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Corneal endothelial dysfunction accompanied by visual disturbance is a primary indication for corneal
transplantation. We previously reported that the adhesion of corneal endothelial cells (CECs) to a substrate was enhanced by the selective ROCK inhibitor
Y-27632. It is hypothesized that the inhibition of
ROCK signaling may manipulate cell adhesion properties, thus enabling the transplantation of cultivated
CECs as a form of regenerative medicine. In the present study, using a rabbit corneal endothelial dysfunction model, the transplantation of CECs in combination with Y-27632 successfully achieved the recovery
of corneal transparency. Complications related to cell
injection therapy, such as the abnormal deposition of
the injected cells as well as the elevation of intraocular pressure, were not observed. Reconstructed corneal endothelium with Y-27632 exhibited a monolayer hexagonal cell shape with a normal expression
of function-related markers, such as ZO-1, and Naⴙ/
Kⴙ-ATPase, whereas reconstruction without Y-27632
exhibited a stratified fibroblastic phenotype without
the expression of markers. Moreover, transplantation
of CECs in primates in the presence of the ROCK
inhibitor also achieved the recovery of long-term corneal transparency with a monolayer hexagonal cell
phenotype at a high cell density. Taken together,
these results suggest that the selective ROCK inhibitor
Y-27632 enables cultivated CEC-based therapy and
that the modulation of Rho-ROCK signaling activity
serves to enhance cell engraftment for cell-based re-
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generative medicine.

(Am J Pathol 2012, 181:268 –277;
http://dx.doi.org/10.1016/j.ajpath.2012.03.033)

Corneal endothelial dysfunction is a major cause of severe visual impairment, because corneal endothelial cells
maintain corneal transparency through their barrier and
Na⫹-K⫹ transport system. Highly effective surgical techniques to replace corneal endothelium (eg, Descemet’s
stripping endothelial keratoplasty) have been developed,1,2
aimed at replacing penetrating keratoplasty for overcoming
pathological dysfunctions of corneal endothelial tissue. Several research groups, including ours, have devoted an intensive amount of effort in an attempt to establish new
treatment methods suitable for a practical clinical intervention to repair corneal endothelial dysfunctions.3– 6 Because
corneal endothelium is composed of a monolayer and is
technically difficult to transplant into the anterior chamber as
a structurally flexible cell sheet, those research teams cultured corneal endothelial cells (CECs) on substrates such
as collagen sheets and amniotic membrane.
The injection of cultivated cells has been reported for
the treatment of a number of organs associated with
degenerative diseases such as the heart,7 vessels,8 pancreas,9 and cartilage.10 In regard to corneal endothelium,
it is known that injected cultured CECs appear to be
washed off by aqueous humor flow, thus resulting in the
poor adhesion of those injected cells onto the corneal
tissue. To develop an effective method for delivering cultivated CECs to the posterior cornea, the magnetic attachment of iron powder or superparamagnetic microspheres incorporated in the cultivated CECs has been
attempted. This method has been shown to work in a
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rabbit transplantation model11,12 and in an organ culture
model of the human eye13; however, these methods have
yet to be applied in the clinical setting.
Cell adhesion is known to be mediated through transmembrane adhesion molecules linked to the intracellular
cytoskeleton. In addition to the structural function, these
adhesion molecules reportedly serve as a platform for the
interplay with the surrounding environments.14,15 Rho
GTPase proteins are key modulators of cytoskeletal dynamics that occur after cell adhesion.16 –18 It has been
reported that Rho GTPases induce a specific type of
actin cytoskeleton through mediating downstream effectors mDia and Rho-associated kinase (ROCK), and that
they regulate a variety of cellular functions.19 Cell adhesion, motility, and cell morphogenesis are thought to be
determined by the balance between mDia and ROCK
activities.19 We recently reported that the adhesion of
CECs to a substrate was enhanced by inhibiting Rho/
ROCK signaling.20 This finding coincides well with those of
other studies that demonstrated that Rho-ROCK signaling
negatively regulates the integrin-mediated adhesion of
monocytes, and that the inhibition of ROCK by a selective
ROCK inhibitor upregulates adhesion.17,18 These features
have led us to hypothesize that the inhibition of ROCK
signaling may provide a way to manipulate the cell adhesion property of cultivated corneal endothelium to the extent
practical for regenerative medicine.
In this current study, in two animal models (rabbit and
primate) of corneal endothelial dysfunctions, the transplantation of cultivated CECs in combination with ROCK
inhibitor Y-27632 successfully achieved the recovery of
corneal transparency. Inhibition of the ROCK signaling
manipulated the adhesion property of the cultivated
CECs. Moreover, the injected CECs functioned sufficiently well to reconstruct the corneal endothelium with
an appropriate cell density, morphology, and expression
of function-related markers. This novel treatment strategy
may provide a new therapeutic modality for corneal-endothelium–associated pathological dysfunctions.

