
Abstract. Aim: To develop a method capable of identifying
human corneal limbal stem cells (LSCs) and follow their
proliferation and migration in the epithelium. Materials and
Methods: Ten fresh matched pairs of cadaveric normal human
corneas were obtained from donors. Carboxyfluorescein
diacetate succinimidyl ester (CFSE) was used to target LSCs.
The distribution of CFSE-positive cell clusters was analyzed
by fluorescence microscopy by counterstaining with 4’,6-
diamidino-2-phenylindole (DAPI). Fluorescence was digitally
recorded for seven days, and the rate of cell movement was
determined. Results: CFSE-labeled cells were tracked in
corneas. Analysis of time sequences revealed that they moved
centripetally. Daily average CFSE-labeled LSC movement was
0.073±0.01 cm (±SD). Conclusion: CFSE allowed us to
identify LSCs and to track their centripetal migration from the
limbal basal layer to the anterior ocular surface. This
experimental system appears to be a valuable tool for further
studies on corneal epithelial cell migration and proliferation.

The corneal epithelium is a rapidly proliferating tissue in
which cells are constantly renewed and lost. The natural
turnover of human corneal epithelial cells takes place

wherein superficial cells are evenly shed from the corneal
surface by regular desquamation. These cells are constantly
replaced by a population of stem cells, which reside in the
basal limbal region and continue to cycle slowly during the
entire lifetime (1). When these limbal stem cells (LSCs) are
lost, the corneal epithelium is unable to repair and renew
itself (2). Transient amplifying cells are LSC daughter cells
and migrate centripetally into the basal layer of the corneal
epithelium, where they differentiate toward the upper layers
to become postmitotic cells (3). This mechanism of corneal
maintenance, the X, Y, Z hypothesis (4), has been widely
accepted and combined with the general assumption that
corneal epithelial stem cells principally reside in the basal
layer of the highly specialized and protected limbal niche (1,
5, 6). The radial structure of the limbus is also known as the
Palisades of Vogt (7). LSCs are a subpopulation of cells that
are slow-cycling, poorly differentiated and highly
proliferative (8, 9). It is broadly assumed that the central
corneal epithelium has no stem cells or stem cell-like cells,
instead, the central epithelium retains some level of
regenerative ability (3, 10, 11). Therefore the cells have little
proliferative capacity compared to peripheral epithelial cells
and LSCs (12). The continual renewal of the epithelium is
fundamental to maintaining its normal functions, and a good
understanding of cellular mechanisms is essential in
comprehending pathological conditions such as persistent
epithelium defect and wound healing. 

Cell migration is one of the most important aspects of
epithelial homeostasis, and despite a constant increase in
knowledge in this area, there are not many investigations
concerning the physiological migration of epithelial cells in the
normal cornea, presumably because no appropriate
methodology was available to detect cell movement. Although
histological studies are not always suitable for the investigation
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of dynamic events, localization of typical cells during a time
sequence can be seen after fluorescence labeling. Accordingly,
we sought to establish a human model in which the migration
of epithelial cells could be studied in healthy and uninjured
cornea. To the best of our knowledge, although there are various
fluorescein-based dyes used to label cells for in vivo migration
studies (13-15), fluorescent labeling has never been used to
track migration and proliferation of corneal epithelial cells
before. Among others, a very useful intracellular fluorescent dye
is carboxyfluorescein diacetate succinimidyl ester (CFSE). Its
capacity to label cell populations with a high fluorescent
intensity of exceptionally low variance in combination with its
low cell toxicity, render it an ideal dye for measuring cell
division. Several studies in literature showed that CFSE is an
effective and popular means of monitoring cell division but to
date, it has only been used to examine lymphocyte migration
(16-18). In our study, we introduce a new method for
identifying LSCs and tracking their centripetal migration from
the limbal basal layer toward the ocular surface using CFSE. 

Materials and Methods

Human corneal samples. Approval for all human tissue-based research
was obtained from the local Ethics Committee (approval no.15490).
Ten fresh matched pairs of cadaveric human corneas were collected
from donors sourced through the Melvin Jones Eye Bank (Genoa,
Italy). Corneas used in our study were unsuitable for transplantation
since the cause of death was unknown, or there was an underlying
systemic disease in the donor. Corneas were resected from the globe
by cutting around the limbus to leave a 2- to 3-mm scleral margin and
were then transported in Melvin Jones Eye Bank medium. 

Explanted corneas were stored in complete minimum essential
medium (MEM) (composed of minerals, amino acids, vitamins, and
antibiotics) at 31˚C to keep epithelial cells alive. 

