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The neural crest is a source to produce multipotent neural crest stem cells that have a potential to differentiate into diverse cell types. The transcription factor SOX10 is expressed
through early neural crest progenitors and stem cells in vertebrates. Here we report the generation of SOX10-Nano-lantern (NL) reporter human induced pluripotent stem cells (hiPS)
by using CRISPR/Cas9 systems, that are beneficial to investigate the generation and maintenance of neural crest progenitor cells. SOX10-NL positive cells are produced transiently
from hiPS cells by treatment with TGFβ inhibitor SB431542 and GSK3 inhibitor CHIR99021.
We found that all SOX10-NL-positive cells expressed an early neural crest marker NGFR,
however SOX10-NL-positive cells purified from differentiated hiPS cells progressively attenuate their NL-expression under proliferation. We therefore attempted to maintain SOX10NL-positive cells with additional signaling on the plane and sphere culture conditions. These
SOX10-NL cells provide us to investigate mass culture with neural crest cells for stem cell
research.

Introduction
The neural crest cell is a unique, transient part of ectodermal derivatives in developing vertebrates and has multi-ability to migrate and differentiate into numerous cells including peripheral neurons, glia, craniofacial cartilage, cornea and so on [1]. Initial neural crest cells are
raised at the edge of the neural plate and the non-neural ectoderm. According to the formation
of the neural folds, neural crest cells subsequently occur epithelial mesenchymal transition to
delaminate from dorsal neural tube and migrate through several pathways to reach target tissues and differentiate into various cell types as above [2–4].
It has been identified that a lot of genes, including FGF, WNT and retinoic acid signaling,
are involving to neural crest specification and regulation, especially the transcription factor
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SOX10 is a key regulator for the neural crest cells because it is specifically expressed in initial
neural crest cells and defines the stemness of the neural crest cells [5–7]. SOX10 mutations
have been associated with Waardenburg syndrome and Hirschsprung disease. Their defects
are recapitulated in Sox10 heterozygous mice which are viable however display hypopigmentation and aganglionic megacolon [8].
In this study, we focused on the purification and the maintenance of neural crest cells differentiated from human induced pluripotent stem (hiPS) cells with Nano-lantern (NL) knockin reporter, which is a chimeric fluorescent protein of enhanced Renilla luciferase and Venus
[9]. In contrast to the previous SOX10-reporter lines as SOX10 heterozygous or transgenic
cells [8, 10–12], our construct achieved bicistronic expression of NL and targeted SOX10 gene.
We have identified additional proper signaling regulators to maintain SOX10-NL positive
cells, although most of NL intensity are not detectable after in vitro culture for neural crest
cells. SOX10-NL hiPS cells would be used for the research of human neural crest development
and neural crest stem cell.

Materials and Methods
Ethical statement
This study was carried out according to the regulations of Kyoto Prefectural University of
Medicine. The experimental protocols dealing with human subjects were approved by the Ethics committee and the Gene Recombination Experiment Safety Committee of Kyoto Prefectural University of Medicine (permit number: 26–5). Written informed consent was provided
by each donor.

Gene targeting with human iPS cells
To construct a human SOX10 targeting vector, we inserted 2A-Nano-lantern (NL) [9,13] and
loxP-pGK-Neo-loxP (floxedNeo) cassette after the stop codon located on exon4 of hSOX10 to
cause bicistronic expressions of hSOX10 and NL (S1 Fig panel A). The sequence of 2A peptide
was produced by synthesized oligos and NL fragments was amplified by PCR with KOD-PlusNeo polymerase (TOYOBO) and pcDNA3-Nano-lantern (Addgene #51970) to construct pBS2A-NL-pA. The fragment of floxedNeo was amplified by PCR from pBS-floxedNeo vector
[14]. Both of 2A-NL-pA and floxedNeo fragments were ligated into pUC19 vector with InFusion HD Cloning Kit (Takara) by manufacture’s protocol (S1 Fig panel B).
For 5’ and 3’ arm of hSOX10 genomic sequences, they are amplified by PCR with genome
DNA extracted from 201B7 hiPS cells [15]. These three fragments, 2A-NL-floxedNeo (2A-NLfNeo), 5’of hSOX10, and 3’ of hSOX10 were connected with In-Fusion HD Cloning Kit into
pDT-A vector (pDT-A-hSOX10arm-2A-NL-fNeo, S1 Fig panel C) [16]. All PCR primers are
listed in S1 Table.
To introduce into cultured cells with hSOX10-targeting plasmid vectors,
pX330-hSOX10ex4, which was constructed with pX330 vector (Addgene #42230) [17] by ligating oligos into it, and linearized pDT-A-hSOX10arm-2A-NL-fNeo, the electroporator NEPA21
(NEPAGENE) was used for introducing plasmid DNAs into hiPS cells as described [18].

Cell culture and neural crest differentiation
hiPS cells were maintained on SNL feeder cells, treated with 10 mg/ml of mitomycin (Sigma)
in DMEM supplemented with 10% of fetal bovine serum (GIBCO), in Primate ES cell medium
(ReproCELL) supplemented with 4 ng/ml recombinant human FGF2 (WAKO) or 100 μg/ml
G418 (Nacalai Tesque). Generated SOX10-NL iPS cells were maintained on iMatrix-511
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(Nippi) coated plates with StemFit AK03N (Ajinomoto) as described under feeder-free culture
system [19].
For neural crest induction, Fukuta et al. showed the detailed protocol to induce neural crest
cells with hiPS cells [20]. In brief, single SOX10-NL iPS cell was expanded in mTeSR1 medium
(STEMCELL Technology) for a few days, and induced into neural crest cells in IMDM and F12 medium supplemented with chemically defined lipid concentrate (GIBCO), 1% of BSA
(WAKO), Insulin-Transferrin-Selenium (GIBCO), and 1-thioglycerol (Sigma). Cultured plates
were coated with Geltrex Matrix (GIBCO) or fibronectin (Millipore). SB431542 (Stemgent),
CHIR99021 (Stemgent), EGF (WAKO), FGF2 (WAKO) were used for the induction and
maintenance of neural crest cells. Embryoid bodies were formed as described to determine the
differentiation ability of SOX10-NL hiPS cells [15].
Collected NL-positive neural crest cells were transferred onto fibronectin-coated dishes or
Ultra-Low attachment 96well plates (Corning) for sphere formation with neural crest induction medium as describes in the result section.

Cell sorting
Cultured cells were dissociated with TrypLE select (GIBCO) at 37˚C for 5 min for detecting
SOX10-NL expression. They were incubated sequentially with antibody against human CD271
(NGFR, p75NTR) conjugates with Alexa647 (BD; diluted 1/100) for 30 min on ice [21]. Dissociated cells were resuspended with 1% bovine serum albumin in PBS. Cell debris was eliminated with a cell strainer (BD; 35 μm) and suspensions were stained with SYTOX Red stain
(Molecular Probes) to exclude dead cells. Cells were analyzed and collected by cell sorter using
FACSJazz (BD).

Time-lapse imaging analyses
SOX10-NL positive (and NGFR-positive) and SOX10-NL negative (and NGFR-negative) cells
were sorted and seeded onto fibronectin-coated tissue culture dishes for 24 hours. After cells
were attached, time-lapse phase contrast images (magnification 10x, 5x5 tiles) were taken at 10
min intervals for 24 hours using BioStation CT (Nikon) at 37˚C with 5% CO2. Cell migration
rate was measured by tracking analysis using CL-Quant software (Nikon) for initial 12 hours
with time-lapse images.

Quantitative PCR analyses
Total RNAs from sorted or cultured cells were extracted using RNeasy micro kit (QIAGEN)
and genome DNAs were extracted by PureLink Genomic DNA kits (Invitrogen). For quantitative PCR analyses, single strand cDNA was prepared using SuperScript VILO kit (Invitrogen)
as manufacture protocol. All RT-qPCR reactions were carried out in triplicate using THUNDERBIRD SYBR qPCR Mix (TOYOBO), normalized to mRNA level of ribosomal protein
L13A (RPL13A) or genome DNA expression level of GAPDH as a control [22]. Primers
sequences (5’ to 3’) are listed in S2 Table.

Immunofluorescence assay
Cultured cells were fixed in 4% paraformaldehyde for 10 min at 4˚C, permeabilized with 0.2%
Triton and 50 mM NH4Cl. Fixed samples were pre-treated with BlockingOne (Nacalai Tesque)
for 30 min at RT, and incubated with anti-OCT3/4, anti-NANOG, anti-SSEA4, anti-TRA1-60
(Cell Signaling Technology; diluted 1/200), anti-GFP (Molecular Probes; diluted 1/500), antiSOX10 (SantaCruz Biotechnology; diluted 1/100) antibodies in 5% of BlockingOne in PBST
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for overnight at 4˚C. After three washes with 0.1% Tween20 in PBS, cells were incubated with
Alexa488 or Alexa594-conjugated secondary antibodies (Molecular Probes; diluted 1/500).
Cells were washed and mounted in SlowFade Diamond antifade mountant with DAPI (Molecular Probes). Fluorescent images were collected on the software of BZ-X700 (Keyence). For
quantitation of cultured cells, numbers of dishes were analyzed from triplicate experiments.

Results
Human SOX10 genomic DNA digestion with CRISPR/Cas9 system
To cause double strand break to the border between CDS and 3’UTR in hSOX10 exon4 (Fig
1A), a Candidate sequence of the guide RNA (cactgtcccggccctaaagg-gGG, hSOX10ex4) to target by Cas9 was selected by CRISPRdirect website (http://crispr.dbcls.jp) [23], and inserted
into pX330 vector to create pX330-hSOX10ex4 editing vector (Fig 1B). The effect of double
strand break into hSOX10 genomic sequence of hiPS cells was evaluated by the digestion of
heteroduplex PCR products, involving the target region by pX330-hSOX10ex4 editing vector
monitored with T7 endonuclease I (T7EI). Digested bands of 700 bp and 300 bp were found in
T7EI-treated genome DNA samples, according to treated periods (Fig 1C). The data suggested
that Cas9 and the guide-RNA expressing construct has an efficiency to target hSOX10 genomic
sequence.

Generation of SOX10-NL hiPS reporter line
In order to construct the targeting vector for human SOX10 as designed in S1 Fig, the targeting
sequences along with 5’ and 3’ homology arms (0.7 kbp and 1.0 kbp, respectively) were amplified by PCR and combined with 2A-NL-floxedNeo reporter sequence by In-Fusion technology
efficiently into pDT-A-hSOX10arm-2A-NL-fNeo vector (Fig 2A, knock-in cassette).
hiPS cells were electroporated with pDT-A-hSOX10arm-2A-NL-fNeo targeting vector and
pX330-hSOX10ex4 editing vector. The electroporated cells were plated on SNL feeder cells,
and G418 selection was started two days later for a week. Single colonies were picked up,
expanded and subsequently genomic DNA was used for screening the correct insertion of
knock-in reporter cassette. PCR results showed that selected clone contained reporter cassette
(Fig 2B, F1+R1, F2+R2). And this clone has been confirmed to obtain one copy of the targeted
Neomycin resistance gene allele by comparing with known knock-in hiPS cell (Fig 2C,
hSOX102A-NL-fNeo/+). To excise the Neomycin resistance gene cassette from hSOX102A-NL-fNeo/+
hiPS cells, pCAG-Cre vector was transiently transfected [24], and single hiPS colonies were
picked up and confirmed the lack of floxed Neo sequence by PCR (Fig 2D, hSOX102A-NL/+).
The selected hiPS clone hSOX102A-NL/+ was confirmed to express pluripotency markers
with OCT3/4, NANOG, SSEA4 and TRA-1-60, after gene targeting and antibiotic selection
experiments (Fig 2E). This clone also had the multipotency to differentiate into ectodermal
(PAX6), mesodermal (T), and endodermal (FOXA2) cells in embryoid bodies (Fig 2F). This
clone was therefore chosen for the induction experiments to neural crest cells.

Confirmation of SOX10-NL activity during neural crest differentiation
hiPS SOX102A-NL/+ reporter cells were differentiated into the neural crest lineage using the protocol as described [20], with SB431542, a specific inhibitor of TGFß receptor kinase, and
CHIR99021, an inhibitor of GSK3 to function as a WNT activator, for nine days (Fig 3A–3D),
and NL activity and SOX10 expression were analyzed during the differentiated periods. Analyses of Fluorescence activated cell sorting (FACS) and luciferase activity showed NL reporter
activity started to increase about day 5 of differentiation and around 20% of NL positive (NL+)
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Fig 1. Effect of guide sequence to human SOX10 on Cas9 activity. (A) A model of Cas9 activity to the
human SOX10 exon4 locus. (B) Cas9 with matching single guide RNA (sgRNA, red) and proto-spacer
adaptor motif (PAM, blue) sequences adjacent to human SOX10 stop codon. (C) T7 endonuclease 1 assay
for Cas9-mediated cleavage (700bp and 300bp) on the gel showing comparable modification of targeted
human SOX10 genomic fragment in HEK293T cells according to transfected periods (24 hours, 48 hours, and
72 hours).
doi:10.1371/journal.pone.0170342.g001
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Fig 2. Generation of hSOX10-2A-Nano-lantern reporter hiPS cells. (A) A schematic representation of
targeting cassette for hSOX102A-NL-fNeo/+ or hSOX102A-NL/+ knockin allele. (B) Genotyping PCR with genome
DNA extracted from hiPS 201B7 and hSOX102A-NL-fNeo/+ hiPS cells. Genomic recombined 5’fragment of targeting
cassette was detectable by F1 and R1 primers, and also 3’ fragment by F2 and R2 primers. (C) DNA Copy
number check by quantitative PCR with genome DNA extracted from hiPS 201B7, Pax3EGFP-fNeo/+, and
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hSOX102A-NL-fNeo/+ cells. All error bars indicate ±s.e.m. (n = 3) (D) The excision of loxP-Neo-loxP genomic
fragment in hSOX102A-NL-fNeo/+ hiPS cells with Cre recombinase treatment to establish hSOX102A-NL/+ hiPS cells.
(E) hSOX102A-NL-fNeo/+ cells were immunostained with indicated undifferentiated pluripotent cell markers, antiOCT3/4 (red, upper panel) and anti-SSEA4 (green, upper panel), anti-NANOG (red, lower panel) and anti-TRA160 (green, lower panel) antibodies. Nuclei were stained with 4’6-diamidino-2-phenylindole (DAPI, blue). Scale bar,
100 μm. (F) Differentiation capacity into ectoderm (PAX6), mesoderm (T), endoderm (FOXA2) markers with
embryonic bodies (EB day7) from hSOX102A-NL/+cells.
doi:10.1371/journal.pone.0170342.g002

cells were detected at day 9 of differentiation (Fig 3E, and S2 Fig). These differentiated cells at
day 7 were fixed and stained with anti-SOX10 antibody to confirm co-expression of NL and
SOX10. As expected, NL+ cells co-express SOX10, indicating that NL-reporter cassette mimics
the activation of endogenous SOX10 expression (Fig 3F–3I). We also confirmed the co-expression by detecting enriched SOX10 transcripts in NL+ sorted cells (Fig 3J). In order to expand
NL+ sorted cells, NL+ cells were grown in described culture media supplemented with
10 ng/mL of FGF2 and 10 ng/mL of EGF on fibronectin-coated plates16. NL fluorescent
expression could be detected in NL+ sorted cells cultured for 24 hours under microscopy,
however their NL intensity was attenuated in cultured cells for 48 hours (Fig 3K–3N).