Materials and Methods
Materials
Rabbit eyes were purchased from Funakoshi Corporation
(Tokyo, Japan). Alizarin red S stain and selective ROCK
inhibitor Y-27632 were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Dulbecco’s
modified Eagle’s medium supplemented with penicillin,
streptomycin, and basic fibroblast growth factor (bFGF),
Vybrant DiI cell-labeling solution, Alexa Fluor 594-conjugated phalloidin, Alexa Fluor 488-conjugated phalloidin,
Alexa Fluor 488-conjugated goat anti-mouse IgG, antivinculin antibody, ROCK1 Stealth RNAi (HSS109291,
HSS109292, and HSS109293), ROCK2 Stealth RNAi
(HSS114106, HSS114107, and HSS114108), Stealth
RNAi negative control medium GC #2, and Lipofectamine
RNAiMAX were purchased from Life Technologies (Carlsbad, CA). Dispase II was purchased from Roche Applied
Science (Penzberg, Germany). FNC Coating Mix was

purchased from Athena Environmental Sciences, Inc.
(Baltimore, MD). Ki-67 monoclonal antibody, propidium
iodide (PI), and Cytochalasin D were purchased from
Sigma-Aldrich Co. (St. Louis, MO). ZO-1 polyclonal antibody was purchased from Zymed Laboratories (South
San Francisco, CA). ␣–Smooth muscle actin (␣-SMA)
monoclonal antibody was purchased from Thermo Fisher
Scientific (Kalamazoo, MI). Na⫹/K⫹-ATPase monoclonal
antibody was purchased from Upstate Biotech (Lake
Placid, NY). DAPI was purchased from Vector Laboratories
(Burlingame, CA). CellTiter-Glo Luminescent Cell Viability
Assay was purchased from Promega (Madison, WI).

Animal Experiment Approval
In all experiments, animals were housed and treated in
accordance with The Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. The rabbit experiments
were performed at Doshisha University (Kyoto, Japan)
according to the protocol approved by that university’s
Animal Care and Use Committee (approval no. 0831).
The monkey experiments were performed at the Research Center for Animal Life Science at Shiga University
of Medical Science (Otsu, Japan) according to the protocol approved by that university’s Animal Care and Use
Committee (approval no. 2008-10-5).

Cell Culture of Rabbit and Monkey CECs
Ten rabbit eyes were used for the rabbit CECs (RCECs)
culture. Eight corneas from four cynomolgus monkeys (3
to 5 years of age; estimated equivalent human age: 5 to
20 years) housed at the Nissei Bilis Co. (Otsu, Japan) and
the Keari Co. (Wakayama, Japan), respectively, were
used for the monkey CECs (MCECs) culture. The RCECs
and MCECs were cultivated as described previously.3,20
Briefly, Descemet’s membrane with CECs was stripped
and incubated in 0.6 U/mL of Dispase II to release the
CECs. After a 60-minute incubation at 37°C, the CECs
obtained from individual corneas were resuspended in
culture medium and plated in one well of a six-well plate
coated with cell attachment reagent (FNC Coating Mix).
All primary cell cultures and serial passages of CECs
were performed in growth medium composed of Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 50 U/mL penicillin, 50 g/mL streptomycin, and 2 ng/mL bFGF. CECs were cultured in a
humidified atmosphere at 37°C in 5% CO2. The culture
medium was changed every 2 days. When cells reached
confluency in 10 to 14 days, they were rinsed in Ca2⫹ and
Mg2⫹-free Dulbecco’s phosphate-buffered saline (PBS),
trypsinized with 0.05% Trypsin-EDTA (Life Technologies,
Carlsbad, CA) for 5 minutes at 37°C, and passaged at
ratios of 1:2 to 1:4. Cultivated CECs derived from both
rabbit and monkey corneas at passages 3 through 5
were used for all experiments. To confirm the cultivation
of the CECs, the morphology and density of the cultivated
cells were compared with normal in vivo rabbit CECs
examined using a noncontact specular microscope
(Noncon Robo, SP-8800; Konan Medical, Nishinomiya,
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Japan) and stained with Alizarin red. In some experiments, to investigate the fate of the injected CECs in vivo,
the CECs were labeled with fluorescein by use of the
Vybrant DiI cell-labeling solution according to the manufacturer’s protocol.

Rabbit Corneal Endothelial Dysfunction Model
To create rabbit corneal endothelial pathological dysfunction models, the lenses of both eyes of 12 Japanese
white rabbits were removed under general anesthesia by
use of the Alcon Series 20000 Legacy Surgical System
(Alcon, Fort Worth, TX) to deepen the anterior chamber.
Next, the corneal endothelium of each of those eyes was
mechanically scraped with a 20-gauge silicone needle (Soft
Tapered Needle; Inami, Tokyo, Japan) from Descemet’s
membrane as described previously.3,4 The scraped area
was then confirmed by 0.04% trypan blue staining during
surgery. In the preliminary experiments, we confirmed that
Descemet’s membrane was intact, the mechanically
scraped area had no cells on Descemet’s membrane, and
that residual CECs were detected in only a 500- to 600-m
area at the edge of Descemet’s membrane.

