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Microstructure of the corneal endothelial transition zone in
different laboratory animals
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Purpose: To compare the microstructure of the corneal endothelial transition zone in different laboratory animals.
Methods: Flat-mount corneas of rabbits, rats, and mice were stained with Alizarin Red S (ARS) and observed us-
ing scanning electron microscopy (SEM). The progenitor cell markers p75 neurotrophin receptor (p7SNTR), SRY-box
transcription factor 9 (SOX9), leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5), telomerase reverse
transcriptase (TERT), and proliferation marker K,-67 were examined in the flat-mounted corneas of three laboratory
animals using immunofluorescence microscopy.

Results: On flat mounts, proximity to the trabecular meshwork correlated with weaker ARS staining and greater poly-
morphism of endothelial cells in the transition zone in all animals. On SEM, distinct and smooth structures of the
transition zone were negligibly detected in all animals. The endothelial cells in the transition zone had irregular shapes,
with less dense, less wavy intercellular junctions, especially in murine corneas, exhibiting unique intercellular cystic
spaces. In the transition zone of the rabbit cornea, progenitor cell markers p7SNTR, SOX9, Lgr5, TERT, and proliferation
marker K.-67 were expressed, in contrast to those in other murine corneas.

Conclusions: Although the transition zone was not identified clearly, irregular cell morphology and loss of cell—cell
contact were observed in all animal corneal endothelial cells. The proliferative capacity and the presence of progenitor
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cells were confirmed in the transition zone, especially in the rabbit cornea.

The corneal endothelial transition zone is a smooth and
annular area that is adjacent to the end of the peripheral
endothelium and lacks trabecular meshwork fiber [1]. The
cells of the human corneal endothelial transition zone overlap
and exhibit irregular shapes and loss of cell—cell contact [2].
Corneal endothelial density in the transitional zone was
significantly higher than in the central cornea when stained
with Alizarin red S (ARS) in humans [3,4], and the endothe-
lial periphery and transition zone contained fewer differenti-
ated cells or progenitor cells [4]. These findings suggest the
potential proliferative capacity of the endothelial transition
zone.

Recent studies have focused on corneal endothelial cell
regeneration technology [1,3-9], with some reporting regen-
erative methods using progenitor cells in the endothelial
transition zone [1,8,9]. To study the proliferative capacity of
the endothelial transition zone in vivo or ex vivo in animal
models, it is necessary to understand the differences in this
zone for each animal species.

Sie et al. summarized studies reporting human corneal
endothelial progenitor cells in the endothelial periphery [8].
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Among those studies, McGowan et al. observed progenitor
cells expressing markers, such as nestin, alkaline phospha-
tase, and telomerase, in the human transition zone [10], identi-
fied the expression of p75 neurotrophin receptor (p75SNTR)
and SRY-box transcription factor 9 (SOX9) in the human
corneal endothelial transition zone [9]. However, studies
on corneal endothelial progenitor cells in animals are rare.
Nevertheless, the expression of SOX9, leucine-rich repeat-
containing G protein-coupled receptor 5 (Lgr5), nestin, and
nerve growth factor receptor (NGFR) has been observed in
the corneal endothelial cells of mice at postnatal day three
[11]. In bovine eyes aged 1-2 years, stem cell markers of
nestin, octamer-binding transcription factor 4, paired box
6, SOX2, and telomerase reverse transcriptase (TERT) were
expressed in the endothelial transition zone [12]. Therefore,
this study aimed to compare the microstructure of corneal
endothelial transition zones and investigate the proliferative
capacity and presence of corneal endothelial progenitor cells
in three different laboratory animals.

METHODS

Experimental animals: Both eyes of nine New Zealand
white rabbits, seven Sprague Dawley® (SD) rats, and nine
C57BL/6 mice were used. All the animals were seven
weeks old. The rabbits, rats, and mice weighed 1.8-2.0 kg,
200-250 g, and 25-30 g, respectively. Corneal tissues with
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a scleral rim were obtained from the enucleated eyes, and
the orientation was marked at the time of enucleation. All
study protocols followed the Institute for Laboratory Animal
Research and the Guide for Animal Experimental Protocol
with the approval of the Inha University Institutional Animal
Care and Use Committee (INHA-TACUC:200820—710 and
201,103-733).