Characteristics of SOX10-NL+ neural crest cells
SOX10-NL+ cells were purified by FACS as neural crest cells differentiated from hiPS cells. The
SOX10-NL+ population isolated from differentiated neural crest cells for day 6 to day 11 exhibited all co-expression with NGFR (Fig 4A), indicating that NL+ population was identified with
neural crest marker NGFR. However the activity of NL was not detectable in all NGFR+ population (Fig 4A). To assess the identity of the NGFR+; NL+ or NGFR+; NL-negative (NGFR+NL-)
cells, we investigated their differences. Same numbers of NGFR+NL+ or NGFR+NL- sorted
cells were seeded on fibronectin-coated dishes and expanded for a week. Almost cultured cells
were detected with NGFR+ in both conditions (Fig 4B–4E), however the percentage of NL+ was
decreased in this culture condition as shown in Fig 3 (Fig 4E). And this NL+ proportion was
declined according to passage numbers (Fig 4F). The cell numbers after expansion of NL+ cells
showed much higher than those of NGFR+NL- cells, indicating that NL+ neural crest cells
have a competent to be propagated than NGFR+ neural crest cells (Fig 4G).

Effects of pivotal exogenous factors to maintain SOX10-NL positive
neural crest cells
SOX10-NL+ cells had a differentiation potential into cells of peripheral nervous system, and
mesenchymal stem cells (S3 Fig), and an ability of cell migration (S4 Fig and S1 Movie), however these cells do not remain the activity of NL but rather spontaneously differentiate into
NGFR+NL- cells in culture medium containing SB431542, FGF2 and EGF. We therefore
sought the appropriated condition to expand cells keeping the NL activity. Subsequent screening of inhibitors and growth factors revealed that SB431542 was essential for the increase of
the ratio of NL+ cells (Fig 5A). CHIR99021 also had the effect to NL+ cell positively, however
high dose of this inhibitor (higher than 5 μM) conversely down-regulated the ratio of NL+ cells
(Fig 5B). As shown in Fig 5A, we found that FGF2 might have the negative effect to NL+ activity although cultured cells supplemented with 10 ng/mL of FGF2 were grown well and healthy
because of few dead cells, which were stained with SYTOX red (not shown). However high
doses of FGF2, more than 500 pg/mL drastically reduced the NL activity, and the proportion
of NL+ in NL+ cultured cells was gradually diminished by the amount of FGF2 (Fig 5C).
Kerosuo et al. recently indicated epithelial sphere culture of premigratory neural crest cells
to maintain their self-renewing and multipotent state [25]. We tested to determine optimal
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Fig 3. Induction of Nano-lantern-positive cells from hSOX102A-NL/+ hiPS cells. (A-D) Morphology of cultured cells from hSOX102A-NL/+
hiPS cells during 3 days (Day3) to 9 days (Day9). Scale bar, 100 μm. (E) FACs profiles for detecting Nano-lantern-positive cells from induced
cells. (F-I) cultured cells for 7 days were immunostained with anti-GFP (Nano-lantern; G, green) and anti-SOX10 (H, red) antibodies. Nuclei
were stained with 4’6-diamidino-2-phenylindole (DAPI, blue). Scale bar, 200 μm. (J) Relative expressions of Nano-lantern and hSOX10 with
Nano-lantern-positive (NL+) or negative (NL-) cells by FACs analyses. All error bars indicate ±s.e.m. (n = 3) (K-N) Cultured Nano-lanternpositive cells decrease the fluorescent intensity of Nano-lantern expression after 24 hours (K, L) to 48 hours (M, N). Scale bar, 50 μm.
doi:10.1371/journal.pone.0170342.g003
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Fig 4. Characteristics of Nano-lantern-positive neural crest cells. (A) Flow cytometry plots of induced Nano-lantern-positive cells from
hSOX102A-NL/+ hiPS cells for 6 days (day 6) or 11 days (day 11). All Nano-lantern-positive cells indicate in NGFR (p75)-positive fraction. (B-E) FACspurified cells (NGFR+NL-; B, C or NGFR+NL+; D, E) were cultured for 7 days and immunostainted with anti-NGFR (red in C, E) and anti-GFP (Nanolantern; green in C, E) antibodies. Nuclei were stained with 4’6-diamidino-2-phenylindole (DAPI, blue). Scale bar, 100 μm (F) Continuously decreased
Nano-lantern-positive percentages in Nano-lantern-positively sorted and cultured cells. (G) Nano-lantern-positive cells (NGFR+NL+) grow faster than
NGFR-positive; Nano-lantern-negative cells (NGFR+NL-). All error bars indicate ±s.e.m. (n = 3). P values are determined by t-test from a two-tailed
distribution. *P<0.05.
doi:10.1371/journal.pone.0170342.g004

conditions for enabling SOX10-NL+ cells to aggregate. Spheres with NL+ cells were successively formed in the same condition of monolayer culture of NL+ cells, with 10 μM SB431542
and 1 μM CHIR99021 (Fig 5D). Furthermore, the proportion of NL+ cells in sphere culture
condition was significantly reduced without SB431542 or CHIR99021, or with FGF2 (Fig 5E),
compatible with the monolayer culture (Fig 5A). These data suggested that these pivotal factors
in TGFß, WNT and FGF signaling are effective for the maintenance of NL positively regardless
of cell-cell interaction.

Discussion
Here we present successful generation of SOX10-NL knock-in hiPS cells by the CRISPR/Cas9
and In-Fusion technologies, which are valuable to monitor SOX10 expression by both of fluorescent and luciferase activities. Nano-lantern enable us to perform not only real-time imaging
in living cells as other fluorescent proteins, but also in vivo imaging by sensitive luminescent
detection. This SOX10-NL hiPS cell lines can be also used for evaluation of directed differentiation toward neural crest lineage using chemical screening as well as to study temporal
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Fig 5. effects of exogenous factors to SOX10-Nano-lantern positive cells. (A) The combination effect of SB431542 and CHIR99021 inhibitors,
FGF2, and EGF to cultured Nano-lantern-positive cells. (B) Different CHIR99021 concentrations for the expansion of Nano-lantern-positive cells.
Cultured Nano-lantern-positive cells were analyzed by FACs with or without CHIR99021 (right panels). (C) Effects of FGF2 for the expansion of
Nano-lantern-positive cells. total cultured cells were counted and the percentage of Nano-lantern-positive cells were analyzed. (D) 7 days cultured
images of aggregated spheres derived from Nano-lantern+ cells (below; NL fluorescence image) (E) Effects to NL+ proportion in aggregated
spheres without SB431542 and CHIR99021, or with FGF2. All error bars indicate ±s.e.m. (n = 3). P values are determined by t-test from a twotailed distribution. *P<0.05; **P<0.01.
doi:10.1371/journal.pone.0170342.g005

emergence of neural crest stem cells during in vitro differentiation. Moreover, our approach
shown here is simple, efficient and versatile to be applicable to generate other reporter knockin cells, and ideal gene targeting for predominant genotype like SOX10 because Haploinsufficiency of hetelozygous SOX10 causes pigmentation and megacolon defect in Hirschsprung disease [8]. Therefore, we chose not to generate SOX10 heterozygotes or BAC transgenic cells,
which might affect to intact SOX10 or other gene expression, but to target 3’UTR sequence of
SOX10 just with sequences of 2A signal peptide and Nano-lantern instead of SOX10 stop
codon to function intact SOX10 coding sequence.
Although a variety of neural crest-derived cells, differentiated from the pluripotent stem
cells have been used for each experiment, it has difficulty to maintain premigratory embryonic
neural crest progenitors or neural crest stem cells marked by SOX10, without spontaneous
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differentiation in vitro. We found that it was possible to induce SOX10-positive neural crest
cells derived from hiPS cells as shown induction method before [20], although these cells were
immediately differentiated into the NGFR-positive but SOX10-negative population because of
additional FGF signaling, which support their growth. So we identified the necessity of the
inhibition of TGFß, and the appropriate concentration of CHIR99021 and FGF2 for maintaining SOX10-NL activity in vitro culture. And this condition for SOX10-maintaining cell culture
system also adapted to neural crest-sphere culture as well.
Taken together, these results demonstrate that SOX10-expressing cells have self-renewal
capacity and a possibility to form neural crest derivatives under proper differentiated conditions, and provide mass culture method of neural crest cells and would promote the research
to use derivatives from human neural crest cells for cell therapy or drug screenings.

Supporting Information
S1 Fig. General strategy of 2A-Nano-lantern (NL) targeting into the human SOX10 allele.
(A) Schematic diagram of the human SOX10 locus on chromosome 22 and targeting cassette
for SOX10-2A-NL-floxed Neo (hSOX102A-NL-fNeo/+) or SOX10-2A-NL (hSOX102A-NL/+)
knockin allele with genomic double strand break caused by CRISPR/Cas9 system. (B) PCRamplified 2A-NL and loxP-pGK-Neo-loxP fragments were recombined with In-fusion clonase
into pUC19 vector (pUC19-2A-NLpA-floxedNeo). (C) Triple DNA fragments (hSOX10 5’arm,
hSOX10 3’arm and 2A-NL-floxedNeo) were recombined with In-fusion clonase into pDT-A
vector for targeting into the human SOX10 allele.
(PDF)
S2 Fig. Luciferase activities of Nano-lantern with induced neural crest cells from hSOX102hiPS cells. Collected cells were counted and analyzed with Renilla Luciferase Assay System (Promega) as manufacturing protocol.
(PDF)

A-NL/+

S3 Fig. Induced cells of the peripheral nervous system (PNS) and mesenchymal stem cells
differentiated from SOX10-Nano-lantern positive neural crest cells. (A) NL+ cells were differentiated for 14 days supplemented with N2 supplement (GIBCO), 10 ng/mL of BDNF,
GDNF, NT-3 and NGF (WAKO). Differentiated cells were immunostained with anti-ß3-tubulin (right panel). Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI, middle
panel). Scale bar, 100 μm. (B) Expression of cell surface markers in mesenchymal stem cells.
(PDF)
S4 Fig. SOX10-Nano-lantern positive cells migrate to appropriate chemoattractants. (A)
Representative migrated images from the colony of confluent SOX10-NL+ cells after 36 hours
with or without chemoattractants. (B) NL+ cells migrated to chemoattractants with BMP2,
FGF8 and SDF1. (C) Sorted NL+NGFR+ cells displayed higher migration rate than
NL-NGFR- cells as shown in S1 Movie.  P<0.05,  P<0.01.
(PDF)
S1 Movie. Movie data for tracking analysis of SOX10-Nano-lantern positive cells.
SOX10-NL+NGFR+ cells (left panel) and SOX10-NL-NGFR- cells (right panel).
(WMV)
S1 Table. primer sequences for SOX10-2A-Nanolantern targeting vector.
(PDF)
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S2 Table. Primer sequences for RT-PCR or genomic PCR used in this study.
(PDF)
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Effect of Trabeculotomy on Corneal Endothelial Cell Loss in
Cases of After Penetrating-Keratoplasty Glaucoma
Ayaka Kusakabe, BS, MS,* Naoki Okumura, MD, PhD,* Koichi Wakimasu, MD,†
Kanae Kayukawa, MD,† Masami Kondo, BS,* Noriko Koizumi, MD, PhD,* Chie Sotozono, MD, PhD,‡
Shigeru Kinoshita, MD, PhD,†‡§ and Kazuhiko Mori, MD, PhD‡

Purpose: The aim of this study was to evaluate the effect of
trabeculotomy (TLO) on glaucoma and endothelial cell loss after
penetrating keratoplasty (PK).

Methods: A retrospective study was conducted on consecutive patients
who underwent PK and in whom more than 24 months of follow-up was
available. Patients were categorized into the PK+TLO group [ie, TLO for
post-PK glaucoma (n = 10)] and the PK group [PK alone (n = 73)].
Intraocular pressure (IOP) was evaluated during each follow-up
examination. Central corneal endothelium images were obtained and
analyzed to determine corneal endothelial cell (CEC) density.
Results: The mean duration period from original PK to TLO for
secondary glaucoma was 25.5 6 34.9 months in the PK+TLO group.
Mean preoperative IOP in the PK+TLO group was 35.8 mm Hg, and
decreased to 17.5 mm Hg at 24 months postoperative (P , 0.01).
CEC density decreased in the same manner in both groups. In the
PK+TLO group, mean CEC density was 1838 cells per square
millimeter before TLO and decreased to 1195 cells per square
millimeter at 24 months after TLO. In the PK group, mean CEC
density decreased from 1870 to 1209 cells per square millimeter at
each corresponding time point.
Conclusions: TLO for post-PK glaucoma appeared to safely lower
IOP, although repeated surgeries were required in some patients, and
did not accelerate CEC loss.
Key Words: penetrating keratoplasty, trabeculotomy, corneal endothelial cell density

G

laucoma is recognized as one of the most devastating
complications that can arise after corneal transplantation,
as it can often lead to corneal graft failure and glaucomatous
optic neuropathy resulting in visual ﬁeld loss. In 1969, Irvine
and Kaufman1 reported a high incidence of intraocular
pressure (IOP) elevation after penetrating keratoplasty (PK).
Currently, it is widely accepted that the incidence of
glaucoma after PK is high, ranging from 9% to 35% of all
cases.2–8
Topical administration of antiglaucoma drugs is a ﬁrstline treatment for the control of IOP. However, as management of glaucoma after corneal transplantation is difﬁcult,
surgical treatments are often required.8 Trabeculectomy
(TLE), implantation of a glaucoma drainage device, and
cyclophotocoagulation are the surgical procedures most
commonly used for the treatment of glaucoma after corneal
transplantation. However, they are reportedly associated with
a high risk of corneal endothelial cell (CEC) loss and eventual
graft failure.8,9
Trabeculotomy (TLO) reduces IOP by improving the
outﬂow facility, and it is reportedly effective for the treatment
of several types of glaucoma.10–13 However, the effectiveness
of TLO for the treatment of post-PK glaucoma has yet to be
fully elucidated. Reportedly, one major advantage of TLO is
that it is a very safe procedure without risk of bleb-related
complications.14 In this study, we investigated the effect of
TLO for the treatment of post-PK glaucoma and its inﬂuence
on CEC loss.