Injection of Cultivated CECs into the Rabbit Eyes
To evaluate the injection of cultivated CECs with ROCK
inhibitor, RCECs at a density of 2.0 ⫻ 105 cells were suspended in 200 l DMEM supplemented with 100 mol/L of
Y-27632 and then injected into the anterior chamber of the
eyes of the above-described corneal endothelial dysfunction rabbit model. RCECs with Y-27632 were injected into
the right eyes of six rabbits, and RCECs without Y-27632
were injected into the right eyes of the other six rabbits. After
the injection, the eyes of those 12 rabbits were kept in the
face-down position for 3 hours under general anesthesia.
The left eyes of those 12 rabbits in which the corneal
endothelium was removed mechanically were used as a
control. One rabbit injected with RCECs with Y-27632
and one rabbit injected with RCECs without Y-27632
were euthanized 3 hours after injection for histological
examination. The corneal appearance of the other 10
rabbits was examined daily by use of a slit-lamp microscope for the first week, and then once every 2 days for
the following 2 weeks. Those 10 rabbits were then euthanized for histological examination. Corneal thickness was
determined by use of an ultrasound pachymeter (SP2000; Tomey, Nagoya, Japan), and the mean of 10 measured values was then calculated (up to a maximum
thickness of 1200 m, the instrument’s maximum reading). Intraocular pressure was measured by use of a
pneumatonometer (30 Classic; Reichert, NY).

Histological Examination of Rabbit Eyes After
CEC Injection
Sections (6-m) of corneal specimens obtained from the
10 rabbits euthanized 2 weeks after injection were embedded in OCT compound and then fixed in 4% formaldehyde. Differential interference contrast (DIC) images

and fluorescence images of DiI-labeled cells were obtained by use of a fluorescence microscope (TCS SP2
AOBS; Leica Microsystems, Welzlar, Germany). For flatmount examinations, whole corneal specimens were
fixed in 4% formaldehyde and incubated in 1% bovine
serum albumin (BSA) to block any nonspecific binding.
To evaluate the effect of Y-27632 on the adhesion property of the cells, corneas obtained from the 2 rabbits
euthanized 3 hours after injection were examined by actin
staining performed with a 1:400 dilution of Alexa Fluor
488 – conjugated phalloidin. Actin staining was used to
evaluate the cellular morphology. The cell nuclei were
then stained with PI. To investigate the phenotype of the
reconstructed corneal endothelium obtained from the 10
rabbits euthanized 2 weeks after injection, immunohistochemical analyses of actin, ␣-SMA, ZO-1, Na⫹/K⫹-ATPase,
DiI, and Ki-67 were performed. ␣-SMA was used to evaluate the fibroblastic change. ZO-1, a tight-junction–associated protein, and Na⫹/K⫹-ATPase, the protein associated with pump function, were used for function related
markers of CECs. The ␣-SMA, ZO-1, and Na⫹/K⫹-ATPase
staining were performed with a 1:200 dilution of ␣-SMA
monoclonal antibody, ZO-1 polyclonal antibody, and
Na⫹/K⫹-ATPase monoclonal antibody, respectively.
Ki-67 (a cell-proliferation–related maker) staining was
performed using a 1:400 dilution of anti-mouse Ki-67
antibody. For the secondary antibody, a 1:2000 dilution of
Alexa Fluor 488 – conjugated goat anti-mouse IgG was
used. Cell nuclei were then stained with DAPI, and the
slides were inspected by fluorescence microscopy.

Effect of Y-27632 on MCECs in Culture
MCECs were cultured at a density of 2.5 ⫻ 104 cells/cm2
on Lab-Tek Chamber Slides (NUNC A/S, Roskilde, Denmark). Actin staining was performed with 1:400-diluted
Alexa Fluor, as described above, after 24 hours of seeding, and vinculin staining was performed using 1:200diluted vinculin after 3 hours of seeding. The number of
attached MCECs was evaluated by use of CellTiter-Glo
Luminescent Cell Viability Assay performed according to
the manufacturer’s protocol. The MCECs were seeded
with a different concentration of Y-27632 at the density of
1.0 ⫻ 103 cells onto 96-well plates, and the number of
adhered MCECs at 24 hours after seeding was then
measured by use of a Veritas Microplate Luminometer
(Promega). In addition to ROCK signaling inhibition, to
evaluate the effect of inhibition of actin polymerization on
CECs adhesion, MCECs were seeded with a different
concentration of cytochalasin D at the density of 1.0 ⫻
103 cells onto 96-well plates, and the number of adhered
MCECs at 24 hours after seeding was then measured.
Five samples were prepared for each group.
To determine the adhesion property of the MCECs onto
the basement membrane, the cells were seeded onto
rabbit corneas in which the corneal endothelium was
mechanically denuded and the basement membranes
were exposed. The cells were seeded at the density of
2.5 ⫻ 104 cells/cm2 suspended in culture medium supplemented with or without 10 mol/L Y-27632. Actin staining was performed at 3 hours after seeding in the same
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manner as with the Alexa Fluor 488 – conjugated phalloidin staining described above. Cell nuclei were then
stained with PI. MCECs at the density of 2.0 ⫻ 105 cells
were also seeded, with or without Y-27632, onto Descemet’s membrane of four rabbits from each group, and the
membrane was then mechanically peeled off at 3 hours
after seeding. The adhered MCECs were recovered by
trypsin digestion, and the cell numbers were then counted.