Observation of flat-mounted corneas: The excised corneas
devoid of iris tissue were rinsed with a balanced salt solu-
tion (Alcon, Fort Worth, TX). They were then placed in 1%
ARS (ScienCell Research Laboratories, Inc., Carlsbad, CA)
and dissolved in 0.9% sodium chloride with a pH adjusted
to 5.2 for 5 min. After fixation with 4% paraformaldehyde
(Biosesang, Seongnam-si, Korea), the tissues were placed in
phosphate-buffered saline and shaken to detach the clumping
deposit. The nuclei of the corneal endothelial cells were
stained with a 0.4% trypan blue solution (Sigma-Aldrich, St.
Louis, MO) for 2 min. After a rinse with phosphate-buff-
ered saline for 1 min, the corneas were cut into four radial
directions, and their images were observed using a BX43
OLYMPUS optical microscope (Olympus, Tokyo, Japan).

Scanning electron microscopy: The corneas were fixed in
2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and
cut in four radial directions. The corneas were post-fixed in
1% aqueous osmium tetroxide (Tokyo Chemical Industry
Co. Ltd., Tokyo, Japan) and coated with a gold alloy after
dehydration. Corneal endothelial transition zone images were
collected using high-resolution field-emission scanning elec-
tron microscopy (SEM) (SU 8010, Hitachi High Technologies
Corp., Tokyo, Japan).

Immunostaining of the corneal endothelial transitional zone
(flat mount): Fixation was performed for 30 min in methanol
at room temperature. Whole flat-mounted corneal tissues
were treated with a blocking solution in phosphate-buffered
saline (PBS) containing 2% heat-inactivated goat serum (Cell
Signaling Technology, Danvers, MA) and 2% bovine serum
albumin (BSA; VWR International, Radnor, PA) for 1 h at
room temperature.
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We evaluated and compared the expression levels
of p7SNTR, SOX9 [9], Lgr5 [11], TERT [12], and K,-67
in the transition zone between three laboratory animals.
Immunostaining was performed using p7SNTR antibody
(Cell Signaling Technology, Danvers, MA), SOX9 antibody
(Abcam, Cambridge, MA), Lgr5 antibody (Origene Technolo-
gies Inc., MD), TERT antibody (Thermo Fisher Scientific,
MA), and K -67 antibody (Novus Biologicals, Centennial,
CO) (Table 1). The sections were incubated with an antibody
diluent solution (Invitrogen) at room temperature for 1 h and
then incubated with the primary antibody (1:100) at 4 °C for
16 h. The following day, the sections were washed three times
for 5 min with PBS in 0.1% Tween-20 and incubated with
secondary antibodies (Table 2). After staining the sections
with 4’,6’-diamidino-2-phenylindole (Thermo Fisher Scien-
tific), images were obtained using a BX43 OLYMPUS fluo-
rescence microscope (Olympus, Tokyo, Japan) and IS Capture
software. Five random areas of the transition zone were
selected, and the number of positive cells was counted for
each area. For each assay, positive and negative controls were
performed. The samples were exposed to both primary and
secondary antibodies or were exposed only to the secondary
antibody. A bright-field examination of the samples was
subsequently performed to identify the proper antibodies and
to check a false-positive staining reaction

RESULTS

Observation of flat-mounted corneas: On flat mounts, the
endothelial cells in the transition zone had an irregular shape
with slightly elongated nuclei compared with those of central
endothelial cells, which had a hexagonal cell shape with
round nuclei in all laboratory animals. Cell clusters with
two or three layers were identified in this area. Proximity to
the trabecular meshwork was associated with weaker ARS
staining and a greater polymorphism of endothelial cells in
the transition zone. The difference in the degree of staining
is presumed to be due to differences in corneal thickness
between laboratory animal species. (Figure 1).

Scanning electron microscopy examination findings: We
observed the corneal endothelial transition zone using SEM

TABLE 1. PRIMARY ANTIBODIES.

Dilute concentration

Antibody Animal source Clone Source/ Catalog ID

Primary Secondary
K.-67 Mouse 8D5 Novus biologicals / NBP2-22112 1:100 1:500
p75NTR Rabbit D4B3 Cell signaling technology / #8238 1:100 1:500
SOX9 Rabbit Polyclonal Abcam / ab26414 1:100 1:500
Lgr5 Mouse OTI2A2 Origene / TA503316 1:100 1:500
TERT Mouse 2C4 Thermo fisher scientific / MA5-16034 1:100 1:1000
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Figure 1. En face view of the corneal endothelial transition zone (white arrow) between the corneal endothelium and trabecular meshwork
in different laboratory animals. Some cell clusters with two or three layers were identified; moreover, weaker Alizarin Red staining and
greater polymorphic cells were observed in rabbit (A), rat (B), and mouse (C) specimens. The scale bar indicates 100 pum.

and found differences among the three laboratory animals
(Figure 2). The adult rabbit corneas showed a lack of distinct
and smooth transition zone structures, and the trabecular
meshwork architecture transitioned immediately to the
extreme peripheral endothelium, with relatively regularly
arranged hexagonal endothelial cells in all directions. The
high-power view revealed that the endothelial cells in the
transition zone had an irregular shape with less dense, less
wavy intercellular junctions compared to those associated
with the central endothelial cells. In the murine corneas, a
smooth transition zone was negligibly detected. Notably, in
the transition zone of the rat and mouse corneas, a distinctive
intercellular cystic space was identified, in contrast to that
of the rabbit.