(Cornea 2017;36:317–321)
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This study was conducted in accordance with a protocol
approved by the Institutional Review Board of Baptist Eye
Clinic, Kyoto, Japan. Clinical trial registration was obtained
at UMIN UMIN000021104 (http://www.umin.ac.jp/english/).
In this retrospective study, we reviewed the medical records
of consecutive patients who underwent PK at Baptist Eye
Clinic between January 2001 and October 2011 and in whom
more than 24-month follow-up data were available. Patients
who underwent TLE, pars plana vitrectomy, or goniosynechialysis were excluded from the study. The included patients
were categorized into those who underwent TLO for the
treatment of glaucoma after PK and those who did not
undergo TLO after PK (Fig. 1). Of the patients who
underwent TLO after PK, 3 were excluded from the study
because of discontinuation of follow-up as a result of poor
www.corneajrnl.com |
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FIGURE 1. Flowchart of the patients
included in the study. GSL, goniosynechialysis; PPV, pars plana vitrectomy.

health (n = 1), failure to obtain a corneal endothelial image as
a result of elevated IOP (n = 1), or not being able to undergo
follow-up for more than 6 months after TLO (n = 1). In the
patients included in the study, anterior segments were
evaluated by slit-lamp microscopy, corneal endothelium was
observed by noncontact specular microscopy (EM-3000;
Tomey Corporation, Nagoya, Japan), and IOP was evaluated
by noncontact tonometry (RKT-7700 or TONOREF2; NIDEK
CO, LTD, Aichi, Japan) at each follow-up visit.
In each patient, PK was performed by ﬁrst administering general anesthesia or retrobulbar anesthesia in accordance
with the patient’s overall health status. Next, partial-thickness
trephination of the host cornea was performed using a Barron
radial vacuum trephine (Katena Products Inc, Denville, NJ),
and the cornea was then excised using curved corneal
scissors. Donor corneas were trephined using a Barron
vacuum donor cornea punch (Katena Products). In each
patient, the corneal graft was sutured with 4 to 8 interrupted
and continuous-running 10-0 nylon sutures. After PK, topical
antibiotics and corticosteroid eye drops were administered
and then gradually tapered down. All PKs were performed by
the same surgeon (S.K.).
In the patients of the TLO-group, sub-Tenon capsule
anesthesia was ﬁrst performed. Next, a fornix-based conjunctival ﬂap and two 3- · 3-mm-square deep scleral ﬂaps with
1/2 and 4/5 thickness were made. The outer wall of the
Schlemm canal was then dissected, and TLO probes (HS2155B2; Handaya Co, Ltd, Tokyo, Japan) were inserted into
the canal. A double-mirror goniolens (OMUSG; Ocular
Instruments Inc, Bellevue, WA) was placed on the surface
of the cornea to conﬁrm insertion of the TLO probes into the
Schlemm canal, and the probes were then rotated into the
anterior chamber. The scleral and conjunctival ﬂaps were then
sutured with interrupted 10-0 nylon sutures. All TLOs were
performed by the same surgeon (K.M.).
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The donor and recipient characteristic data are presented as mean 6 SD. The mean CEC loss data are presented
as mean 6 SE. The Student t-test was used to determine
statistical signiﬁcance (P value) of the differences in the mean

TABLE 1. Characteristics of the Donor and Recipient Eyes
Donor characteristics
Age
Mean 6 SD, yrs
Range
Size
Mean 6 SD, mm
Range
CEC density
Mean 6 SD, cells/mm2
Recipient characteristics
Age
Mean 6 SD, yrs
Range
Sex, n (%)
Male
Female
Regraft, n (%)
Diagnosis, n (%)
Bullous keratopathy*
Corneal opacity
Dystrophy (non-Fuchs)
Keratoconus
Fuchs dystrophy
Others

PK+TLO (n = 10)

PK (n = 73)

62.9 6 8.7
49–75

60.1 6 11.7
19–75

7.6 6 0.3
7–7.75

7.6 6 0.2
7–7.75

2756 6 338

2892 6 329

61.0 6 16.8
27–85

64.5 6 12.7
22–84

6 (60.0)
4 (40.0)
4 (40.0)

29 (40.8)
42 (59.2)
0 (0.0)

5
2
1
1
1
1

28 (38.4)
21 (28.8)
13 (17.8)
6 (8.2)
3 (4.1)
2 (2.7)

P
0.47

0.5

0.23
0.44

0.33

(50.0)
(20.0)
(10.0)
(10.0)
(10.0)
(10.0)

*Including edema after cataract surgery and argon-laser-iridectomy-induced edema.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 2. IOP-Lowering Effect of TLO
Time Post
TLO, mo
Preoperative
6
12
18
24

No.
Patients

No. Repeated
TLO

10
10
8
8
8

0
3
4
4
4

Mean IOP 6 SD,
mm Hg

P

6
6
6
6
6

0.0004
0.0003
0.0002
0.0007

35.8
19.7
18.4
16.8
17.5

11.3
7.8
5.6
4.9
5.7

values of the 2-sample comparison. The Fisher exact test was
used for analysis of the sex data.

RESULTS
Of the total number of PKs performed during the study
period, 86 eyes of 84 patients (mean age: 62.9 6 8.7 years,
range: 49–75 years) met the inclusion criteria. Thirteen eyes
underwent TLO after PK due to elevated IOP; 3 of those eyes
were excluded from the study because of not meeting the
inclusion criteria. Seventy-three eyes underwent only PK.
Mean recipient age was 61.0 6 16.8 years (range: 27–85
years) in the PK+TLO group and 64.5 6 12.7 years (range:
22–84 years) in the PK group. The baseline characteristics
were similar between both groups. However, IOP before
performing TLO was signiﬁcantly higher in the PK+TLO
than in the PK group (P , 0.01). In the PK+TLO group, 10
eyes had twice undergone a repeat graft at the time of the
patient being included in the study. In the PK group, no eyes
had a history of a previously repeated graft. The indications
for corneal transplantation were similar among the patients in
each group. Bullous keratopathy (including edema after
cataract surgery and argon laser iridectomy–induced
edema), corneal opacity, and corneal dystrophies were the
most common indications (Table 1). Survival of the graft was
maintained in all eyes in the PK+TLO group, with no

episodes of graft rejection being observed during the 72month follow-up period.
The mean preoperative IOP in the PK+TLO group was
35.8 6 11.3 mm Hg. After TLO, the mean IOP decreased to
19.7 6 7.8 mm Hg at 6 months, 18.4 6 5.6 mm Hg at 12
months, 16.8 6 4.9 mm Hg at 18 months, and 17.5 6 5.7 mm
Hg at 24 months (P , 0.01). Repeated TLO was performed in
4 of the 10 patients during the 24-month follow-up period
(Table 2). TLO was repeated once in 3 patients and twice in
1 patient.
The time course of CEC density after TLO for postPK glaucoma is shown in Figure 2. The mean duration
period from original PK to TLO for secondary glaucoma
was 25.5 6 34.9 months in the PK+TLO group. To compare
CEC density at a similar follow-up time from PK, cell
densities at 24, 30, 36, and 48 months after PK were plotted
for 0, 6, 12, 18, and 24 months after TLO. CEC density
decreased in the same manner in both PK+TLO group and
PK group. In the PK+TLO group, the mean CEC density
before TLO and at 6, 12, 18, and 24 months after TLO was
1838, 1635, 1402, 1306, and 1195 cells per square
millimeter, respectively. In the PK group, mean CEC
density was 1870, 1727, 1509, 1356, and 1209 cells per
square millimeter, respectively, at each corresponding time
point in which the time after PK was similar to that of the
PK+TLO group (P = 0.18, P = 0.56, P = 0.69, P = 0.58, and
P = 0.05).
Our ﬁndings show that TLO for post-PK glaucoma did
not accelerate CEC loss (see Table, Supplemental Digital
Content 1, http://links.lww.com/ICO/A469). In the PK+TLO
group, the mean postoperative CEC loss was 23.0% [95%
conﬁdence interval (CI), 7.7%–38.2%] in 0 to 12 months,
30.2% (95% CI, 16.5%–43.9%) in 0 to 24 months, 36.4%
(95% CI, 14.7%–58.2%) in 0 to 36 months, 36.4% (95% CI,
14.7%–58.2%) in 0 to 48 months, 40.7% (95% CI, 18.4%–
63.0%) in 0 to 60 months, and 55.1% (95% CI, 38.1%–
72.2%) in 0 to 72 months. In the PK group, the mean CEC

FIGURE 2. CEC loss after TLO after
PK. PK+TLO indicates the CEC density
of the patients who underwent TLO
for post-PK glaucoma. PK indicates
the CEC density of the patients who
underwent PK alone. The black dots
indicate the mean value, the horizontal lines in the boxes indicate medians, the bottom of each box
indicates the 25th percentile, and the
top of each box indicates the 75th
percentile. The horizontal lines outside the boxes indicate the range of
CEC density. The mean duration
period from the original PK to TLO for
secondary glaucoma was 25.5 6 34.9
months in the PK+TLO group. To
compare CEC density at a similar
follow-up time from PK, cell density at
24, 30, 36, and 48 months after PK
were plotted for 0, 6, 12, 18, and 24
months after TLO.
Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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loss was 22.9% (95% CI, 19.3%–26.5%) in 0 to 12 months,
35.0% (95% CI, 30.0%–39.9%) in 0 to 24 months, 47.8%
(95% CI, 42.6%–53.0%) in 0 to 36 months, 58.2% (95% CI,
52.8%–63.6%) in 0 to 48 months, 67.3% (95% CI, 62.4%–
72.1%) in 0 to 60 months, and 70.2% (95% CI, 65.1%–
75.3%) in 0 to 72 months. The time duration is shown from
PK to the follow-up period in both groups.

DISCUSSION
It has been reported that in patients who undergo PK,
there is a major risk of developing glaucoma after surgery,
yet the mechanism remains unclear.15–17 The Collaborative
Corneal Transplantation Studies Research Group reported
that the existence of glaucoma before PK increased the rate
of graft failure from 29% to 48%.15 The Cornea Donor
Study also reported in a large, multicenter, prospective
study that glaucoma treatment before PK increased the
risk of graft failure over the 5-year postoperative period
(medications and no surgery: 20%; no medications and
surgery: 29%; and medications and surgery: 58%, respectively), yet it was only 11% in patients without
preoperative glaucoma.17
It has been reported that after PK, glaucoma develops
in 9% to 31% of the patients during the early postoperative
period and in 18% to 35% of the patients during the late
postoperative period.2–8 Tandon et al9 performed a metaanalysis and reported that TLE, glaucoma drainage device
implantation, and cyclophotocoagulation reduced IOP by
13.6, 20.2, and 20.4 mm Hg, respectively. In their review,
the rate of graft failure after those treatments was 24%, 35%,
and 21%, respectively, suggesting a higher risk of surgical
treatment for maintaining the transplanted graft.9 In this
study, we demonstrated that CEC density after TLO for
post-PK glaucoma decreased in a fashion similar to that after
PK alone, and that there was no episode of graft failure
during 2 years postoperatively. The rate of graft rejection
after post-PK TLE reportedly ranges from 24% to 30%18–20;
however, another study reported that the risk of rejection
was not increased.21 The ﬁndings of this current study
showing no episode of rejection during the 72 months after
post-PK TLO indicates that TLO did not increase the risk of
graft rejection. Although the number of patients treated with
TLO, as well as the follow-up period, was limited in this
study, our ﬁndings suggest that TLO is both safe and
effective for treating post-PK glaucoma, with minimal
damage to corneal endothelium.
Basic research using monkey and human enucleated
eyes showed that TLO disrupts the trabecular meshwork and
the inner layer of the Schlemm canal, and then reduces the
resistance to aqueous humor outﬂow.22,23 The IOP-lowering
effect of TLO has been shown in relation to several forms of
glaucoma, such as primary open-angle glaucoma,10 developmental glaucoma,13 steroid-induced glaucoma,12 uveitisinduced glaucoma,14 and exfoliative glaucoma.11 In terms of
post keratoplasty, Yuki et al reported preliminary results that
TLO successfully lowered IOP in 4 glaucoma patients after
Descemet stripping endothelial keratoplasty.24 In this study,
we found that TLO decreased post-PK-glaucoma-related
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IOP from 35.8 to 18.4 mm Hg at 1 year and 17.5 mm Hg at 2
years (P , 0.01). Although multiple TLOs were performed
in some patients in this study, IOP was effectively reduced
and CEC loss did not accelerate, thus suggesting that
repeated TLO is a safe and effective therapeutic option.
Although the mechanism by which glaucoma develops postPK remains unclear, involvement of the use of steroids,
inﬂammation, distortion of angle, and closed angle due to
peripheral anterior synechiae have been reported.8,25 Further
study is needed to elucidate the types of post-PK glaucoma
in which the associated elevated IOP is effectively reduced
by TLO.
It should be noted that the limitations of this study
include its retrospective design and the small sample size of
patients who underwent post-PK TLO. A prospective study is
needed to better evaluate the role of TLO in the treatment of
post-PK glaucoma.
In conclusion, the ﬁndings of this study show that TLO
for the treatment of post-PK glaucoma successfully lowered
IOP and did not accelerate CEC loss, thus suggesting that
TLO is an effective surgical procedure for the management of
post-PK glaucoma. Although TLO is not currently considered
a ﬁrst-line surgical procedure for the treatment of post-PK
glaucoma, we propose that it should be reconsidered as a safe
and effective therapeutic option.
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PURPOSE. Ripasudil (Glanatec), a selective rho-associated coiled coil-containing protein kinase
(ROCK) inhibitor, was approved as a glaucoma and ocular hypertension treatment in Japan in
2014. The purpose of this study was to investigate the feasibility of using ripasudil eye drops
to treat corneal endothelial injuries.
METHODS. Cultured human corneal endothelial cells (HCECs) were treated with ripasudil, and 5bromo-2 0 -deoxyuridine (BrdU) incorporation was evaluated by ELISA. A rabbit corneal
endothelial damage model was also created by mechanically scraping the corneal endothelium,
followed by topical ripasudil eye drop application for 2 weeks. The anterior segment was
evaluated by slit-lamp microscopy, and central corneal thickness was measured by ultrasound
pachymetry. Corneal specimens were evaluated by phalloidin staining and immunohistochemical analysis using antibodies against Ki67, N-cadherin, and Naþ/Kþ-ATPase.
RESULTS. Many more BrdU-positive cells were observed among the HCECs treated with
ripasudil (0.3–30 lM) than among the control HCECs. Ripasudil-treated eyes in a rabbit model
showed 91.5 6 2.0% Ki67-positive cells after 48 hours, whereas control eyes showed 52.6 6
1.3%. Five of six corneas became transparent in ripasudil-treated eyes, whereas zero of six
corneas became transparent in the control eyes. Regenerated cell densities were higher in the
eyes treated with ripasudil than in eyes treated with vehicle. Eyes treated with ripasudil
expressed N-cadherin and Naþ/Kþ-ATPase in almost all CECs, whereas this expression was
decreased in control eyes.
CONCLUSIONS. Ripasudil promoted corneal endothelial wound healing, supporting its
development as eye drops for treating acute corneal endothelial damage due to eye surgeries,
especially cataract surgery.
Keywords: corneal endothelial cells, bullous keratopathy, Rho kinase inhibitor

he corneal endothelium regulates corneal transparency by
balancing corneal hydration through pump and barrier
functions. Hexagonal corneal endothelial cells (CECs) form a
monolayer sheet at a cell density of approximately 2500 cells/
mm2 in late adulthood, but corneal endothelial damage—due to
Fuchs’ endothelial corneal dystrophy, cataract surgery, and
corneal trauma—induces compensatory migration and spreading, which results in a cell density drop. When corneal
endothelial cell density reaches a critical level, typically 500
cells/mm2, the corneal endothelial function is not compensated, and the cornea then exhibits haziness, together with edema.
The only therapy is corneal transplantation, as no pharmaceutical intervention has yet been introduced into clinical
settings.1
In 2009, we reported that the rho-associated kinase
(ROCK) inhibitor, Y-27632, promoted in vitro cell proliferation
of cultured CECs.2 Subsequently, we demonstrated that
topical application of Y-27632 in the form of eye drops
enhances in vivo corneal endothelial wound healing in rabbit
and monkey models.3,4 Following the animal experiments, we
performed clinical research on corneal endothelial dysfunction patients who were treated with Y-27632 eye drops
following a 2-mm-diameter transcorneal freezing procedure.