tigate the phenotype of the reconstructed corneal endothelium, immunohistochemical analyses of actin, ZO-1,
and Na⫹/K⫹-ATPase were performed in the same manner as that of the above-described rabbit experiments.
After the actin immunostaining, the corneal endothelium
of the four monkeys was evaluated by KSS-400EB software version 2.71 (Konan Medical, Hyogo, Japan).

Statistical Analysis
Inhibition of ROCK Signaling by siRNA on
MCECs in Culture
MCECs seeded at the density of 2.5 ⫻ 104 cells/cm2 onto
a 24-well plate were incubated with RNAi duplex (ROCK1
Stealth RNAi and ROCK2 Stealth RNAi) and Lipofectamine RNAiMAX according to the manufacturer’s
protocol. Briefly, 1 day before transfection, the culture
medium was replaced with fresh medium without antibiotics. RNAi duplex at the final concentration of 10 nmol/L
and Lipofectamine RNAiMAX complexes were added to
each well. The MCECs were incubated for 12 hours at
37°C in a CO2 incubator. Random RNAi was used as a
control. The MCECs were then seeded at the density of
1.0 ⫻ 103 cells onto 96-well plates, and the number of
attached MCECs was evaluated by use of CellTiter-Glo
Luminescent Cell Viability Assay. Knockdown of both
ROCK1 and ROCK2, two ROCK isoforms that were identified in the mammalian system,21 was confirmed by
quantitative PCR analysis (data not shown). Representative data were from six independent experiments using
three kinds of ROCK1 Stealth RNAi and ROCK2 Stealth
RNAi, respectively.

Injection of Cultivated CECs into Monkey Eyes
with Corneal Endothelial Dysfunction
To create monkey corneal endothelial pathological dysfunction models, the corneal endothelium of the left eyes
of four monkeys was mechanically scraped with a 20gauge silicone needle under general anesthesia, as described above for the rabbit model. Next, a 2.0 ⫻ 105
density of cultivated MCECs suspended in 200 l DMEM
supplemented with 100 mol/L Y-27632 were injected
into the anterior chamber of two of the four monkeys.
Cultivated MCECs suspended in 200 l DMEM without
Y-27632 were injected into the anterior chamber of the
other 2 monkeys. The eyes of all four monkeys were kept
in the face-down position for 3 hours under general anesthesia. The MCECs were labeled with DiI before transplantation.3,4 The corneal appearance of all four monkeys
was examined daily by use of a slit-lamp microscope for
the first week, and then once per week for the following 3
months. Two monkeys from each group (the MCEC-injection with Y-27632 group, and the MCEC-injection without Y-27632 group) were euthanized at 14 days after the
injection, and the other 2 monkeys were euthanized at 3
months after the injection. For flat-mount examinations,
whole corneal specimens were fixed in 4% formaldehyde, incubated in 1% BSA to block nonspecific binding,
and then prepared for histological examination. To inves-

The statistical significance (P value) in mean values of
the two-sample comparison was determined by Student’s t-test. Values shown on the graphs represent the
mean ⫾ SEM.

Results
Injection of Cultivated RCECs with ROCK
Inhibitor Enables Regeneration of Cornea in
Rabbit Corneal Endothelial Dysfunction Model
The third-passaged RCECs exhibited a monolayer of
hexagonal shaped cells, similar to in vivo RCECs with a
cell density of approximately 2600 cells/mm2 as previously reported5,6 (Figure 1A). Cultivated RCECs injected
together with Y-27632 were successful in recovering
complete transparency of the corneas with pathological
dysfunctions. In contrast, RCECs injected without
Y-27632 induced hazy and severely edematous corneas,
thus indicating that the corneal endothelial dysfunctions
were sustained, comparable with those of the control
corneas. Slit-lamp microscopy performed at 48 hours
after injection revealed complete corneal transparency
with the iris and the pupil clearly observed in the eyes
injected with RCECs with Y-27632, whereas the iris and
pupil could not be observed in the eyes injected with
RCECs without Y-27632 and in the control eyes in which
the corneal endothelium was mechanically scraped (Figure 1B). Consistent with the slit-lamp microscopy findings, histological analysis performed at 14 days after
injection also revealed that the eyes injected with RCECs
with Y-27632 had a normal range of corneal thickness,
whereas those without Y-27632 exhibited a thick cornea
with severe stromal edema. The corneal thicknesses of
those specimens were 409 m and 730 m, respectively
(Figure 1C). In the eyes injected with RCECs with
Y-27632, the corneal edema was moderate (⬍800 m) at
day 1, yet gradually recovered to the normal level. In
contrast, in both the control eyes and the eyes injected
with RCECs without Y-27632, prominent corneal edema
(⬎1200 m) was observed at day 1, and corneal edema
persisted throughout the observation period (Figure 1D).
Next, possible complications associated with cell injection into the anterior chamber were investigated, as the
injected cells might possibly interfere with normal aqueous humor outflow and produce an increase in intraocular
pressure. No abnormal deposition of the injected DiIpositive RCECs onto the trabecular meshwork or onto the
iris and no anatomical abnormality such as mechanical
angle closure or peripheral anterior synechia were de-
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A