Histology. Corneas were fixed in 10% formalin buffered solution
for 4 hours at room temperature. Following the fixation, the corneas
were rinsed in water three times, 10 min each, dehydrated in a
graded ethanolic series (70% to absolute), and embedded in paraffin.
To determine the best plane of sectioning, one cornea was cut
longitudinally, another one transversally. Sections were cut by a
rotary microtome (Leica RM2165; Leica Microsystems, Cambridge,
UK) at 5 μm thickness, and stained with hematoxylin/eosin stain.
Briefly, the sections were deparaffinized in xylene, three times 10
min each, hydrated in a graded ethanolic series (from absolute to
70% ethanol) and then in bi-distilled water. Sections were stained
first with hematoxylin solution (Bio-Optica, Milan, Italy) for 8 min
and rinsed in running tap water for 10 min, then with eosin Y
solution (Carlo Erba, Milan, Italy). After that, the sections were
differentiated and dehydrated by passage in 95% absolute ethanol
quickly, then in xylene three times for 5 min each and sealed with
a coverslip. An Axiovert 200 M microscope was used to acquire
images (Zeiss, Germany).

Epithelial stem cell labeling. On the first day, the corneas were
incubated with CFSE [Vinci-Biochem, Vinci (Firenze) Italy]
solution at 1 μl/ml in phosphate-buffered saline (PBS) diluted in

MEM for 30 min at 31˚C. After CFSE incorporation, the corneas
were rinsed in a jar containing PBS for 5 min at 31˚C. Immediately
after, the corneas were transferred to MEM at 31˚C. Each cornea
was fixed at a defined time point starting from T0 (immediately
after CFSE incorporation) through T1, T2, T3, T4, T5, T6, T7,
where each time point was at 24-h intervals. For the fixation, the
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Figure 1. X, Y, Z hypothesis demonstrated in a section of human cornea.
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI;
blue). Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled
cells (green) showed centripetal migration of cells from the limbal basal
layer toward the central cornea. Brighter CFSE labelling was present
in the basal layer of the limbus (at T1) (A; magnification: 40×) where
stem cells reside and CFSE was observed in the central epithelium (at
T7) (B; magnification: 10×). 

Figure 2. Stem cells in the basal limbal niche. Clusters of several highly
fluorescent carboxyfluorescein diacetate succinimidyl ester-labeled cells
in the basal limbal niche.



corneas were transferred in 10% formalin buffered solution for 4 h
at room temperature and then they were washed in PBS three-time
5 min each. After three washes, each lasting 10 min in bi-distilled
water, the corneas were stored in 20% sucrose solution in PBS at
4˚C for a minimum of 24 h.

Immunofluorescence. Corneas were cut with a scalpel into two
halves, passing through the center of the cornea to prepare the
samples for cutting with a cryostat. Few passages were required to
embed the corneas for cryosectioning. Firstly, the samples were
immersed in 20% sucrose solution plus cryostat embedding medium
(Killik, Bio-Optica, Milan, Italy) 1:1 for 3 h on a shaker at 4˚C.
Subsequently they were immersed in 20% sucrose solution plus
cryostat embedding medium at 3:1 for 30 min on a shaker at 4˚C
and finally embedded in 20% sucrose solution plus cryostat
embedding medium 3:1, on dry ice. Corneas were kept at −80˚C
before cutting. Samples included all layers of the cornea and were
cut with a cryostat (Leica) at 8-μm thickness, obtaining a cross
section of the tissue. Slides were sealed with a coverslip, using
Vectashield mounting media containing 4’,6-diamidino-2-
phenylindole (DAPI) (Vinci-Biochem). The slides were analyzed,
and images were acquired under an Axiovert 200 M fluorescence
microscope (Zeiss). Fluorescence was digitally recorded for 7
consecutive days (T1-T7), and the rate of cell movement was
determined by tracing the different positions of CFSE-labeled LSCs
using the manual tracking plugin in ImageJ.

Results

To investigate limbal epithelial cell movement, we developed
a method which can identify the stem cells of human corneal
epithelium and allows the proliferation and subsequent
migration to be followed.

CFSE staining in the corneal epithelium resulted in a
mosaic pattern of CFSE-positive cells, with the brightest
cells present in the basal and suprabasal layer of the
epithelium (highly fluorescent CFSE-labeled cells). At each
subsequent division, the fluorescence level halved (low-level
fluorescent CFSE-labeled cells), both highly and low-level
fluorescent CFSE-labeled cells formed a fluorescent rim
toward the central cornea. Clusters of several highly
fluorescent CFSE-labeled cells were tracked in the cornea,
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Figure 3. The distribution of the fluorescein-based dyes in corneal sections. 4’,6-Diamidino-2-phenylindole stained all corneal cell nuclei (A), while
carboxyfluorescein diacetate succinimidyl ester stained only the cytoplasm of corneal stem cells (B). In (C), both stains were used (magnification: 10×).