T

Rho-associated kinase inhibitor eye drops showed effectiveness in reducing the central corneal thickness in patients with
early stage Fuchs’ endothelial corneal dystrophy (these
patients still had residual healthy corneal endothelium at the
peripheral cornea), whereas the ROCK inhibitor did not
reduce central corneal thickness in patients with an advanced
stage of corneal endothelial dysfunction with diffuse edema.4,5
These results from our clinical research suggest that ROCK
inhibitor eye drops enhance corneal endothelial wound
healing by promoting residual CEC proliferation, as long as
some relatively healthy CECs remain. However, despite
accumulating evidence, no commercially available ROCK
inhibitor has been developed for the treatment of corneal
endothelial injury.
In the field of ophthalmology, ROCK inhibitors have
attracted much interest among investigators as potent drugs
for glaucoma treatment, because ROCK inhibitors reduce the
intraocular pressure by increasing the outflow facility of the
aqueous humor.6–10 Ripasudil hydrochloride hydrate, a selective ROCK inhibitor, has been developed as a glaucoma drug
and has been shown in phase 1 clinical trials to reduce IOP in
healthy adult volunteers.11 Randomized clinical studies have
demonstrated that 0.4% ripasudil eye drops reduced intraocular
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pressure in patients with primary open-angle glaucoma and
ocular hypertension.12,13 Subsequently, in 2014, a commercial
preparation of ripasudil hydrochloride hydrate eye drops
(Glanatec ophthalmic solution 0.4%, Kowa Company Ltd.,
Nagoya, Japan) was approved in Japan for the treatment of
glaucoma and ocular hypertension.14 The 50% inhibitory
concentration (IC50) of ripasudil is 0.051 lM for ROCK 1 and
0.019 lM for ROCK 2, whereas the IC50 for PKACa, PKC, and
CaMKIIa are 2.1, 27, and 0.37 lM, respectively.15 This high
selectivity for ROCK is considered to contribute to the safety of
ripasudil, which shows minimal off-target effects through
inhibition or activation of other signaling pathways.
In the present study, we tested the feasibility of
repositioning ripasudil as a treatment for corneal endothelial
injuries. Drug repositioning (i.e., the repurposing of an
existing drug for new indications16–18) is one possible
strategy for drug development that could have a faster
approval time and lower investment cost than traditional
drug discovery. Here we showed that ripasudil treatment
promotes in vitro CEC proliferation in cultured human CECs
(HCECs) in a similar fashion to that shown by the
conventional ROCK inhibitors Y-27632 and fasudil. We also
demonstrated that ripasudil eye drops promoted wound
healing and facilitated regeneration of the corneal endothelium in a rabbit wound model.

METHODS

Nagoya, Japan) to evaluate the effect of each ROCK inhibitor
on HCEC proliferation.

Immunohistochemistry
Cultured HCECs or rabbit corneal specimens were fixed in 4%
formaldehyde and incubated in 1% BSA to block nonspecific
binding. The samples were investigated by conducting
immunohistochemical analyses of Ki67 (Sigma-Aldrich Corp.),
N-cadherin (1:300; BD Biosciences, San Jose, CA, USA), and
Naþ/Kþ-ATPase (1:300; Upstate Biotechnology, Lake Placid, NY,
USA) antibodies. Alexa Fluor 488–conjugated goat anti-mouse
(Life Technologies Corp.) was used as a secondary antibody at
a 1:1000 dilution. Cell morphology was evaluated after actin
staining with a 1:400 dilution of Alexa Fluor 594–conjugated
phalloidin (Life Technologies Corp.). Proliferative cells were
evaluated by 5-ethynyl-2 Click-iT 5-ethynyl-2 0 -deoxyuridine
(EdU) imaging kits (Life Technologies Corp.) according to the
manufacturer’s instructions. Briefly, the HCECs (1 3 104 cells
per well) were cultured in a 96-well plate and incubated with
10 lM EdU for 6 hours at 378C. Following fixation with 4%
paraformaldehyde and permeabilization with 0.3% Triton X100 (Nacalai Tesque, Kyoto, Japan), the HCECs were incubated
with a reaction cocktail. Nuclei were stained with 4 0 ,6diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). The specimens were viewed with a
fluorescence microscope (TCS SP2 AOBS; Leica Microsystems,
Wetzlar, Germany).

Animal Experiment Approval

Cell Proliferation Assay

In all experiments, animals were housed and treated in
accordance with the ARVO 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 the University’s Animal Care
and Use Committee (Approval A15012). Human donor corneas
were obtained from SightLife (Seattle, WA, USA) for research
purposes.

Human CECs were cultured at a density of 5000 cells per well
in a 96-well plate. Cell proliferation was determined by
evaluating incorporation of 5-bromo-2 0 -deoxyuridine (BrdU)
into DNA by use of the Cell Proliferation Biotrak ELISA system,
version 2 (GE Healthcare Life Sciences, Buckinghamshire,
United Kingdom) according to the manufacturer’s instructions.
Briefly, HCECs were incubated with 10 lM BrdU for 24 hours.
Cultured cells were incubated with fixation solution and
incubated with 100 lL monoclonal antibody against BrdU for
30 minutes. The BrdU absorbance was measured by a
spectrophotometric microplate reader.

Cell Culture
A total of four human donor corneas (from persons >40 years
of age) were used for cultivation of HCECs by the protocol
described previously.19 Briefly, Descemet’s membranes containing the HCECs were stripped from donor corneas, and the
membranes were digested with 1 mg/mL collagenase A (Roche
Applied Science, Penzberg, Germany) at 378C for 12 hours.
The HCECs were seeded in 1 well of a 48-well plate coated
with laminin E8 fragments (iMatrix-511; Nippi, Inc., Tokyo,
Japan) (0.5 lg/cm2). The culture medium was prepared
according to published protocols.
First, bone marrow mesenchymal stem cells (BM-MSCs)
were cultured according to previously reported protocols.20
Briefly, basal medium for HCECs was prepared (OptiMEM-I
[Life Technologies Corp., Carlsbad, CA, USA] containing 8%
fetal bovine serum, 5 ng/mL epidermal growth factor [SigmaAldrich Corp., St. Louis, MO, USA], 20 lg/mL ascorbic acid
[Sigma-Aldrich Corp.], 200 mg/L calcium chloride, 0.08%
chondroitin sulfate [Wako Pure Chemical Industries, Ltd.,
Osaka, Japan], 50 lg/mL gentamicin, and 10 lM SB431542
[Merck Millipore, Billerica, MA, USA]) and conditioned by
culturing BM-MSCs for 24 hours. The basal medium conditioned with BM-MSCs was then collected for use as the culture
medium for HCECs. The HCECs were cultured with Y-27632
(Wako Pure Chemical Industries, Ltd.), fasudil (Wako Pure
Chemical Industries, Ltd.), or ripasudil (Kowa Company, Ltd.,

Rabbit Corneal Endothelial Damage Model by
Corneal Freezing
As an in vivo wound model, the corneal endothelium of 48
eyes of 24 Japanese white rabbits was damaged in a modified
protocol, as described previously.3,21,22 Briefly, a stainless steel
7-mm-diameter probe was immersed in liquid nitrogen for 3
minutes, and the center of the rabbit cornea was cryofrozen
with the probe for 15 seconds under general anesthesia. This
procedure was carefully confirmed not to induce complete
blindness or any severe general adverse effect. One 0.4%
ripasudil eye drop (four times daily) or 0.8% ripasudil eye drop
(two times daily) was topically instilled (50 lL) in one eye of
each of six rabbits, whereas vehicle was instilled in the fellow
eye of each rabbit as a control (n ¼ 6). Ripasudil eye drops and
vehicles were provided by the Kowa Company. After 48 hours
of treatment, the rabbits were euthanized, and the corneal
endothelium wound area was evaluated by Alizarin red staining
and examined with a fluorescence microscope (BZ-9000;
Keyence, Osaka, Japan). The Ki67-positive cells located at the
leading edge (3.5 mm distant from the center of the cornea),
middle area (4.5 mm distant from the center of the cornea),
and periphery (5.5 mm distant from the center of the cornea)
were also evaluated in the same specimens. These experiments
were performed in duplicate.
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FIGURE 1. Effect of ripasudil on in vitro corneal endothelial cell proliferation. (A) Cultured HCECs were seeded onto the culture plate and
incubated for 24 hours, followed by treatment with the ROCK inhibitors Y-27632 (10 lM), fasudil (10 lM), and ripasudil (0.3–100 lM) for 48 hours.
Representative phase contrast images are shown. Scale bar: 50 lm. (B) The HCECs were cultured at the density of 5000 cells per well in a 96-well
plate for 24 hours, and DNA synthesis was detected by ELISA as incorporation of BrdU into DNA. BrdU incorporation was significantly enhanced at
the ripasudil concentrations from 0.3 to 30 lM. **P < 0.01. (C, D) The effect of ripasudil on proliferation of corneal endothelium was evaluated by
EdU and Ki67 staining after 48 hours of treatment. The numbers of EdU- and Ki67-positive cells were significantly higher following treatment of
HCECs with ripasudil. **P < 0.01.

Rabbit Corneal Endothelial Damage Model by
Mechanical Scraping
A rabbit corneal endothelial damage model was created to
mimic surgical trauma. Half the area of the corneal endothelium of 24 eyes of 12 Japanese white rabbits was mechanically
scraped from the Descemet’s membrane with a 20-gauge
silicone needle (Soft Tapered Needle; Inami & Co., Ltd., Tokyo,
Japan) while the animals were under general anesthesia. The
scraped area was confirmed as damaged by 0.04% trypan blue
staining. The experimenter who created the endothelial
damage model was blinded to subsequent treatment with
ripasudil or vehicle. Before this procedure, the lenses were
removed with an Alcon Series 20000 Legacy Surgical System
(Alcon, Inc., Fort Worth, TX, USA) to deepen the anterior
chamber. One eye of each rabbit was used for 0.4% ripasudil
treatment and the contralateral eye served as the control. The
corneal endothelium of both eyes was used in the experiment
to reduce the number of rabbits required for the study and to
provide a correct evaluation of the effect, because wound
healing varied with the individual rabbits. This procedure was
confirmed not to induce complete blindness or any severe
general adverse effects.

Rabbit Corneal Assessment
Anterior segments were evaluated by slit-lamp microscopy for
2 weeks. Scheimpflug images and a corneal thickness map
were obtained with a Pentacam instrument (OCULUS;
Optikgeräte GmbH, Wetzlar, Germany). Corneal endothelium
was evaluated by contact specular microscopy (Konan
scanning slit specular microscope; Konan Medical, Nishino-

miya, Japan). Corneal thickness was determined with an
ultrasound pachymeter (SP-2000; Tomey, Nagoya, Japan), and
the mean of 10 measured values was then calculated (up to a
maximum thickness of 1200 lm, the instrument’s maximum
reading).

Statistical Analysis
The statistical significance (P value) of differences in the mean
values of the two-sample comparison was determined with the
Student’s t-test. Values shown on the graphs represent the
mean 6 SEM.

RESULTS
Effect of Ripasudil on HCECs Proliferation In Vitro
Cultured HCECs were seeded on a culture plate and cultured
for 24 hours, and then HCECs were treated with the following
ROCK inhibitors for 48 hours: Y-27632 (10 lM), fasudil (10
lM), and ripasudil (0.3–100 lM). Representative phase
contrast images showed that higher numbers of cells were
observed when cells were treated with ROCK inhibitors (Fig.
1A). The proliferative potential was assessed by BrdU
incorporation into the newly synthesized DNA. An ELISA
showed that concentrations of ripasudil from 0.3 to 30 lM
significantly enhanced BrdU incorporation (Fig. 1B). The
numbers of cells staining for the proliferative EdU and Ki67
markers were greater for the ripasudil (10 lM) treatment than
for the control treatment (Figs. 1C, 1D).
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Effect of Ripasudil Eye Drops on Corneal
Endothelial Proliferation in a Transcorneal
Freezing Rabbit Model
We tested the effect of 0.4% ripasudil eye drop (four times
daily) and 0.8% ripasudil (two times daily) in the rabbit partial
corneal endothelial wound model, because the topical and
systemic safety of doses lower than these was already
confirmed in commercially available ripasudil eye drops
(Glanatec ophthalmic solution 0.4%; Kowa Company, Ltd.) in
clinical trials.11 Slit-lamp microscopy showed that control
rabbits with 7-mm-diameter corneal endothelial wounds
created by transcorneal freezing exhibited hazy corneas after
48 hours. On the other hand, rabbits treated with 0.4% or 0.8%
ripasudil eye drops exhibited less haze in their corneas, and no
other adverse effects, such as delay of corneal epithelial wound
healing, severe conjunctival injection, and corneal opacity,
were observed (Fig. 2A). Coincidently, representative Alizarin
red staining images showed that the wound area tended to be
smaller in eyes treated with 0.4% or 0.8% ripasudil eye drops
than in control eyes (Fig. 2B). The Ki67 staining demonstrated
that 0.4% or 0.8% ripasudil eye drops promoted cell
proliferation throughout the wound edge to the peripheral
area of the residual corneal endothelium (Fig. 2C). The
percentage of Ki67-positive cells in the leading edge was
72.8 6 4.3% in the control, but it was 84.4 6 2.5% and 90.5 6
1.7% in the eyes treated with 0.4% and 0.8% ripasudil,
respectively. In the peripheral area, Ki67-positive cells accounted for 33.5 6 3.7% of the cells in the control and 40.4 6
2.7% and 47.1 6 3.1% of the cells in the eyes treated with 0.4%
and 0.8% ripasudil, respectively (Fig. 2D).

Effect of Ripasudil Eye Drops on Corneal
Endothelial Wounds in a Mechanical Scraping
Rabbit Model
Next, we evaluated whether ripasudil eye drops are an
effective treatment for severe corneal endothelial damage; for
example, the damage occurring during ocular surgeries such as
cataract surgery, which is one of the leading causes of bullous
keratopathy. We mechanically scraped half the area of the
rabbit corneal endothelium and applied 0.4% ripasudil eye
drops (three times daily). Slit-lamp microscopic images showed
that eyes treated with vehicle as a control exhibited corneal
edema, whereas eyes treated with ripasudil exhibited almost
clear corneas (Fig. 3A). Five of six eyes treated with ripasudil
recovered corneal transparency in the pupil center, whereas
six of six control eyes did not. Scheimpflug images and corneal

FIGURE 2. Effect of ripasudil eye drops on corneal endothelial
proliferation in a rabbit corneal freezing model. (A) A stainless-steel
7-mm-diameter probe was immersed in liquid nitrogen for 3 minutes
and then placed onto the rabbit cornea for 15 seconds with the animal
under general anesthesia. Then, one 0.4% ripasudil (four times daily) or
0.8% ripasudil (two times daily) eye drop was topically instilled,
whereas vehicle was instilled in the fellow eye of each rabbit as a
control (n ¼ 6). Slit-lamp microscopy showed that control eyes
exhibited hazy corneas after 48 hours, but eyes treated with 0.4% or

0.8% ripasudil eye drops exhibit less hazy corneas. No other adverse
effects, such as the delay of corneal epithelial wound healing, severe
conjunctival injection, and corneal opacity were observed. (B) The
wound area of the corneal endothelium was evaluated by Alizarin red
staining after 48 hours of treatment. Alizarin red staining images
showed that the wound area tended to be smaller in eyes treated with
0.4% or 0.8% ripasudil eye drops than in control eyes. Scale bar: 1 mm.
(C, D) Ki67þ cells located at the leading edge (3.5 mm distant from the
center of the cornea), middle area (4.5 mm distant from the center of
the cornea), and periphery (5.5 mm distant from the center of the
cornea) were evaluated. Ki67 staining confirmed that 0.4% or 0.8%
ripasudil eye drops promoted cell proliferation throughout the wound
edge to the peripheral area. Administration of 0.8% ripasudil (two times
per day) enhanced Ki67 expression to a higher level than was observed
with 0.4% ripasudil eye drops (four times daily). Morphology was
evaluated using actin staining performed with Alexa Fluor 594–
conjugated phalloidin. Nuclei were stained with DAPI. Representative
images of pupil centers are shown. Scale bar: 50 lm. These
experiments were performed in duplicate.
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FIGURE 3. Effect of ripasudil eye drops on wound healing in a mechanical damage corneal endothelial rabbit model. (A) Half the area of the corneal
endothelium was mechanically scraped in six rabbits, and 0.4% ripasudil eye drops were applied (three times daily) for 2 weeks. Vehicle was applied
to the fellow eyes as a control. The damage to the scraped area was confirmed by 0.04% trypan blue staining, and the experimenter who created the
endothelial damage model was blinded to the subsequent treatment with ripasudil or vehicle. Representative slit-lamp microscope images are
shown. (B) Representative Scheimpflug images and corneal thickness maps obtained by Pentacam HR are shown. Values for the corneal thickness
map are indicated in micrometers. (C) The central corneal thickness was evaluated by ultrasound pachymetry. The central corneal thickness of eyes
treated with ripasudil was 392.8 6 12.6 lm, but that of eyes treated with vehicle was 1200 lm. **P < 0.01. (D, E) After 48 hours of ripasudil eye
drops, Ki67-positive cells in the wounded area at the center of cornea were evaluated. The control eye showed 52.6 6 1.32% of the cell population
as Ki67 positive, whereas the ripasudil-treated eyes showed 91.5 6 1.97% Ki67-positive cells. Scale bar: 50 lm. **P < 0.01.

thickness maps obtained with a Pentacam HR instrument also
demonstrated that control eyes exhibited corneal edema
throughout the whole area. By contrast, ripasudil-treated eyes
showed less edema in the cornea, including the pupillary area,
although edema was still evident in the peripheral damaged
area (Fig. 3B). The central corneal thickness of eyes treated
with ripasudil was 392.8 6 12.8 lm, but that of eyes treated
with vehicle was 1200 lm (more than the maximum readings
of ultrasound pachymetry in all eyes; Fig. 3C). The Ki67positive cells in the wounded area at the center of cornea were
evaluated after 48 hours of ripasudil eye drops. The control eye
showed 52.6 6 1.3% of the cell population as Ki67 positive,
whereas the ripasudil-treated eyes showed 91.5 6 2.0% Ki67positive cells (Figs. 3D, 3E).