in vivo

tected (Figure 2A). Intraocular pressures were found to
be in the normal range in all groups (Figure 2B). To
evaluate the injected CECs proliferation status in vivo, a
flat-mount cornea was examined at 14 days after injection. Immunofluorescence analysis using the Ki-67 monoclonal antibody (a marker of cell proliferation) revealed
that the cell cycle of the nearly all of the injected cells was
arrested 2 weeks after injection (Figure 2C). These results
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Figure 1. Cell regeneration in a rabbit corneal endothelial dysfunction model.
A: In vivo normal corneal endothelium (left panel: specular microscope, middle panel: Alizarin red staining) and cultivated rabbit corneal endothelial cells
(RCECs) (right panel: phase contrast image). The cultivated RCECs exhibit a
homogeneous monolayer of hexagonal cells with a cell density of approximately
2600 cells/mm2. The morphology and density of the cultivated RCECs are similar
to that of in vivo corneal endothelium. Scale bar ⫽ 100 m. B: Slit-lamp
photographs of rabbit eyes injected with cultivated RCECs with Y-27632, cultivated RCECs without Y-27632, and control corneal endothelial dysfunction
model after 48 hours. C: Histological analysis of rabbit corneas injected with
cultivated RCECs with (left column) or without (right column) Y-27632 (top
row: DIC; bottom row: DiI). Injection of RCECs with Y-27632 induces a
normal-range thickness (409 m) of the cornea, whereas injection of RCECs
without Y-27632 exhibits a thick (730 m) cornea with severe corneal stromal
edema at 14 days after injection. Scale bars: 100 m. D: Time course of corneal
thickness measured by ultrasound pachymeter. In control eyes and in the eyes
injected with RCECs without Y-27632, the corneal edema is prominent (⬎1200
m) at day 1 and persists throughout the observation period. In contrast, in the
eyes injected with RCECs with Y-27632, the corneal edema is moderate (⬍800
m) at day 1 and gradually recovers to the normal level.

Figure 2. Evaluation of the possible adverse effects of cultivated RCEC injection. A: Histological examination of the iris and the angle tissue. Top row:
representative images of the DIC section taken from the rabbit eye injected with
cultivated RCECs with or without Y-27632 after 14 days. Bottom row: DiI
images of the same sections shown in the top row. C, cornea; I, iris; TM,
trabecular meshwork. Scale bar ⫽ 100 m. B: Intraocular pressures after the
injection of RCECs. C: Immunohistochemical staining for cell proliferation
marker Ki-67 in the reconstructed RCECs in the eye injected with RCECs with
Y-27632 on day 14.
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indicate that ROCK inhibitor can be safely applied for cell
injection therapy.

A

ROCK Inhibitor Provides RCECs with
Phenotype to Reconstruct Corneal Endothelium

ROCK Inhibitor Y-27632 Enhances Cell
Adhesion
To examine the role of the Rho/ROCK signaling pathway
in modulating the adhesion properties of primate CECs,
cultivated MCECs were plated in combination with ROCK
inhibitor Y-27632. Consistent with our previous findings,20 phase contrast imaging and actin fiber staining
revealed elevated cell adhesion in the Y-27632 treated
cells (Figure 4A), and the cell adhesion was enhanced at
the conventionally used concentration24 (Figure 4B).
MCECs treated with Y-27632 showed a markedly improved expression of vinculin in contrast to the nontreated cells (Figure 4C), suggesting that Y-27632 enhanced the cell adhesion via the induction of focal
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At 3 hours after injection, RCECs injected with Y-27632
were found to be markedly adhered to the basement
membrane of the corneal endothelium (Figure 3A), suggesting that Y-27632 altered the adhesion properties of
the RCECs and up-regulated cell adhesion on the basement membrane in vivo. To ascertain the causal effect of
the elevated cell adhesion by Y-27632 in the induction of
a pathologically transparent cornea, the histological phenotype of a donor cornea treated with Y-27632 was elucidated using a flat-mount cornea. The expression of
ZO-1 and Na⫹/K⫹-ATPase was evident in RCECs injected with Y-27632, yet it was absent in RCECs injected
without Y-27632. RCECs injected with Y-27632 exhibited
a monolayer hexagonal cell shape, whereas RCECs injected without Y-27632 exhibited the stratified fibroblastic
phenotype. Consistent with the stratified fibroblastic phenotype of RCECs injected without Y-27632, ␣-SMA (a
marker of fibroblastic change) was evident in those
RCECs (Figure 3B).
The existence of reconstructed corneal endothelium
by the injection of RCECs with Y-27632 that expressed
DiI, which labels RCECs, indicated that the injected
RCECs contributed to the formation of a monolayer of
corneal endothelium and to the inducement of corneal
transparency (Figure 3B). However, DiI-expressing
cells were also observed in the rabbits injected with
RCECs without Y-27632, consistent with the results
shown in Figure 1C. The presence of DiI-positive cells
in the eyes injected with RCECs without Y-27632 may
suggest that a limited number of RCECs were able to
adhere to the cornea without the assistance of
Y-27632, yet changed their phenotype to that of fibroblastic cells. This finding is consistent with those observed in the clinical setting, in which CECs display a
fibroblastic phenotype in cases of corneal endothelial
dysfunction.22,23