Immunostaining of the corneal endothelial transition zone
and comparison of K -67 expression between three laboratory
animals: The proliferative activity in the transition zone was
evaluated using the K -67 marker, a nuclear protein associated
with cell proliferation. In rabbit corneal flat mounts, the mean
number of K-67 positive cells was 2.5 + 1.9 in five random
areas of the transition zone. In the murine corneas, extremely
rare expression and the mean number of K.-67 positive cells
were 0.4 + 0.5 (rat) and 0.8 + 0.8 (mouse) in five random areas
of the transition zone (Figure 3).

P7SNTR—Fluorescent staining for p7SNTR was
observed in the transition zone in the rabbit cornea. The mean
number of positive cells was 1.6 + 1.3 in five random areas of

the transition zone. Conversely, no reaction was observed in
either murine cornea (Figure 4A).

Lgr5—Fluorescent staining for Lgr5 was also observed
in the transition zone in the rabbit cornea. The mean number
of positive cells was 1.8 £ 0.4 in five random areas of the
transition zone. However, no reaction was observed in either
murine cornea (Figure 4B).

SOX9—S0OX09 activity was detected in the transition
zone of the rabbit corneal flat mounts. The mean number
of positive cells was 1.2 £ 0.4 in five random areas of the
transition zone. However, no reaction was observed in either
murine cornea (Figure 4C).

TERT—Immunofluorescence staining for TERT was
observed in the transition zone of the rabbit corneal flat
mounts. The mean number of positive cells was 1.4 + 0.9
in five random areas of the transition zone. TERT was not
expressed in the rat or mouse corneas (Figure 4D).

DISCUSSION

This comparative study explored the microstructures of the
corneal endothelial transition zone between three different
laboratory animals: rabbits, rats, and mice. Studies have
reported on the microanatomy of the transition zone in the
posterior limbus of the human cornea [1-4]; however, few
studies have reported on those of nonhuman species [8,11,12].

In our study, endothelial cells in the transition zone had
an irregular shape with slightly elongated nuclei and showed

TABLE 2. SECONDARY ANTIBODIES.

Antibody Conjugation Absorption/ Emission Source/Catalog ID

Goat anti-rabbit IgG Alexa fluor 488 495nm/519nm Cell signaling technology/#4412S
Goat anti-mouse IgG Alexa fluor 594 590nm/617nm Cell signaling technology/#8890S
Goat anti-mouse IgM Alexa fluor 488 495nm/519 nm Thermo fisher scientific/A-21042

109



Molecular Vision 2024; 30:107-113 <http://www.molvis.org/molvis/v30/107>

Nasal

Temporal

Superior

Rat Rabbit

Mouse

© 2024 Molecular Vision

Inferior Peripheral

Figure 2. The corneal endothelial transition zone observed via scanning electron microscopy. The corneal endothelial transition zone in four
directions and a high-power view of the central and transition zones in three laboratory animals.

overlapping and irregular arrangements with weaker ARS
staining in all laboratory animals. These findings were
similar to those observed in humans and may indicate weaker
intercellular junctions and higher cell mobility than in the
central cornea [2,8].

Using SEM, previous reports showed a well demar-
cated smooth transition zone in humans [2,8]; however,
our animal corneas lacked distinct and smooth structures.
Their trabecular meshwork architecture immediately transi-
tioned to the extreme peripheral endothelium. These results
differed somewhat from those of previous studies [8,12],
which demonstrated that bovine and murine corneas had no
apparent transition zones, whereas rabbit corneas had well
demarcated zones. This may be explained by the individual or
interspecies variation of this zone, as described in a previous

report [8]. Nevertheless, the endothelial cells in this area also
had irregular shapes, with less dense, less wavy intercellular
junctions at high magnification compared to central endo-
thelial cells. In particular, murine corneas exhibited unique
intercellular spaces, and these SEM results may indicate
weaker intercellular junctions and higher cell mobility in the
transition zone.