Effect of Ripasudil Eye Drops on Regenerated
Corneal Endothelium
Contact specular microscopy showed that control eyes
exhibited blurred corneal endothelial images from the

border (center of the cornea) to the damaged area. On the
other hand, regenerated corneal endothelium was observed
throughout whole area of the cornea with hexagonal and
monolayer morphology (Fig. 4A). Cell density was significantly higher in the eyes treated with ripasudil than in eyes
treated with vehicle, although the corneal endothelial cell
density tended to be lower in the damaged area than in
nondamaged areas in both treated eyes and control eyes
(Fig. 4B).
Regenerated corneal endothelium in the damaged area of
the control eye exhibited a fibroblastic phenotype with the
formation of stress fibers, but that of the treated eye exhibited
a hexagonal monolayer phenotype and actin fibers were
distributed at the cell cortex (Fig. 4C). Eyes treated with
ripasudil expressed N-cadherin (a marker of adherence
junctions) and Naþ/Kþ-ATPase (a marker of pump function)
in almost all the CECs, but this expression was lower in the
control eyes (Figs. 4D, 4E). The Ki67 expression was not
observed in either the control or the ripasudil-treated eyes
(Fig. 4F). This indicates that corneal endothelial cell
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FIGURE 4. Effect of ripasudil eye drops on regenerated corneal endothelium in a mechanical damage corneal endothelial rabbit model. (A)
Regenerated corneal endothelium was evaluated by contact specular microscopy after 14 days. Nondamaged areas, borders (pupil center), and
damaged areas were evaluated. (B) The corneal endothelial cell density of the eyes treated with ripasudil was significantly higher in all areas
(nondamaged areas, border, and damaged areas) than in the eyes treated with vehicle. (C) Regenerated corneal endothelium was evaluated
histologically after 14 days. Morphology was evaluated using actin staining performed with Alexa Fluor 594–conjugated phalloidin. (D, E) Functional
recovery was analyzed by immunostaining for N-cadherin (D) and Naþ/Kþ-ATPase (E). (F) Cell proliferative status was analyzed by Ki67
immunostaining. No Ki67-positive cells were observed in either the ripasudil treated eyes or the control eyes after 14 days. Nuclei were stained with
DAPI. Representative images of pupil centers are shown. Scale bar: 50 lm.
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proliferation was no longer observed once the remaining
CECs had covered the damaged area and cell–cell contact was
reestablished, even following treatment with ripasudil eye
drops.

DISCUSSION
In many countries, bullous keratopathy caused by cataract
surgery is one of the leading causes of corneal transplantation due to corneal endothelial dysfunction.23–25 In the
United States, 12.2% of the corneas are used for post–
cataract surgery corneal edema.26 As in western countries,
20–40% of corneal transplantation in Asian countries is
performed to treat bullous keratopathy caused by cataract
surgery.27–29 The World Health Organization reported that
51% of blindness is caused by cataracts on a global basis30;
therefore, it is reasonable to estimate that numerous patients
will undergo cataract surgery in the near future, and a
certain percentage of those patients will unfortunately
experience severe corneal endothelial damage during their
surgeries. The development of pharmaceutical treatments is
urgently needed.
Wound healing is a combined effect of cell migration,
spreading, and proliferation in various tissues. However,
wound healing of the corneal endothelium is mainly caused
by migration and spreading due to the severely limited
proliferation ability of corneal cells.31 Consequently, critical
damage induces impairment of wound healing and loss of
function.32 For that reason, researchers, including our group,
have devoted much effort in the search for pharmaceutical
agents (e.g., epidermal growth factor,33 platelet-derived growth
factor (PDGF),34 FGF-2,35 and ROCK inhibitors3) that can
promote proliferation of CECs for the treatment of corneal
endothelial disease.
We recently reported a preliminary successful result for pilot
clinical research of using the ROCK inhibitor, Y-27632, as a form
of eye drops for treating corneal endothelial injury.36 In that
clinical research, patients had experienced severe corneal
edema due to cataract surgery, and they recovered their corneal
transparency following treatment with Y-27632 eye drops.36 We
proposed that the ROCK inhibitor promotes cell proliferation of
residual undamaged healthy CECs and ultimately reduces the
risk of development of bullous keratopathy; therefore, ROCK
inhibitors might be developed as eye drops for treating corneal
endothelial injury. However, Y-27632 is currently only available
for research use, not for clinical use, so the development of
ROCK inhibitors other than Y-27632 represents a bottleneck for
treating corneal endothelial injury in the clinical setting.
Injury to the corneal endothelium decreases the corneal
endothelial cell density, but severe damage due to various
corneal endothelial diseases induces fibroblastic transformation37,38 that is thought to represent an endothelial–
mesenchymal transformation.39 Fibroblastic transformation
of CECs causes the cells to lose not only their morphologic
character but also the activity of the corneal endothelial
pump and barrier functions.40 Similarly, we showed here
that the CECs of a rabbit wound model exhibited a
fibroblastic morphology with corneal edema. Although this
current study showed that ROCK inhibitor treatment
regenerated a higher density of CECs and also suppressed
fibroblastic formation, further investigation is needed to
determine whether suppression of fibroblastic changes is a
consequence of faster wound healing or a direct anti
fibroblastic effect of the ROCK inhibitor.41,42
The Ki67-positive proliferating cells were observed 48
hours after corneal endothelial damage in the current rabbit
model, but were not observed when the damaged area was

fully covered by CECs in both the control and ROCK
inhibitor–treated eyes. This finding suggests that ROCK
inhibitors do not induce cell proliferation once CECs form
cell–cell contacts between adjacent cells. In other words, if
a pharmaceutical agent that promotes cell proliferation is
available in the clinical settings, the ‘‘golden time’’ begins
immediately following the injury until just before the injured
area is covered by compensatory migration and spreading of
the remaining CECs.
ROCK has been researched as a potential therapeutic
target for vascular disease, cancer, neuronal degenerative
disease, asthma, and glaucoma, because ROCK signaling
activation is involved in numerous diseases.41,42 In contrast
to the accumulation of evidence showing that ROCK
inhibitors have potency against various diseases, only two
drugs have been approved for clinical use: (1) fasudil for the
treatment of cerebral vasospasm43 and (2) ripasudil for the
treatment of glaucoma and ocular hypertension.14 Ripasudil
clinical trials revealed slight to mild conjunctival hyperemia
in more than half of the participants, whereas no other
severe adverse effect was observed.11,12 In terms of the
corneal endothelium, we reported that ripasudil induces
guttae-like findings in humans, but these are transient, and
no corneal endothelial damage was observed.44 We also
reported that the guttae-like findings arise due to the
formation of protrusions along cell–cell junctions as a
consequence of the reduction in actomyosin contractility
caused by inhibition of ROCK signaling.45 In the present in
vitro evaluation, ripasudil enhanced cell proliferation to
almost the same level seen with Y-27632. In the rabbit
wound model, ripasudil eye drops restored transparency in
five of six corneas, and Y-27632 eye drops showed the same
effect in a previous report.36 The effects of long-term use of
ripasudil eye drops on the corneal endothelium in clinical
settings still remain in question. Therefore, further study to
confirm its safety and efficacy is necessary for the
development of ripasudil eye drops as a therapeutic
modality for corneal endothelial diseases.
Here, we showed that ripasudil eye drops are potent
enhancers of corneal endothelial wound healing in a rabbit
model that mimics severe corneal endothelial injury. Thus, we
propose that drug repositioning of ripasudil for treating
corneal endothelial diseases would be a judicious strategy for
delivering ROCK inhibitor eye drops in the clinical setting.
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Abstract: Background: The cornea is transparent tissue that serves as the window of the eye, allowing light to
enter from the outer environment. The corneal endothelium maintains corneal transparency; thus, its dysfunction
results in corneal haziness and causes severe vision loss. The only available therapeutic choice for treating corneal endothelial dysfunction has been transplantation using donor corneas; consequently, researchers have been
pressed to develop new therapeutic options.
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Methods: The goal of the review is to provide an overview of the research into Rho kinase (ROCK) inhibitors in
the field of corneal endothelium therapy and the potential for clinical use of ROCK inhibitors.
Results: We reported that ROCK inhibitor enhances wound healing in the corneal endothelium. We further proposed the development of ROCK inhibitors as drugs that suppress the incidence of bullous keratopathy following
severe corneal endothelial damage, especially that occurring during cataract surgery, one of the leading causes of
corneal transplantation. We also proposed the use of ROCK inhibitors as adjunct drugs for cell-based therapeutic
treatment of corneal endothelial dysfunction. ROCK inhibitors promote the engraftment of injected cultured corneal endothelial cells to the recipient cornea, thereby enabling the regeneration of corneal endothelium. Of note,
we have initiated clinical research into cell injection therapy using a ROCK inhibitor as an adjunct drug.
Conclusion: This review documents the potency of ROCK inhibitors in clinical use, both as eye drops and as
adjunct drugs for cell-based therapy for the treatment of corneal endothelial dysfunction.

Keywords: Cornea, Rho kinase, corneal endothelial dysfunction, fuchs endothelial corneal dystrophy.
INTRODUCTION
Rho is a small GTPase that is activated by guanine nucleotide
exchange factors (GEFs). GTP-bound RhoA activates Rho kinase
(ROCK), a serine/threonine kinase that phosphorylates a number of
substrates. Two isoforms, ROCK I and ROCK II, were isolated as
GTP-bound proteins that interact with RhoA proteins. These two
isoforms share a 60% similarity in amino acid sequence and a 90%
similarity in the kinase domain [1, 2]. The Rho/ROCK signaling
pathways regulate a wide range of cell functions, including cell
adhesion, motility, proliferation, differentiation, and apoptosis [2,
3].
The wide spectrum of fundamental biological events influenced
by ROCK has led to its recognition as an important therapeutic
target in a variety of pathophysiological conditions. Indeed, ROCK
inhibitors have been intensively researched as treatments for a wide
range of diseases, including vascular disease, cancer, asthma, insulin resistance, kidney failure, osteoporosis, neuronal degenerative
disease, and glaucoma [2, 4-6]. Two ROCK inhibitors have been
approved for clinical use [6]: Fasudil was approved for the treatment of cerebral vasospasm in 1995, while ripasudil was approved
in eye drop form in Japan in 2014 for the treatment of glaucoma
and ocular hypertension [7]. Recently, we have proposed ROCK
inhibitors as having therapeutic potential for the treatment of corneal endothelial disease by promoting proliferation of corneal endothelial cells (CECs) and as adjunct drugs for cell-based therapy to
enhance cultured CEC engraftment when treating corneal endothelial dysfunction. This review provides an overview of the research
into ROCK inhibitors in the field of corneal endothelium therapy
and the potential for clinical use of ROCK inhibitors.
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CORNEAL ENDOTHELIAL DISEASES
Corneal Endothelial Dysfunction
The cornea is transparent tissue that serves as the window of the
eye, allowing the entry of light from the outer environment. The
anterior corneal surface is covered by the tear film, while the posterior surface is bathed by aqueous humor. The corneal endothelium
maintains the corneal transparency by the action of its pump and
barrier function. Therefore, severe damage to the corneal endothelium due to pathological conditions, including corneal endothelial
dystrophies, surgical trauma, and endotheliitis, can disrupt this
function and adversely affect corneal transparency. This can lead
ultimately to bullous keratopathy, characterized by irreversible
corneal haziness and severe vision loss.
Corneal transplantation has been the only therapeutic choice for
treating corneal endothelial dysfunction [8]. A statistical report by
the Eye Bank Association of America indicated that among the
76,431 donor corneas provided by US eye banks in 2013, 28,961
were used for corneal endothelial keratoplasty. In the US, the number of donor corneas used for corneal endothelial keratoplasty has
been increasing; i.e., 25,965 corneas were provided for corneal
endothelial keratoplasty, while 19,294 corneas were provided for
penetrating keratoplasty [9]. Nevertheless, corneal transplantation
has several problematic issues, such as a worldwide shortage of
donor corneas (especially in non-US countries), the difficulty of the
surgical procedure, and graft failure in both acute and chronic
phases. These challenges have led researchers to seek out new
therapeutic options.
ROCK INHIBITORS AS DRUGS FOR ENHANCING
WOUND HEALING IN CORNEAL ENDOTHELIUM
In Vitro Experiments
In 2009, we reported that the selective ROCK inhibitor Y27632 has unique effects in cultured monkey CECs, including 1)
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promotion of proliferative ability, 2) enhancement of cell adhesion
onto a substrate, and 3) suppression of apoptosis induced by cell
dissociation during cell passaging [10]. These findings in monkey
CECs were subsequently confirmed in human CECs by later researchers, including our group [11, 12]. On the other hand, Pipparelli and colleagues reported an opposite result, where a ROCK inhibitor did not induce CEC proliferation [13]. However, Peh and
colleagues reported that same ROCK inhibitor, Y-27632, increased
proliferation of human CECs by 1.96 to 3.36 fold, and suggested
that human CECs derived from young donors are more responsive
to ROCK inhibitor. They suggested that the opposing results of
Pipparelli and colleagues could possibly be explained by a different
status of the cornea, such as age [12]. In addition, the effect of
ROCK inhibitors in promoting CEC proliferation was confirmed by
other ROCK inhibitors, such as Y-39983 and ripasudil [11].
Early studies indicated that Rho inactivation blocks the G1-S
cell phase progression in Swiss 3T3 fibroblasts, and that the microinjection of active RhoA into quiescent cells induces G1-S phase
progression [14, 15]. Likewise, inhibition of ROCK signaling promotes cell-cycle progression in other cell types [16]. However, the
general consensus is that the role of ROCK signaling is highly dependent on the cell type [17], which could explain the promotion of
CEC proliferation. We demonstrated that the mechanism of action
of a ROCK inhibitor to promote cell proliferation in the corneal
endothelium involved both cyclin D (positive G1 regulator) and p27
(negative G1 regulator) activated by PI 3-kinase signaling [11]. In
addition, the ongoing efforts to develop ROCK inhibitors as anticancer drugs could have led to some publication bias towards results that show suppression of cell proliferation in various cell types
by ROCK inhibitors.
Animal Experiments Using ROCK Inhibitors in a Corneal
Cryofreezing-Induced Corneal Endothelial Wound Model
One problematic feature of the corneal endothelium in the clinical setting is that it has a severely limited proliferative ability [18
19]. Therefore, if ROCK inhibitors can modulate proliferation in
vivo, they could have applications as drugs targeting the corneal
endothelium. We tested this possibility in rabbits in which a circular
corneal endothelial wound was created by transcorneal cryogenic
injury (average diameter; 6.4 mm). These rabbit models were then
treated with the ROCK inhibitor Y-27632 in the form of eye drops.
The ROCK inhibitor promoted the expression of Ki67 in the undamaged residual corneal endothelium in a dose-dependent manner.
Wound healing was promoted by administration of Y-27632, so
that the mean wound area was 0.23 fold smaller for the Y-27632
group than for the control group. Faster wound healing was also
evident by the greater corneal transparency and the thinner corneal
thickness in the Y-27632 eye-drop treated group than in the control
group [20]. A different ROCK inhibitor, Y-39983, also promoted
cell proliferation associated with faster wound healing [11].
The limitation of these in vivo experiments using rabbit models
is that species-specific differences exist in regard to cell proliferation ability. Rabbit, mouse, and bovine CECs exhibit proliferative
potency, whereas the CECs from cats, monkeys, and humans show
severely limited proliferative potency [21-25]. We therefore employed a primate model, where a corneal endothelial wound was
created in cynomolgus monkeys in a similar fashion to that in the
rabbit model to evaluate the feasibility of ROCK inhibitor therapy
in humans [26]. The administration of a ROCK inhibitor in eye
drop form again promoted corneal endothelial wound healing in this
primate model, with higher CEC density and normal expression of
function-related markers. Collectively, these animal experiments
confirmed that proliferation of the corneal endothelium is promoted
by administration of a ROCK inhibitor in eye drop form.
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Pilot Clinical Study of a ROCK Inhibitor Combined with
Corneal Cryofreezing
A pilot clinical study of the use of ROCK inhibitor eye drops
for corneal endothelial dysfunction was conducted from May to
August 2010 at the Kyoto Prefectural University of Medicine [26].
Eight eyes of 8 patients scheduled for corneal transplantation were
enrolled in this study. The patients were divided into 2 groups: 1)
“diffuse corneal edema”, with widespread corneal edema throughout the central and peripheral cornea and 2) “central corneal
edema”, with corneal edema in the center and relatively less edema
in the peripheral region. In the clinical study, the central corneal
endothelium was removed by transcorneal freezing using a 2-mmdiameter stainless-steel rod to create a space where the substrate
was not covered by damaged corneal endothelium. This was followed by topical administration of 10 mM of Y-27632 in eye drop
form 6 times daily for 7 days. The central corneal edema patients
showed a reduction in central corneal thickness, an indicator of
corneal endothelial health, following the treatment. By contrast, the
eyes with diffuse corneal edema showed no reduction or worsening
of central corneal thickness (Fig. 1). None of the patients in either
group showed irreversible corneal haze due to the transcorneal
freezing. Notably, one patient in the central corneal edema group
showed a dramatic response. The patient was a 52-year-old Japanese male diagnosed with late-onset Fuchs endothelial corneal dystrophy, who had a central corneal thickness of 703 μm and visual
acuity of 20/63. After using the ROCK inhibitor eye drops, following transcorneal freezing, his corneal edema disappeared and the
cornea became transparent, with a central corneal thickness of 568
μm and visual acuity of 20/20 [26, 27]. This patient eventually canceled a planned corneal transplantation, and his corneal transparency was maintained for more than 6 years.