Figure 3. Histological examination of the reconstructed corneal tissue in
rabbits after RCEC injection with and without Y-27632. A: Flat-mount examination of the posterior side of the corneal tissue 3 hours after RCEC injection.
Green fluorescein shows actin-staining (phalloidin), and red shows nuclear
staining by propidium iodide (PI). Scale bar ⫽ 100 m. B: Histological
examination of corneal tissue taken from the rabbit eye 2 weeks after RCEC
injection with or without Y-27632. The histological phenotype of the injected
RCECs was evaluated by immunofluorescence of ZO-1, Na⫹/K⫹-ATPase,
phalloidin, ␣-SMA, and DiI after 2 weeks. No cells are observed in the control
eyes in which the corneal endothelium was scraped. Scale bar ⫽ 100 m.

adhesion complexes. Considering the interplay between
focal adhesion complex molecules and the extracellular
matrix,15 we next attempted to clarify the effect of
Y-27632 on MCEC adhesion onto Descemet’s membrane
(basement membrane). Consistent with the in vivo experiments shown in Figure 3A, an ex vivo culture system
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Figure 4. Rho/ROCK signaling pathway modulation of the adhesion properties of primate
CECs in culture. A: Phase contrast images (top
row) and actin fiber staining images (bottom
row) reveal elevated cell adhesion in Y-27632–
treated monkey CECs (MCECs) at 24 hours after
seeding on a culture dish. Scale bar ⫽ 100 m
(top row), 50 m (bottom row). B: The number of adhered MCECs is significantly enhanced
by 10 mol/L and 100 mol/L of Y-27632 at 24
hours after seeding. Data are expressed as a
percentage of the control, mean ⫾ SEM. *P ⬍
0.01. C: Representative immunofluorescence images of MCECs seeded with or without Y-27632
taken after staining with anti-vinculin at 3 hours
after seeding. Scale bar ⫽ 10 m. D: MCECs
were seeded with or without Y-27632 on ex vivo
culture system of rabbit Descemet’s membrane
and stained with actin antibody at 3 hours after
seeding. Green fluorescein shows actin staining
(phalloidin), and red shows nuclear staining by
propidium iodide (PI). Scale bar ⫽ 300 m.
E: MCECs (density: 2.0 ⫻ 105 cells) were seeded
with or without Y-27632 on rabbit Descemet’s
membrane, and the number of adhered cells was
evaluated at 3 hours after seeding. Data are expressed as mean ⫾ SEM. *P ⬍ 0.01. F and G:
Direct contribution of the Rho/ROCK signaling
pathway to the regulation of the adhesion properties of CECs was assessed by the knockdown
of ROCK1 (F) or ROCK2 (G). Results are expressed as a percentage of the control, mean ⫾
SEM. *P ⬍ 0.01. H: MCEC attachment was assessed through the inhibition of actin polymerization by cytochalasin D. Results are expressed
as a percentage of the control, mean ⫾ SEM.
*P ⬍ 0.01.

Cytochalasin D

demonstrated that Y-27632 dramatically enhanced the
adhesion of the MCECs onto the basement membrane at
3 hours after seeding (Figure 4, D and E).
The direct contribution of the Rho/ROCK signaling
pathway in elevating the adhesion properties was elucidated by the knockdown of ROCK I and ROCK II by RNAi
(Figure 4, F and G; confirmed with three independent
RNAi). Coincidentally, as with the elevated cell adhesion
by Y-27632, the knockdown of both ROCK I and ROCK II
strongly enhanced the cell adhesion. Because ROCK
signaling is necessary to negatively regulate cell adhesion by inhibiting actin depolymerization, we speculate
that inhibition of ROCK by Y-27632 promotes actin reorganization, subsequently inducing the enhancement of
cell adhesion. In accordance with that speculation, we
found that cytochalasin D, which is additionally capable
of inhibiting actin polymerization, also elevated the MCEC
adhesion (Figure 4H).