Our flat preparation and ultrastructural findings of
the endothelial transition zone suggested the existence of a
proliferative capacity in this area in three laboratory animals.
Therefore, we attempted to confirm the proliferative capacity
(i.e., the presence of progenitor cells).

We first examined proliferative activity in the transition
zones of three laboratory animals. K-67 has been widely
used as a proliferation marker and is detected during the

Figure 3. In the rabbit corneal flat mount, the mean number of K.-67-positive cells was 2.5 + 1.9 in five random areas of the transition zone
(A). In murine corneas, rare expression and the mean number of K -67-positive cells were 0.4 + 0.5 (B, rat) and 0.8 = 0.8 (C, mouse) in five

random areas of the transition zone. The scale bar indicates 100 pm.
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Figure 4. Fluorescent staining for the p75 neurotrophin receptor, leucine-rich repeat-containing G protein-coupled receptor 5, SRY-box
transcription factor 9, and telomerase reverse transcriptase occurred in the transition zone in a rabbit cornea. No reaction was noted in either
murine cornea. The white scale bar indicates 100 pm. The black scale bar indicates 50 um.

active phases of the cell cycle [11,13,14]. We found prolifera-
tive activity in the transition zone of rabbits; however, murine
corneas showed extremely rare expression in this zone. A
previous report that analyzed K -67 expression and labeled
cells with 5-bromo-2’-deoxyuridine in mouse corneal endo-

thelium at different ages found that proliferation is active
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in mice at postnatal day three but not at postnatal day 30,
and mature endothelium loses the ability to reproduce [11].
However, we confirmed that little proliferative capacity
remained in the adult murine transition zone compared to

the central endothelium without expression.
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Previous studies have reported on human corneal endo-
thelial progenitor cells [1,8-10,15-17]. Yam et al. detected
the expression of LgrS, TERT, and p7SNTR by immuno-
fluorescence analysis in the human endothelial transition
zone [1]. SOX9- and p75SNTR-positive cells were identified
by immunohistochemistry in the human corneal endothe-
lium [9]. According to these reports, progenitor cells are
mainly present in the transition zone between the peripheral
endothelium and the trabecular meshwork. However, in the
animal transition zone, progenitor cells have been reported
only in young mice and bovines [8,11,12]. We demonstrated
the expression of four progenitor cell markers—p75NTR,
SOX9, Lgr5, and TERT (i.e., neural crest and periocular
mesenchymal markers)—in the rabbit corneal endothelial
transition zone. Based on these data, we confirmed the pres-
ence of progenitor cells with proliferative capacity in the
rabbit corneal endothelial transition zone. However, we could
not confirm the presence of progenitor cells in the murine
corneal endothelium. We performed positive and negative
control staining to exclude possible differences in antibody
reactivity between animal species. Because we observed that
the control staining results for rabbits, rats, and mice did not
differ, we thought that there was no difference in the cross-
reactivity of antibodies between animal species.

Espana et al. evaluated the presence of corneal endo-
thelial progenitor cells at different ages in mice [11]. In
the corneal endothelium, the expression of four progenitor
markers—SOX9, Lgr5, nestin, and NGFR—was observed
in three-day-old mice. However, in 30-day-old mice, the
expression of these four progenitor cell markers was absent
or downregulated. We evaluated the expression of p7SNTR,
Lgr5, SOX9, and TERT in a 49-day-old mouse and rat and
found no significant expression of these markers. Yoshida
et al. observed low expression of cyclin-dependent kinase
inhibitor 1B (p27kipl) and high expression of proliferating
cell nuclear antigen (PCNA) in one-day-old mice, whereas
in 11-day-old mice, high expression of p27kipl was detected,
and PCNA-positive cells were rare in the central and periph-
eral corneal endothelium with immunocytochemistry [18].
We used different animals aged seven weeks in our study.
Unlike rabbits, the absence of significant expression of
progenitor markers in the murine corneal endothelium is
thought to be due to differences in corneal maturity, consid-
ering the lifespan. A limitation of our study is that we did not
compare the differences in the corneal endothelial transition
zone at different ages in each laboratory animal.

In conclusion, our study assessed the microstructure
of the corneal endothelial transition zone and the presence
of corneal endothelial progenitor cells in this zone in three

112

© 2024 Molecular Vision

laboratory animals: rabbits, rats, and mice. Although the tran-
sition zone was not identified clearly, unlike in human tissue,
irregular cell morphology and loss of cell—cell contact were
found in all laboratory animal corneal endothelial transition
zones. The proliferative capacity and presence of progenitor
cells were confirmed in the transition zone, especially in the
rabbit cornea. These results may help develop treatments
to stimulate corneal endothelial regeneration in vivo as an
animal model.
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