Fig. (1). Clinical trial of ROCK-inhibitor Y-27632 eye drops for central
corneal edema or diffuse corneal edema due to corneal endothelial diseases.
(A) Representative case of a central corneal edema patient is shown in the
upper images. Before treatment, central corneal edema was observed. Six
months after treatment, the corneal edema was significantly reduced and
visual acuity recovered from logMAR 0.70 to -0.18. A representative case
of a diffuse corneal edema patient is shown in the lower images. Before
treatment, the patient showed diffuse corneal edema due to bullous keratopathy induced by argon laser iridotomy. Six months after treatment,
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the corneal edema persisted and visual acuity was not recovered. (B) In the
central corneal edema patients, central corneal thickness was reduced 6
months after treatment compared to pre-treatment levels. In contrast, the
central corneal thickness did not reduce in eyes with diffuse corneal edema.
Reproduced with permission from Okumura et al. [10]

This pilot study showed the possibility of a therapeutic effect in
early stage patients with central corneal edema; however, it had
several limitations. The cohort size was small, so further studies
with larger numbers of earlier stage patients are needed. In addition,
the study was a single hand study without a control group in which
patients underwent transcorneal freezing but received no ROCK
inhibitor eye drops. A randomized control study with a larger cohort is needed for generalization of the effect of ROCK inhibitor
eye drops in the corneal endothelium. A recent study has examined
the effect of surgical removal of the central corneal endothelium
with Descemet’s membrane, although this procedure remains controversial [28-30]. The effect of ROCK inhibitor eye drops in combination with this procedure may be worth investigating.
Animal Experiments Mimicking Severe Damage to the Corneal
Endothelium Due to Cataract Surgery
The pilot clinical trial using Y-27632 following transcorneal
freezing revealed that Y-27632 eye drops reduced corneal edema in
patients with early stage Fuchs’ endothelial corneal dystrophy who
had central edema but relatively healthy corneal endothelium remaining at the peripheral area. We therefore postulated that ROCK
inhibitor eye drops might be effective in the patients who have relatively healthy residual corneal endothelium and “space” for the
remaining cells to proliferate and migrate. This idea led us to investigate the effect of ROCK inhibitors on the severe corneal endothelium damage observed following cataract surgery despite the presence of a certain amount of relatively healthy corneal endothelium.
A rabbit corneal endothelial damage model was created to
mimic surgical trauma by mechanical removal of half the area of
the corneal endothelium, rather than transcorneal freezing. Administration of Y-27632 eye drops increased the expression of Ki67
positive cells compared to control eyes. Five out of 6 corneas recovered transparency in the Y-27632-treated eyes, while 0 out of 6
corneas recovered transparency in the control eyes [33]. This effect
of ROCK inhibitor eye drops in this animal model was further confirmed by using ripasudil, another ROCK inhibitor [34]. Ripasudil
hydrochloride hydrate eye drops were approved as GLANATEC®
ophthalmic solution 0.4% in Japan for the treatment of glaucoma
and ocular hypertension [7]. The 50% inhibitory concentration
(IC50) of ripasudil is 0.051 μM for ROCK 1 and 0.019 μM for
ROCK 2, whereas the IC50 for PKACα, PKC, and CaMKIIα are
2.1, 27, and 0.37μM, respectively [35]. Repurposing of an existing
drug for new indications, or so-called “drug repositioning,” is one
possible strategy for drug development that gains faster approval
and lowers the investment cost. The effect of ripasudil on corneal
endothelial wound healing in animal models supports the development of ripasudil as a drug for corneal endothelial injury as one
possible strategy for hastening the introduction of ROCK inhibitors
into the clinical setting.
Pilot Clinical Study of a ROCK Inhibitor for Corneal
Endothelial Injury Caused by Cataract Surgery
The safety and effectiveness of ROCK inhibitor eye drops was
evaluated in patients whose corneal endothelium was severely damaged during cataract surgery [33]. Three eyes of 3 patients were
enrolled in this preliminary pilot clinical study at the Kyoto Prefectural University of Medicine, which ran from October 2012. All 3
patients developed corneal edema due to corneal endothelial damage following cataract surgery. In two patients, more than half the
area of the Descemet’s membrane, with the corneal endothelium,
was detached accidentally from the corneal stroma and removed
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during cataract surgery. The other patient developed an iris cyst
following an old trauma, and the corneal endothelial cell density
was low. That patient underwent cataract surgery and iris cyst removal, and then developed corneal edema immediate after the surgery. All patients received Y-27632 eye drops 6 times daily for 4
months, followed by 4 times daily for 2 further months. All three
patients faced the possibility of developing irreversible corneal
haziness, but they all eventually recovered corneal clarity and
avoided the need for corneal transplantation (Fig. 2). This study had
a number of limitations, including the very preliminary nature of
the cases, the lack of vehicle control cases, and a lack of follow up
of patients without treatment to exclude the possibility that the patients would have recovered corneal transparency as a natural
course. However, these three cases are sufficiently encouraging to
conduct a randomized clinical trial and to develop ROCK inhibitor
eye drops as a drug for acute corneal endothelial damage, especially
that induced by cataract surgery.

Fig. (2). Pilot clinical research into the use of ROCK inhibitor eye drops for
the treatment of acute corneal endothelial damage due to cataract surgery.
An 84-year-old female diagnosed with cataract underwent cataract surgery.
During the surgery, the Descemet’s membrane spontaneously detached from
the upper incision tunnel and over 2/3 was aspirated. The patient was referred to the cornea clinic of Kyoto Prefectural University of Medicine due
to severe corneal edema (upper left: slitlamp microscope image, lower left:
Scheimpflug image). The patient was treated with 1mM Y-27632 eye drops
for 6 months (upper right: anterior segment image, lower right: Scheimpflug
image).
Reproduced with permission from Okumura et al. [33].

In the United States, 12.2% of the corneal transplantations are
performed for treating post-cataract surgery corneal edema. In
Asian countries 20–40% of corneal transplantation is performed to
treat bullous keratopathy caused by cataract surgery [8, 31, 32]. The
incidence of bullous keratopathy caused by cataract surgery tends to
decrease in developed courtiers [9], possibly because the surgeons
have experienced a learning curve, and the surgical techniques and
devices are more developed. However, the World Health Organization reported that cataract accounts for 51% of the global causes of
blindness [36], indicating that numerous cataract patients are awaiting surgery. Thus, a reasonable prediction is that physicians should
still remain aware of corneal endothelial damage, especially following cataract surgery, and especially in developing countries. If
pharmaceutical agents such as ROCK inhibitors can be applied
immediately after severe corneal endothelial damage, this should
minimize the incidence of bullous keratopathy (Fig. 3).
Effect of ROCK Inhibitors on the Morphology of the Corneal
Endothelium
In cynomolgus monkeys, instillation of ripasudil induced morphological changes in the corneal endothelium [37], but the reasons
for these changes remain unclear. The corneal endothelium is a
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the adhesion of the injected cells onto the corneal tissue is poor,
resulting in no regeneration of corneal endothelium. Magnetic cell
guidance, using iron powder incorporated into cultivated CECs, has
been proposed as a way to promote cell adhesion [45, 46], but this
method has yet to be applied in humans.

Fig. (3). Future treatment strategy for corneal endothelial damage induced
by invasive surgery.
Schematic image shows possible therapeutic stagey by using ROCK inhibitor eye drop to reduce the incidence of bullous keratopathy due to cataract
surgery.

non-regenerative tissue, so the possibility that morphological
changes cause cell death should be investigated. We have evaluated
these morphological changes in healthy human volunteers. Six
healthy subjects were administered ripasudil 0.4% (GLANATEC®)
twice daily for 1 week. Noncontact specular microscopy demonstrated that morphological changes of corneal endothelial cells,
including indistinct cell borders and pseudo guttae, were transiently
observed after ripasudil administration. These morphological
changes were reversible and the corneas returned to normal after
cessation of the treatment. No corneal edema was observed and
corneal endothelial cell density did not decrease after 1 week of
repetitive administration [38].
The morphological changes observed by noncontact specular
microscopy were histologically investigated in rabbits [39]. Electron microscopy demonstrated the formation of protrusions along
the cell borders; these recovered by 3–6 hours after ripasudil instillation. This formation of protrusions along the cell borders seems to
be associated with the pseudo guttae-like morphological changes
observed with specular microscopy in the clinical setting. Since
ROCK inhibitors modulate the actin cytoskeleton, protrusion formation is a reasonable effect expected for ripasudil eye drops. This
eye drop formulation has been approved in Japan and is widely
used; therefore, clinicians should remain aware of potential effects
of long-term use of ripasudil eye drops on the corneal endothelium.
AS ADJUNCTIVE DRUGS FOR CELL-BASED THERAPY
Cell-based Therapy for Treating Corneal Endothelial
Dysfunction
Regenerative medicine has been anticipated to provide innovative therapeutic modalities for various diseases, including corneal
endothelial dysfunction. Indeed, a number of researchers, including
our group, have cultured corneal endothelial cells on scaffolds in
the form of sheets, and have demonstrated that animal models of
corneal endothelial dysfunction can be treated by transplantation
with these cultured CEC sheets [40-43]. However, several obstacles
remain that limit translation of cell sheet transplantation to the clinical setting, including the specifications (e.g., safety profile) of the
artificial carrier used, the degree of transparency required for visual
quality, and the ability to provide good adhesion to the recipient
corneal stroma. Additionally, transplantation of a flexible
monolayer endothelial cell sheet into the anterior chamber is technically difficult [44]. Therefore, we have developed a method for
regenerating corneal endothelium by injection of CECs, rather than
by sheet transplantation. The main disadvantage of injection is that

Animal Experiments
We hypothesized that the adhesion of injected CECs onto the
recipient cornea could be enhanced by modification of the adhesive
property using ROCK inhibitors (Fig. 4). We evaluated the combined injection of cultivated CECs with a ROCK inhibitor by suspending cultured rabbit CECs in 200 μl of DMEM supplemented
with 100 μM of Y-27632. This suspension was then injected into
the anterior chamber of the eyes of corneal endothelial dysfunction
rabbit model, where the entire corneal endothelium had been
scraped off mechanically [47]. After the cell injection, the rabbits
were kept in the face-down position for 3 hours under general anesthesia. Control rabbit eyes were injected with CECs without Y27632; these eyes showed limited cell adhesion on the recipient
corneas, as well as associated fibroblastic changes in the injected
cells, with the end result being hazy corneas. By contrast, the eyes
injected with the combination of CECs and Y-27632 recovered
transparent corneas, and histological assessment showed the CECs
to have assumed a monolayer and a normal hexagonal morphology
of the regenerated corneal endothelium (Fig. 5A).

Fig. (4). Concept of cultured corneal endothelial cell (CEC) injection for
corneal endothelial dysfunction.
Schematic images show the cultured CEC injection procedure. 1) coinjection of cultured CECs with ROCK inhibitor into the anterior chamber,
2) face-down position for the CECs to sink down to the anterior chamber
side of the cornea, 3) maintenance of the face-down position for 3 hours, 4)
regeneration of corneal endothelium by injected cultured CECs.
Reproduced from Okumura et al. [48].