Injection of Cultivated CECs with ROCK Inhibitor
Enables Regeneration of Cornea in a Primate
Model
The injection of cultivated MCECs combined with Y-27632
was performed in a cynomolgus monkey in which the corneal endothelium was mechanically removed to produce a
pathological dysfunction model. To elucidate the long-term
efficacy of the injection of CECs with ROCK inhibitor
Y-27632, that monkey model was observed for 3 months. In
contrast to the rabbit model, slit-lamp microscopy showed
that the monkey eyes injected with MCECs, both with and
without Y-27632, exhibited complete corneal transparency within 1 week, and that the transparency persisted
throughout 3 months of cell injection with a normal range
of thickness (⬍600 m) (Figure 5A). To evaluate the
histological phenotype of donor corneas, two of four mon-
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Figure 5. Regeneration of the cornea in a primate model enabled by the injection of cultivated MCECs with Y-27632. A: Monkey eyes injected with MCECs with Y-27632 or without
Y-27632 exhibit a transparent cornea with a normal range of thickness (⬍600 m) after 3
months. B: Histological analysis by actin immunostaining after 2 weeks of cell injection of
MCECs injected with or without Y-27632. C: Histological analysis by actin immunostaining after
3 months of cell injection of MCECs injected with
or without Y-27632. Top row: lower magnification (green, actin); bottom row: higher magnification (green, actin; blue, DAPI). The cell density
of the MCECs injected without Y-27632 was 789
cells/mm2, whereas that with Y-27632 was 2208
cells/mm2. D: Histological analysis was performed after immunostaining of ZO-1 (red) or
Na⫹/K⫹-ATPase (green). DAPI was used for nuclei staining (blue).

keys were euthanized after 2 weeks of MCEC injection
and the other two monkeys after 3 months of MCEC
injection (one monkey that received MCEC injection with
Y-27632 and one monkey that received MCEC injection
without Y-27632, respectively, at each of the two time
points). It is notable that the MCECs injected with
Y-27632 exhibited a monolayer cell shape, whereas the
MCECs injected without Y-27632 exhibited a stratified
fibroblastic phenotype at the 2-week time point, which
mirrored the rabbit model findings (Figure 5B). Although
slit-lamp microscopy showed that the monkey eyes injected with MCECs, both with and without Y-27632, exhibited a transparent cornea with a normal-range corneal
thickness, MCECs injected without Y-27632 exhibited a
fibroblastic phenotype at the cell density of 789 cells/
mm2, whereas MCECs injected with Y-27632 exhibited a
monolayer hexagonal cell phenotype at the cell density of
2208 cells/mm2 (Figure 5C), suggesting that Y-27632
also enhanced the adhesion of MCECs in the in vivo
monkey model. Consistent with the rabbit experiments,
the MCECs injected with Y-27632 expressed ZO-1 and
Na⫹/K⫹-ATPase, yet they were expressed to a lesser
degree in the MCECs injected without Y-27632 that exhibited the fibroblastic phenotype (Figure 5D).

Discussion
Corneal endothelial dysfunction accompanied by visual
disturbance is a major indication for corneal transplantation surgery.25 Although corneal transplantation is widely
performed for corneal endothelial dysfunction, the transplantation of cultivated corneal endothelium is a potential
therapeutic strategy. Cultivated CECs derived from older
donors have lower proliferative ability, a senescent cell