Figure 4. Carboxyfluorescein diacetate succinimidyl ester (CFSE)-
labeled cells. 4’,6-Diamidino-2-phenylindole stained all corneal cell
nuclei, while CFSE stained only the cytoplasm of corneal stem cells
(arrows) (magnification: 40×).

Figure 5. A representative time-lapse sequence of carboxyfluorescein
diacetate succinimidyl ester-labeled cells tracked in corneas. Cell
proliferation across the human cornea at T1 (A), T6 (B), and T7 (C)
(magnification: 10×).



and an analysis of time-lapse sequences revealed that they
moved centripetally. CFSE and DAPI differential staining
allowed highlighting of stem cells alone. Green fluorescence
marked these cells (Figures 1-4).

A time-lapse sequence was digitally recorded. The mean±SD
daily movement of CFSE-labeled cells was 0.073±0.01 cm.
The mean movement of CFSE-labeled LSCs on each day was:
T1: 0.125 cm; T2: 0.188 cm; T3: 0.250 cm; T4: 0.312 cm; T5:
0.375 cm; T6: 0.438 cm; and T7: 0.510 cm (Figure 5).

CFSE staining allowed us to track corneal epithelial cells
from the limbal basal layer centripetally to the superficial
epithelium and was shown to be a reliable method allowing
observation and quantification of the migration of epithelial
cells on a daily basis. CFSE-labeled cells moved from the
limbus towards the corneal surface in 1 week on average.

The use of CFSE staining followed by fluorescence
microscopic observation allowed us to analyze the movement
of epithelial cells in a normal human cornea.

Discussion

In the present study, we demonstrated the use of fluorescent
microscopy to study migration of LSCs in the human cornea.
No direct methods have been well established yet to identify
corneal stem cells due to the lack of specific molecular
markers, even if different putative stem cell markers have
been proposed (19-21). In the late 1980s, Parish and Weston
made a concerted effort to identify new fluorescent dyes that
showed more persistent staining properties and different
spectral characteristics to H33342 (18), the most valuable
dye for studying cell migration as yet. A wide range of
membrane-permeant, fluorescein-based dyes, to measure
intracellular pH, intracellular ion concentrations, intercellular
adhesion and general cell viability, have become
commercially available from Molecular Probes (Eugene, OR,
USA). Today these seem ideal for use in labeling cells for in
vivo migration studies. A key feature of these dyes is that
they are coupled with acetate or acetoxymethyl side chains,
which make them much more membrane-permeant. The side
chains are esterase-sensitive and therefore when the dyes
enter the cell, endogenous intracellular esterases remove the
acetate/acetoxymethyl groups, and the dyes are trapped
inside cells. The stable incorporation of intracellular
fluorescent dye into cells provides an innovative tool for
monitoring cell migration. Since the fluorescent labeling
remains in daughter cells, it allows subsequent cell cycles to
monitored (16). 

On the basis of these observations, we chose CFSE both for
these properties and for its lack of toxicity (22). To the best of
our knowledge CFSE fluorescent labeling has never been used
before to track migration and proliferation corneal epithelial
cells. In our study, CFSE was used to target corneal epithelial
cells. The shape and distribution of CFSE-positive cell clusters

and cell motion were analyzed in frozen cross-sections via
fluorescence microscopy by counterstaining with DAPI. DAPI
is a blue-fluorescent DNA stain that exhibits ~20-fold
enhancement of fluorescence upon binding to AT regions of
double-stranded DNA (23, 24). It is excited by the violet (405
nm) laser line (25) and is used as a nuclear counterstain in
fluorescence microscopy. It is usually used to stain fixed cells
since the dye is cell impermeant, but it can also enter live cells
if used at higher concentrations (26). Fluorescence was
digitally recorded for 7 consecutive days, and the rate of cell
movement was determined following the different position of
the CFSE-labeled LSCs. 

The use of CFSE in human corneas allowed us to
identify LSCs and track their centripetal migration from the
limbal basal layer to the epithelial surface using
fluorescence microscopy. It provided us with a reliable
method with the ability to check epithelial proliferation on
a daily basis. We found that the best plane of sectioning
was longitudinal because only such sections allowed
observation of all the corneal layers. This experimental
system paves the way for further research on epithelial cell
migration in the normal cornea and in helping to better
understand corneal epithelium dynamics. The protocol
presented above is well established for the healthy human
cornea, but could equally be applied to cornea affected by
various conditions, such as corneas that had been exposed
to chronic topical medications, in order to show possible
changes in cell behavior.

It is likely that additional fluorescent dyes with different
spectral properties from those of CFSE will become
available for proliferation and tracking studies of limbal cells
in the future. We trust that our experiment will trigger further
developments in this area.
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