A preclinical study was then conducted in a primate model to
assess the safety and efficacy of cell-based therapy using ROCK
inhibitors [48]. The entire corneal endothelium was removed mechanically to generate the corneal endothelial dysfunction model in
cynomolgus monkeys. The injection of the combination of cultured
monkey CECs and Y-27632 restored corneal transparency. The
corneas of control monkeys, in which no cells were injected, and
the corneas of monkeys in which cells alone were injected, without
Y-27632, showed hazy corneas due to corneal endothelial dysfunction (Fig. 5B). Regeneration of the corneal endothelium was further
confirmed by the combined injection of cultured human CECs with
ROCK inhibitor in this primate model. The injection of human
CECs also regenerated corneal endothelium in primate eyes and
restored a transparent cornea (Fig. 6).
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Fig. (5). Combined injection of cultured corneal endothelial cells (CECs)
and a ROCK inhibitor in rabbit and monkey corneal endothelial dysfunction
models.
(A) Slit-lamp photographs of rabbit eyes co-injected with cultivated rabbit
CECs and Y-27632, injected with cultivated CECs only, and a control corneal endothelial dysfunction model after 48 hours. The rabbit eyes injected
with the combination of cultivated CECs and Y-27632 recovered complete
transparency of the cornea. By contrast, the eyes injected with cultivated
CECs without Y-27632 and the control eyes exhibited a hazy cornea with
severe edema.
Reproduced with permission from Elsevier from Okumura et al. [47]
(B) A representative slit-lamp image shows the monkey corneal endothelial
dysfunction model (left). A representative slit-lamp image shows the corneal
endothelial dysfunction model following injection of monkey CECs
(5.0×105 cells) suspended in 200 μl of DMEM without (middle) or with
(right) the ROCK inhibitor Y-27632. All images were obtained 14 days after
treatment.
Reproduced from Okumura et al. [48].

One possible adverse effect of cell injection is an aberration due
to the delivery of transplanted cells to other organs [48]. In these
primate experiments, no HCEC-derived cells were detected by PCR
in any monkey organs other than the regenerated corneal endothelium, suggesting that the safety profile of cell-based therapy combined with ROCK inhibitor is very good.
The U.S. Food and Drug Administration (FDA) regulates regenerative medicine products through the Center for Biologics
Evaluation and Research (CBER) in the United States, and other
countries also have similar systems [49]. Based on the FDA requirements [50], we ran animal experiments to test the safety and
efficacy of human CECs, produced using Good Manufacturing
Practices (GMPs) in the same fashion as we intend to use in the
transplantation of these cells into human patients in clinical trials.
The GMP-grade human CECs were cultured in the cell-processing
center at the Kyoto Prefectural University of Medicine according to
the protocol required for clinical application [44], and then injected
into the monkey corneal endothelial dysfunction model. We confirmed that the primate cornea became transparent and was associated with regeneration of the corneal endothelium by the injected
GMP-grade human CECs.
Mechanism of Enhancement of Cell Adhesion on Substrates by
ROCK Inhibitors
The mechanism underlying the promotion of cell adhesion of
CECs to the substrate during cell culture [10] by ROCK inhibitors
remains unclear. We recently reported that cell dissociation from
the culture plate induced the activation of the RhoA/ROCK/MLC
pathway, resulting in actin contraction that impairs cell adhesion

Okumura et al.

Fig. (6). Preclinical research into combined injection of cultured human
corneal endothelial cells (HCECs) and a ROCK inhibitor in a monkey corneal endothelial dysfunction model.
(A) Representative slit-lamp images were obtained for the monkey corneal
endothelial dysfunction model. Images shown are from a monkey injected
with HCECs (5.0×105 cells) without the ROCK inhibitor Y-27632, a monkey injected with HCECs (5.0×105 cells) and Y-27632, and a monkey transplanted with a human donor cornea according to DSAEK procedure. All
images were obtained 7 days after treatment.
(B) Cell morphology of regenerated corneal endothelium was evaluated by
phalloidin staining. Function-related markers of CECs (Na+/K +-ATPase and
ZO-1) showed immunostaining in the regenerated corneal endothelium.
Nuclei were stained with DAPI. Scale bar: 100 µm.
Reproduced from Okumura et al. [48].

[48] (Fig. 7). Similar to our findings in CECs, human embryonic
stem cells are vulnerable to apoptosis following dissociation due to
ROCK-dependent activation of actomyosin [51]. Though the dissociation-induced cellular response depends on the cell type, the inhibition of ROCK signaling may be worth examining for improving
cell engraftment efficiency in the settings of cell-based therapies in
other organs.
Clinical Study of Cell-based Therapy Combined with ROCK
Inhibitors
In 2013, we initiated a first-in-man clinical trial of cell-based
therapy to treat corneal endothelial dysfunction at the Kyoto Prefectural University of Medicine, after obtaining the necessary approval
from the Japanese Ministry of Health, Labour and Welfare (Clinical
trial registration: UMIN000012534). Diligent feedback from clinical trials, by evaluating possible side effects, will be needed to ensure patient safety; therefore, we are currently collecting clinical
data.
CONCLUSION
Evidence is accumulating that ROCK inhibitors enhance wound
healing in the corneal endothelium by promoting cell proliferation.
In addition to the findings in animal models, pilot clinical research
has shown that ROCK inhibitors might be useful during the acute
phase of corneal endothelial injury, especially injury induced by
cataract surgery, where some healthy corneal endothelium remains,
even if it is not effective for the treatment of the chronic phase of
bullous keratopathy. Randomized clinical trials initiated by pharmaceutical companies are the only way to enable the introduction
of ROCK inhibitors as standard treatment for acute corneal endo-
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Fig. (7). The molecular pathway by which a ROCK inhibitor treatment improves cell engraftment of CECs.
(Right) Cell dissociation during the harvesting of CECs from culture plate activates RhoA/ROCK/ MLC pathways. Activation of this pathway suppresses
activation of the focal adhesion complex, subsequently inhibiting cell adhesion while inducing anoikis. (Left) By contrast, inhibition of actomyosin activation
by a ROCK inhibitor activates the focal adhesion complex and enhances cell/ECM adhesion.
Reproduced from Okumura et al. [48].

thelial damage. We hope that physicians will have access to ROCK
inhibitors and eventually reduce the number of bullous keratopathy
patients who need corneal transplantation. In addition, the use of
ROCK inhibitors as adjunct drugs for enhancing injected CEC engraftment can regenerate corneal endothelium, but this also needs
clinical trials initiated by pharmaceutical companies for adoption of
this cell-based therapy as one of the standard procedures for treating bullous keratopathy. Conventional transplantations using donor
corneas remain an option, but we believe that these new therapeutic
modalities have a promising future that can provide less invasive
and more effective therapy for the patients.
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PURPOSE. Rho kinase (ROCK) pathways control fundamental cell functions, making ROCK an
important therapeutic target in several pathophysiologic conditions. The purpose of this
study was to investigate whether inhibition of ROCK can suppress apoptosis of the corneal
endothelium and to determine the role of ROCK signaling in regulating apoptosis.
METHODS. The effects of inhibitors of ROCK or myosin light chain (MLC) were evaluated in
cultured monkey corneal endothelial cells (MCECs) irradiated with ultraviolet (UV) (100 J/m2)
to induce apoptosis. Annexin V and TUNEL staining and Western blot for apoptosis-related
proteins and focal adhesion complexes were then performed. RhoA activation was further
evaluated by pull-down assays. ROCK inhibitor and caspase inhibitor effects on apoptosis
were also evaluated in MCECs treated with ethylene glycol tetraacetic acid (EGTA) to induce
MLC phosphorylation.
RESULTS. ROCK or MLC inhibition suppressed the caspase-3 cleavage and Annexin V and
TUNEL expression typically seen during UV-mediated apoptosis of MCECs. The apoptotic
stimulus activated RhoA and then induced phosphorylation of MLC via ROCK activation.
EGTA-mediated phosphorylation of MLC was sufficient to induce the loss of cell contact with
the substrate and subsequent apoptosis. Western blot showed that ROCK inhibition
upregulated the expression of the focal adhesion complex in adhered cells, following UV
stress.
CONCLUSIONS. Apoptotic stimuli activated Rho/ROCK/MLC phosphorylation in the corneal
endothelium, and subsequent actomyosin contraction induced apoptosis by loss of cell
adhesion. ROCK inhibition suppressed MLC phosphorylation and subsequent cell death, and
it counteracted the loss of cell adhesion by activating the focal adhesion complex.
Keywords: corneal endothelium, Rho kinase, apoptosis

T

he corneal endothelium controls corneal hydration, thereby maintaining corneal transparency. The cell density of
corneal endothelial cells (CECs) in healthy individuals ranges
from 2000 to 3000 cells/mm2, but can drop below a critical cell
density (<1000 cells/mm2) for various pathologic reasons,
resulting in corneal haziness.
Fuchs endothelial corneal dystrophy (FECD) is the leading
cause of corneal transplantation, with a prevalence as high as
4% of the population older than 40 years in the United States.1
The corneal endothelium of FCED patients shows progressive
damage, and several possible explanations have been proposed
for the pathogenesis of FECD, including oxidative stress,
mitochondrial abnormalities, microRNA, extracellular matrix,
and unfolded protein response. However, histologic assessments and several basic research studies have demonstrated
that apoptosis plays an important role in the cell loss associated
with FECD.2–7 The only treatment for loss of corneal
transparency due to FECD is corneal transplantation,8 but
research continues for the identification of drug therapies to
regulate corneal endothelium cell loss.9,10
Rho kinase (ROCK) is a serine/threonine kinase that
undergoes activation by interaction with Rho GTPases. The

Rho/ROCK signaling pathways control a wide range of
fundamental cell functions, including cell adhesion, motility,
proliferation, differentiation, and apoptosis. The wide spectrum
of biological events influenced by ROCK has led to the
recognition of ROCK as an important therapeutic target in a
variety of pathophysiologic conditions.11–13 Indeed, inhibition
of ROCK has been intensively researched for treating various
diseases ranging from vascular disease, cancer, and neuronal
degenerative disease to asthma and glaucoma.11–13 One ROCK
inhibitor, fasudil, has been approved for the treatment of
cerebral vasospasm in 1995, and another, ripasudil, has been
approved in eye drop form in Japan in 2014 for the treatment of
glaucoma and ocular hypertension.12,14,15 Recently, we have
proposed ROCK inhibitors as eye drops for promoting CEC
proliferation16–18 and as adjunct drugs for cell-based therapy to
enhance engraftment when treating corneal endothelial dysfunction.19,20
We previously have reported that the ROCK inhibitor Y27632 suppresses the apoptosis of cultured monkey CECs
(MCECs) during cell passaging, but the underlying mechanisms
remain unclear.21 The possible involvement of an anti-apoptotic
effect motivated us to investigate the feasibility of using a ROCK
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inhibitor as a drug to regulate pathologic conditions, especially
those associated with FECD. In the execution phase of
apoptosis, ROCK is pivotal in regulating morphologic events
such as membrane blebbing, nuclear disintegration, and
formation of apoptotic bodies in various cell types.11,22,23
However, the importance of ROCK in the early stages of
apoptosis is highly dependent on the cell type and stimulus.11
The aim of the current study was to investigate whether
inhibition of ROCK suppresses apoptosis of the corneal
endothelium and to determine the role of ROCK signaling in
the regulation of apoptosis.

METHODS
Cell Culture
Animals were housed and treated in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. Six corneas from three cynomolgus monkeys (3–5
years of age; estimated equivalent human age: 5–20 years)
housed at NISSEI BILIS Co., Ltd. (Osaka, Japan) were used for
the experiments. The MCECs were cultivated as described
previously.19 Briefly, the Descemet’s membrane, including the
MCECs, was stripped from the cornea and digested with
Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies Corp., Carlsbad, CA, USA) supplemented with 1 mg/mL
collagenase A (Roche Applied Science, Penzberg, Germany) at
378C for 12 hours. The isolated MCECs were recovered in
culture medium, seeded on culture plates coated with FNC
Coating Mix (Athena Environmental Sciences, Inc., Baltimore,
MD, USA), and cultured in DMEM supplemented with 10% fetal
bovine serum, 50 U/mL penicillin, 50 lg/mL streptomycin, and
2 ng/mL fibroblast growth factor 2 (Life Technologies Corp.).
Monkey corneal endothelial cells at passages 4 through 8 were
used for these experiments. In some experiments, cells were
treated with culture medium supplemented with ethylene
glycol tetraacetic acid (EGTA) (3 mM; Wako Pure Chemical
Industries, Ltd., Osaka, Japan), Z-VAD-FMK (10 lM, Wako Pure
Chemical Industries, Ltd.), Y-27632 (10 lM, Wako Pure
Chemical Industries, Ltd.), or blebbistatin (10 lM, Wako Pure
Chemical Industries, Ltd.). Cells were examined with a phase
contrast microscope (DMI4000 B; Leica Microsystems, Wetzlar,
Germany) or a time-lapse phase contrast microscope (BZ-9000;
KEYENCE, Osaka, Japan).
For UV stimulation, MCECs were washed gently with
phosphate-buffered saline (PBS) and exposed to UV (100 J/
m2) by using a UV CrossLinker CX-2000 (UVP, Upland, CA,
USA), and were further cultured with fresh culture medium.
For hydrogen peroxide stimulation, MCECs were grown in
culture medium supplemented with hydrogen peroxide (1000
lM) and cultured for a further 24 hours.

Ultraviolet or Hydrogen Peroxide Treatment of
Corneal Specimens
Rabbit corneal specimens were placed corneal endothelial side
up and exposed to UV (100 J/m2) by using the UV CrossLinker
CX-2000, followed by incubation in DMEM for 24 hours. Rabbit
corneal specimens were stimulated with hydrogen peroxide by
culturing in DMEM supplemented with hydrogen peroxide
(1000 lM) for 24 hours.
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protease inhibitor cocktail (Roche Applied Science). Following
centrifugation, the supernatant containing the total proteins
was fractionated by SDS-PAGE. The separated proteins were
transferred to polyvinylidene difluoride (PVDF) membranes,
blocked with 3% nonfat dry milk, and incubated overnight at
48C with the following primary antibodies: caspase-3 (1:1000;
Cell Signaling Technology, Inc., Danvers, MA, USA), ROCK1
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
phosphorylated myosin light chain (MLC, 1:1000; Merck
Millipore, Billerica, MA, USA), phosphorylated focal adhesion
kinase (FAK, 1:1000; Cell Signaling Technology), FAK (1:1000;
Cell Signaling Technology), phosphorylated paxillin (1:1000;
Cell Signaling Technology), poly (ADP-ribose) polymerase
(PARP) (1:1000; Cell Signaling Technology), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:3000; Medical &
Biological Laboratories Co., Ltd., Aichi, Japan). The blots were
probed with horseradish peroxidase–conjugated secondary
antibodies (1:5000; GE Healthcare, Piscataway, NJ, USA),
developed with luminal for enhanced chemiluminescence using
the ECL Advanced Western Blotting Detection Kit (Nacalai
Tesque, Kyoto, Japan), and documented with an LAS4000S (Fuji
Film, Tokyo, Japan) cooled charge-coupled device camera gel
documentation system. Molecular weight markers (Bio-Rad,
Hercules, CA, USA) were run alongside all samples.