phenotype, and transformed cell morphology, thus suggesting less functional ability than those derived from
younger donors.26 When corneal endothelium is cultured
and stocked as “master cells,” it allows for the transplantation of CECs derived from younger donors, thus providing cells with high functional ability and an extended
longevity. In addition, it enables an HLA-matching transplantation to reduce the risk of rejection27,28 and to overcome the shortage of donor corneas. In the clinical setting, transplantation of corneal endothelium is technically
difficult, because it is a monolayer and is located in the
anterior chamber. Thus, that anatomical feature led us to
hypothesize that the injection of cultivated CECs would
be a potent therapy, even though a previous study reported that cell injection itself was ineffective.12 The findings of this present study show that the inclusion of ROCK
inhibitor Y-27632 elevates the adhesion property of
CECs, thus allowing the successful transplantation of
CECs to reconstruct functional corneal endothelium damaged by pathological dysfunctions.
We previously reported that the inhibition of ROCK by
use of the selective ROCK inhibitor Y-27632 elevates the
adhesion of cultured CECs on the substrate, enhances
cell proliferation, and suppresses apoptosis.20 Although
the precise underlying mechanisms have yet to be elucidated, those distinct positive effects of ROCK inhibition
enable the establishment of the in vitro expansion of
CECs for cultivated corneal endothelial transplantation.20
Rho–ROCK signaling carries out a variety of cellular processes such as cell adhesion, morphogenesis, migration,
and cell-cycle progression through mediating cytoskeletal dynamics. The Rho GTPase-specific guanine nucleotide exchange factors (Rho GEFs) convert Rho from the
guanosine diphosphate (GDP)– bound inactive form to
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the guanosine triphosphate (GTP)– bound active form,
thus inducing Rho GTPase activity. Rho regulates a variety of cytoskeletal dynamics that underlie cell morphology and adhesion through the activation of ROCK, a
major downstream effector.16,19 ROCK signaling modulates acto-myosin contractility through the regulation of
myosin phosphorylation and actin dynamics by promoting nucleation and polymerization or by stimulating the
severing and depolymerization of existing actin filaments.17,29 It is reported that the actin cytoskeleton plays
a critical role in regulating the adhesive property through
interaction between the actin cytoskeleton and integrin.14,17,18 Although the adhesive property is dependent on
the cell type and the environmental context, ROCK signaling has been shown to negatively regulate the integrin adhesions of monocytes17 and leukocytes.18 Findings from a
recent study showed that the RhoA–ROCK–PTEN pathway
was highly activated when pre-osteoblasts are poorly attached to the substrate, and that the inhibition of this
pathway enhances cell adhesion as well as proliferation.30 Our findings that the inhibition of ROCK signaling
by a selective ROCK inhibitor or by the siRNA enhanced
adhesive property of CECs are consistent with the findings of those previous studies. Our findings are also
supported by our data that inhibiting actin polymerization
by cytochalasin D enhances the adhesive property. Furthermore, we found that vinculin, which is involved in the
linkage of the integrin adhesion complex to the actin
cytoskeleton,31,32 is upregulated in ROCK-inhibitortreated CECs. Further investigation is needed to elucidate whether the ROCK inhibitor promotes the focal adhesions through inhibiting actin polymerization and
induces the upregulation of cell adhesion properties on
the extracellular matrix (ECM).
Corneal endothelial dysfunctions such as Fuchs’s endothelial corneal dystrophy, pseudoexfoliation syndrome,
keratitis, and injury induce the fibroblastic transformation
of CECs.22,23 In addition, CECs reportedly showed fibroblastic transformation during the wound healing process,33 and IL-1␤–mediated FGF-2 produced after an
injury reportedly alters CEC morphology and the actin
cytoskeleton in a rabbit freezing injury model.34 Our findings that RCECs without Y-27632 injected into the anterior chamber of a bullous keratopathy rabbit model exhibited stratified fibroblastic cell morphology and a
resultant opaque cornea are consistent with these studies. On the other hand, MCECs without Y-27632 exhibited
less fibroblastic phenotype. In our current primate model,
a low density of MCECs compensated the pump and
barrier functions and resulted in a clear cornea. That
finding might possibly be explained by differences in the
wound healing process between species.35,36 However,
because CEC density continuously decreases after keratoplasty,37 reconstructed corneal endothelium with
Y-27632 at a high cell density is crucial for the successful
long-term outcome of transplantation in the clinical setting. To establish the application of a cultivated CEC
injection combined with ROCK inhibitor in clinical settings, transplantation models more akin to humans are
required, as rabbit CECs exhibit a high proliferative ability
in vivo,38 unlike human CECs. The findings from this pres-

ent study demonstrated that a monkey eye injected with
MCECs with Y-27632 exhibited an almost completely
clear cornea. Thus, our primate model– based findings
suggest that the cell injection therapy in which the cell
adhesion is modulated by ROCK inhibitor might prove to
be an effective treatment regimen for human corneal
endothelial disorders.
In regard to future clinical applications, ROCK inhibitors have been shown to be useful for a wide range of
diseases such as cardiovascular disease, pulmonary disease, cancer, and glaucoma.21,39 – 41 Fasudil, one of the
ROCK inhibitors, has already been used clinically for the
prevention and treatment of cerebral vasospasm, and to
date has been therapeutically applied in over 124,000
cases in Japan.21 Furthermore, we previously demonstrated that a ROCK inhibitor eye drop enhanced corneal
endothelial proliferation in vitro,20 as well as in an in vivo
animal model,42 and it is currently under clinical research
for corneal endothelial dysfunction. These facts suggest
that the ROCK inhibitor is a therapeutic tool that can be
safely and effectively applied in the clinical setting.
In conclusion, the findings of this present study, which
are supported by both rabbit and primate corneal endothelial dysfunction models, indicate that ROCK inhibitor
Y-27632 will enable the establishment of a cultivatedCEC– based therapy. Modulating actin cytoskeletal dynamics through Rho-ROCK signaling activity serves as a
potential for cell-based regenerative medicine to enhance cell engraftment. This novel strategy of using a
cell-based therapy combined with a ROCK inhibitor may
ultimately provide clinicians with a new therapeutic modality in regenerative medicine, not only for the treatment
of corneal endothelial dysfunctions but also for a variety
of pathological diseases.
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