exp.Eye Res. 78, 433–446 (2004).
	32.	 Stepp, M. A. & Zieske, J. D. The corneal epithelial stem cell niche. Ocul.Surf. 3, 15–26 (2005).

http://dx.doi.org/10.1007/s11259-017-9676-y


www.nature.com/scientificreports/

9Scientific Reports | 7: 5169  | DOI:10.1038/s41598-017-04569-w

	33.	 Henriksson, J. T., McDermott, A. M. & Bergmanson, J. P. Dimensions and morphology of the cornea in three strains of mice. Invest 
Ophthalmol Vis Sci 50, 3648–3654 (2009).

	34.	 Zhang, H. et al. The measurement of corneal thickness from center to limbus in vivo in C57BL/6 and BALB/c mice using two-photon 
imaging. Experimental eye research 115, 255–262 (2013).

	35.	 Grieve, K. et al. Three-dimensional structure of the mammalian limbal stem cell niche. Experimental eye research 140, 75–84 (2015).
	36.	 Chen, Z., Evans, W. H., Pflugfelder, S. C. & Li, D. Q. Gap junction protein connexin 43 serves as a negative marker for a stem cell-

containing population of human limbal epithelial cells. Stem Cells 24, 1265–1273 (2006).
	37.	 De Paiva, C. S., Pflugfelder, S. C. & Li, D. Q. Cell size correlates with phenotype and proliferative capacity in human corneal epithelial 

cells. Stem Cells 24, 368–375 (2006).
	38.	 de Paiva, C. S., Chen, Z., Corrales, R. M., Pflugfelder, S. C. & Li, D. Q. ABCG2 transporter identifies a population of clonogenic 

human limbal epithelial cells. Stem Cells 23, 63–73 (2005).
	39.	 Yang, A. et al. p63 is essential for regenerative proliferation in limb, craniofacial and epithelial development. Nature 398, 714–718 

(1999).
	40.	 Parsa, R., Yang, A., McKeon, F. & Green, H. Association of p63 with proliferative potential in normal and neoplastic human 

keratinocytes. J.Invest Dermatol. 113, 1099–1105 (1999).
	41.	 Zhou, S. et al. The ABC transporter Bcrp1/ABCG2 is expressed in a wide variety of stem cells and is a molecular determinant of the 

side-population phenotype. Nat.Med 7, 1028–1034 (2001).
	42.	 Jones, P. H. & Watt, F. M. Separation of human epidermal stem cells from transit amplifying cells on the basis of differences in 

integrin function and expression. Cell 73, 713–724 (1993).
	43.	 Wei, Z. G., Cotsarelis, G., Sun, T. T. & Lavker, R. M. Label-retaining cells are preferentially located in fornical epithelium: 

implications on conjunctival epithelial homeostasis. Invest Ophthalmol.Vis.Sci. 36, 236–246 (1995).
	44.	 Tumbar, T. et al. Defining the epithelial stem cell niche in skin. Science 303, 359–363 (2004).
	45.	 Pajoohesh-Ganji, A., Pal-Ghosh, S., Simmens, S. J. & Stepp, M. A. Integrins in slow-cycling corneal epithelial cells at the limbus in 

the mouse. Stem Cells 24, 1075–1086 (2006).
	46.	 Kruse, F. E. Stem cells and corneal epithelial regeneration. Eye 8(Pt 2), 170–183 (1994).
	47.	 Lu, R. et al. Transcription factor TCF4 maintains the properties of human corneal epithelial stem cells. Stem Cells 30, 753–761 

(2012).
	48.	 Li, D. Q., Wang, Z., Yoon, K. C. & Bian, F. Characterization, isolation, expansion and clinical therapy of human corneal epithelial 

stem/progenitor cells. Journal of stem cells 9, 79–91 (2014).
	49.	 Pellegrini, G. et al. The control of epidermal stem cells (holoclones) in the treatment of massive full-thickness burns with autologous 

keratinocytes cultured on fibrin. Transplantation 68, 868–879 (1999).
	50.	 Espana, E. M., Di Pascuale, M., Grueterich, M., Solomon, A. & Tseng, S. C. Keratolimbal allograft in corneal reconstruction. Eye 18, 

406–417 (2004).
	51.	 Dora, N. J., Hill, R. E., Collinson, J. M. & West, J. D. Lineage tracing in the adult mouse corneal epithelium supports the limbal 

epithelial stem cell hypothesis with intermittent periods of stem cell quiescence. Stem cell research 15, 665–677 (2015).
	52.	 Zheng, X. et al. Evaluation of the transforming growth factor-beta activity in normal and dry eye human tears by CCL-185 cell 

bioassay. Cornea 29, 1048–1054 (2010).

Acknowledgements
This work was partially supported by National Institutes of Health grant EY023598 (DQL), Core Grant for Vision 
Research EY002520 and Lions Foundation for Sight, Natural Science Foundations of China grant (81670784), an 
unrestricted grant from Research to Prevent Blindness, the Oshman Foundation and the William Stamps Farish 
Fund.

Author Contributions
D-Q.L., S.C.P. and F.L. designed the research; J.L., Y.X., T.C., X.C., and R.D. performed the experiments; J.L., Y. 
X, and D-Q.L. analyzed the data and prepared figures; J.L., Y.X., T.C. and D-Q.L. wrote the manuscript; and all 
authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Identification for Differential Localization of Putative Corneal Epithelial Stem Cells in Mouse and Human

	Results

	Anatomical structures of murine corneal limbus differ from human limbus. 
	Cells expressing stem/progenitor cell markers are localized in basal layer of entire murine corneal epithelium. 
	BrdU label-retaining cells (LRCs) are detected in both limbal and central cornea of mouse eye. 
	Corneal epithelium can be regenerated in cultures from both central and limbal explants of murine cornea. 

	Discussion

	Materials and Methods

	Animals and Hematoxylin and Eosin (H & E) Staining of Cryosections from Murine Eyes. 
	Immunofluorescent Staining. 
	In vivo Detection of BrdU-LRCs in Corneas of C57BL/6 Mice. 
	Primary Corneal Epithelial Cells Cultures. 
	WST Cell Proliferation Assay. 
	Clonogenic Assays. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Representative Haematoxylin-Eosin (H & E) staining images of mouse and human corneas.
	Figure 2 Representative images of Immunofluorescent staining of stem cell markers.
	Figure 3 Label- retaining cells (LRCs) detected by BrdU immunofluorescent staining.
	Figure 4 Comparison of proliferative capacity in primary corneal epithelial cultures between limbal and central cornea in mouse and human.