Immunohistochemistry
Cultured MCECs or corneal specimen samples were fixed for
20 minutes with 4% paraformaldehyde, and excess paraformaldehyde was removed by washing with Dulbecco’s PBS. The
samples were permeabilized with 0.5% Triton X-100 (Nacalai
Tesque) and then incubated with 1% bovine serum albumin to
block nonspecific binding. Specimens were incubated with
primary antibodies against phosphorylated MLC (1:200; Merck
Millipore). Alexa Fluor 488–conjugated goat anti-mouse (Life
Technologies Corp.) antibodies were used as secondary
antibodies at a 1:1000 dilution. Actin staining was performed
by incubation with a 1:400 dilution of Alexa Fluor 546–
conjugated phalloidin (Life Technologies Corp.). Nuclei were
stained with 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA, USA).
The mitochondrial membrane potential was evaluated by
5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolylcarbocyanine iodide (JC-1) staining according to the manufacturer’s
protocol. Briefly, MCECs were exposed to UV (100 J/m2) and
further cultured for 10 hours with culture medium supplemented with 10 lM Y-27632 or 10 lM Z-VAD-FMK. The MCECs
were then incubated with MitoScreen (10 lM; Merck Millipore)
for 15 minutes and fixed with 4% formaldehyde for 10 minutes.
Cell apoptosis was evaluated by incubating the samples in
medium supplemented with Annexin V (Medical & Biological
Laboratories Co., Ltd.) for 15 minutes, followed by fixation with
4% paraformaldehyde for 10 minutes. Excess paraformaldehyde
was removed and the samples were washed with PBS. TUNEL
staining was also performed for the analysis of apoptosis
according to the kit manufacturer’s protocol. Briefly, MCECs
were fixed with 4% formaldehyde for 10 minutes, permeabilized
with 0.5% Triton X-100 solution for 5 minutes, and equilibrated
by covering them with equilibration buffer for 10 minutes. The
samples were then incubated with terminal deoxynucleotidyl
transferase incubation buffer, which reacts with the 3 0 -OH ends
of fragmented DNA. The slides were examined with a
fluorescence microscope (DM 2500; Leica Microsystems).

Immunoblotting
The cultured MCECs were washed with ice-cold PBS and lysed
with ice-cold RIPA buffer containing phosphatase inhibitor
cocktail 2 (Sigma-Aldrich Corp., St. Louis, MO, USA) and

Rho Pull-Down Assay
The Rho activation assay (Merck Millipore) was performed
according to the manufacturer’s protocol. Briefly, MCECs were
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FIGURE 1. Effect of ROCK inhibition on membrane blebbing in MCECs. (A) Cultured MCECs were washed gently with PBS and irradiated with UV
(100 J/m2). Phase contrast images showed that UV stimulation induced a loss of cell adhesion from the culture plate and the surrounding cells,
associated with plasma membrane blebbing. However, the selective ROCK inhibitor Y-27632 suppressed this loss of cell adhesion, as well as the
membrane blebbing. Representative phase contrast images of MCECs stimulated by UV after 6 hours are shown. Scale bar: 50 lm. (B) Blebbing cells
were evaluated by time-lapse phase contrast microscopy. *P < 0.01. (C) Western blot was performed after UV stimulation to evaluate cleavage of
caspase-3 and ROCK1. A slight amount of cleavage of caspase-3 was observed after 3 hours, and cleavage became more apparent after 6 hours of UV
stimulation, accompanied by a coincident cleavage of ROCK1 in the MCECs.

cultured until confluency, irradiated with UV (100 mJ/m2), and
further incubated for 6 hours. The MCECs were washed with
ice-cold Tris-buffered saline, lysed with ice-cold Mg2þ lysis/
wash buffer (Merck Millipore) containing phosphatase inhibitor cocktail 2 (Sigma-Aldrich Corp.), and then agitated. The
samples were reacted with Rho Assay Reagent (Merck
Millipore) to bind GTP-Rho. The supernatant, representing
total proteins, was analyzed by immunoblotting, as described
as above. A primary antibody for anti-Rho, clone 55 (Merck
Millipore), was used at 3:1000 dilution.

Flow Cytometry
Cell apoptosis was evaluated by using Annexin V Assay Kits
(Medical & Biological Laboratories Co., Ltd.) according to the
manufacturer’s protocol. Briefly, cells were incubated with
DMEM supplemented with Annexin V for 15 minutes and then
harvested by digestion with Accumax (Innovative Cell Technologies, San Diego, CA, USA). Recovered cells were then
analyzed by flow cytometry using a CellQuest Pro software
(BD Biosciences, Franklin Lakes, NJ, USA).

Statistical Analysis
The statistical significance (P value) of differences between
mean values of the two-sample comparison was determined
with the Student’s t-test. The comparison of multiple sample
sets was analyzed by using Dunnett’s multiple-comparison test.
The data represent the mean 6 SEM.

RESULTS
Suppression of Plasma Membrane Blebbing by
ROCK Inhibition
Phase contrast images showed that UV stimulation induced a
loss of cell adhesion of MCECs to the culture plate and that the
released cells showed plasma membrane blebbing, which is a
phenotypic feature associated with the execution phase of
apoptosis. However, the selective ROCK inhibitor Y-27632

suppressed this loss of cell adhesion as well as membrane
blebbing of MCECs after stimulation with UV (Fig. 1A). Timelapse phase contrast microscopy showed that the numbers of
MCECs exhibiting membrane blebbing increased in a timedependent manner after UV irradiation, but membrane
blebbing was almost totally suppressed by Y-27632 treatment
(Fig. 1B). Two isoforms, ROCK1 and ROCK2, were isolated as
RhoA-interacting proteins. Membrane blebbing is induced by
ROCK1 activation, which is caused by ROCK1 cleavage
triggered by caspase-3 activation in other cell types. Western
blot showed that slight cleavage of caspase-3 occurred after 3
hours and this cleavage became more apparent after 6 hours of
UV stimulation, with a coincident cleavage of ROCK1 in the
MCECs (Fig. 1C). Time-lapse phase contrast imaging showed
that the blebbing became evident after 6 hours of UV
stimulation and paralleled the cleavage of caspase-3 and
ROCK1.

Effect of Inhibition of ROCK/MLC Pathway on
Apoptosis of MCECs
We then evaluated the effect of ROCK signaling inhibition on
UV-mediated apoptosis in MCECs. Phase contrast images
showed that UV-induced cell detachment was suppressed by
the pan-caspase inhibitor Z-VAD-FMK after 12 hours of UV
irradiation (Fig. 2A). Western blot showed the presence of
cleavage products of caspase-3 (19-kDa partially cleaved and
17-kDa cleaved products) in UV-stimulated cells. PARP helps
cells to maintain viability, so cleavage of PARP, which is caused
by cleaved caspase-3, is used as a marker of cells undergoing
apoptosis. The UV treatment of the MCECs induced an
identical PARP cleavage to that seen for caspase-3. By contrast,
Z-VAD-FMK suppressed the formation of the 17-kDa cleavage
products of caspase-3 and the 89-kDa cleavage products of
PARP (Fig. 2B), indicating that the damage to MCECs caused by
UV is mainly due to apoptosis associated with caspase-3
activation.
We also evaluated the effect of inhibition of MLC activity on
apoptosis of MCECs, as MLC is downstream of ROCK.
Blebbistatin (an inhibitor of MLC) suppressed the cleavage of
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FIGURE 2. Effect of inhibition of ROCK/MLC pathway on apoptosis of MCECs. (A) Cultured MCECs were washed gently with PBS and exposed to
UV (100 J/m2), followed by further incubation for 12 hours in culture medium supplemented with the pan-caspase inhibitor Z-VAD-FMK.
Representative phase contrast images show that UV-induced cell detachment was suppressed by caspase inhibition. Scale bar: 100 lm. (B)
Activation of caspase-3 and PARP was evaluated by Western blot after 12 hours of UV stimulation. Ultraviolet exposure induced partially cleaved 19kDa and fully cleaved 17-kDa products of caspase-3. The UV treatment also induced PARP cleavage in MCECs. By contrast, Z-VAD-FMK suppressed
the appearance of the 17-kDa cleavage product of caspase-3 and the 89-kDa cleavage product of PARP, showing that damage to the MCECs caused by
UV is mainly due to apoptosis. (C) Cleavage of caspase-3 was evaluated by Western blot after UV irradiation of MCECs. Y-27632 and blebbistatin (an
inhibitor of MLC) treatment suppressed cleavage of caspase-3 in the UV-treated cells. (D, E) Monkey corneal endothelial cells were exposed to UV
(100 J/m2) and then cultured in Dulbecco’s modified Eagle’s medium supplemented with Y-27632/blebbistatin for 24 hours. The presence of
apoptotic cells was evaluated by staining the MCECs with Annexin V. Evaluation of the numbers of Annexin V–positive apoptotic cells produced in
response to UV irradiation revealed a significant suppression by Y-27632 or blebbistatin treatment. Values are the averages of four independent
images. Experiments were performed in triplicate. Nuclei were stained with DAPI. Scale bar: 50 lm. *P < 0.01. (F, G) Apoptotic cells were
evaluated by TUNEL staining. The numbers of TUNEL-positive apoptotic cells were evaluated. Values are the averages of four independent images.
Experiments were performed in triplicate. Nuclei were stained with DAPI. Scale bar: 50 lm. *P < 0.01. (H) Monkey corneal endothelial cells were
stimulated with hydrogen peroxide by culturing with Dulbecco’s modified Eagle’s medium supplemented with hydrogen peroxide (1000 lM) for 24
hours. Phosphorylation of MLC was evaluated by immunostaining. Actin was stained by phalloidin and nuclei were stained with DAPI. Scale bar: 50
lm. (I, J) After stimulation by hydrogen peroxide (1000 lM) for 24 hours, MCECs were evaluated by phase contrast microscopy. Annexin V–positive
apoptotic cells were evaluated by flow cytometry. Scale bar: 50 lm. *P < 0.01.
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2I). Flow cytometry demonstrated that hydrogen peroxide
induced Annexin V–positive apoptotic cells at 7.8%, but Y27632 treatment significantly suppressed the apoptotic cell
percentage to 5.0% (P < 0.01) (Fig. 2J).

Effect of Inhibition of ROCK on Apoptosis of Ex
Vivo Corneal Endothelium
We next conducted ex vivo experiments with rabbit corneal
specimens. Annexin V–positive apoptotic CECs were observed
at a level of 10.3% in rabbit corneas after 24 hours of UV
irradiation, but treatment with Y-27632 suppressed this
percentage to 2.9% (Fig. 3A). A similar apoptotic response
was seen with hydrogen peroxide treatment, where the
appearance of Annexin V–positive cells was significantly
suppressed by Y-27632 treatment (10.8% [control] versus
3.0% [Y-27632]) after 24 hours (Fig. 3B). In addition, we
confirmed that Y-27632 caused a similar suppression of UVinduced corneal endothelial apoptosis in human corneal
specimens as was observed in the rabbit specimens (Supplementary Figs. S1A, S1B).

Phosphorylation of MLC by RhoA Activation
During the Initiation Phase of Apoptosis in MCECs

FIGURE 3. Effect of inhibition of ROCK on apoptosis of ex vivo rabbit
corneal endothelium. (A, B) Rabbit corneal specimens were placed
corneal endothelial side up and exposed to UV (100 J/m2), followed by
incubation in Dulbecco’s modified Eagle’s medium for 24 hours.
Apoptotic cells were detected by staining the corneal specimens with
Annexin V and counting the numbers of Annexin V–positive apoptotic
cells. Values are the averages of data from four independent corneas.
Experiments were performed at least in triplicate. Scale bar: 50 lm. *P
< 0.01. (C, D) Hydrogen peroxide stimulation of rabbit corneal
specimens incubated in Dulbecco’s modified Eagle’s medium supplemented with hydrogen peroxide (1000 lM) for 24 hours. Specimens
were stained with Annexin V and the numbers of Annexin V–positive
cells were evaluated. Values are averages of data from four independent
corneas. Experiments were performed at least in triplicate. Scale bar:
50 lm. *P < 0.01.

caspase-3 in a similar fashion to that seen with the ROCK
inhibitor (Fig. 2C). Annexin V staining showed that early
apoptosis induced by UV was significantly suppressed by Y27632 or blebbistatin after 24 hours of UV irradiation (Figs. 2D,
2E). TUNEL staining also showed that late apoptosis was
significantly decreased in the MCECs treated with Y-27632 or
blebbistatin (Figs. 2F, 2G). These data indicated that inhibition
of the ROCK/MLC pathway counteracts UV-mediated apoptosis of MCECs. Apoptosis was induced by UV or by hydrogen
peroxide, and effect of Y-27632 on corneal endothelial
apoptosis was evaluated. Immunostaining showed that hydrogen peroxide induced phosphorylation of MLC (which is
downstream from ROCK1), which is associated with cell
contraction and membrane blebbing (Fig. 2H). Phase contrast
images showed that hydrogen peroxide caused cell detachment after 24 hours, associated with membrane shrinkage and
blebbing, but Y-27632 suppressed this cell detachment (Fig.

RhoA is recognized as a central modulator for ROCK activation;
therefore, we examined the activation of Rho in UV-stimulated
MCECs. Exposure of MCECs to UV irradiation resulted in
substantial recognition of GTP-bound RhoA in pull-down
assays, suggesting that cellular stress induced the activation
of RhoA (Fig. 4A). Consistent with RhoA activation, immunofluorescent images showed UV-induced phosphorylation of
MLC after 3 hours of UV irradiation. However, Y-27632
counteracted the MLC phosphorylation in a similar fashion to
blebbistatin, indicating that MLC phosphorylation is a result of
ROCK activation (Fig. 4B). Monkey corneal endothelial cells
were phosphorylated beginning approximately 30 minutes
after UV irradiation, and 33.3% of the MCECs were phosphorylated at 6 hours (Fig. 4C). This MLC phosphorylation was
observed earlier than ROCK1 cleavage and the subsequent
membrane blebbing is shown in Figure 1, suggesting that
ROCK was activated by RhoA activation during the early phase
of apoptosis. ROCK1, in turn, was activated by ROCK1
cleavage by casplase-3 activation during the execution phase
of apoptosis. Immunostaining and Western blot performed 3
hours after UV irradiation demonstrated that ROCK inhibitor
treatment suppressed the MLC phosphorylation during the
initiation phase (Figs. 4B, 4D).

Effect of MLC Phosphorylation on Apoptosis of
MCECs
We recently have reported that cell dissociation results in
phosphorylation of MLC in MCECs.20 In the present study, we
used EGTA to induce MLC phosphorylation to assess its effects
on apoptosis. As found previously, EGTA treatment resulted in
MLC phosphorylation and subsequent actin contraction,
followed by cell detachment from the substrate and surrounding cells (Figs. 5A, 5B). By contrast, both Y-27632 and
blebbistatin counteracted this induction of MLC phosphorylation and actin contraction, and the cells maintained a
monolayer confluent sheet rather than assuming the round
morphology associated with actomyosin contraction. Phase
contrast images showed that Y-27632 and blebbistatin suppressed cell detachment (Figs. 5A, 5B). However, MCECs
exhibited MLC phosphorylation associated with actin contraction even when treated with Z-VAD-FMK, showing that cell
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FIGURE 4. RhoA activation and subsequent phosphorylation of MLC during the initiation phase of apoptosis. (A) Monkey corneal endothelial cells
were cultured until confluency, irradiated with UV (100 mJ/m2), and incubated. Activation of Rho was then evaluated by a pull-down assay. (B, C)
Myosin light chain phosphorylation was assessed by immunostaining. Ultraviolet induced the phosphorylation of MLC after 3 hours of UV
irradiation, while Y-27632 and blebbistatin counteracted this MLC phosphorylation. The percentages of MCECs showing MLC phosphorylation were
evaluated. Nuclei were stained with DAPI. Scale bar: 50 lm. (D) Monkey corneal endothelial cells were stimulated by exposure to UV and then
incubated with or without Y-27632/blebbistatin. Phosphorylation of MLC was evaluated by Western blot 3 hours after UV treatment. Experiments
were performed in triplicate.

detachment was not a consequence of apoptosis, whereas
actin contraction was due to MLC phosphorylation. Western
blot also showed that the MLC phosphorylation due to EGTA
treatment induced the cleavage of caspase-3 and PARP, whereas
Y-27632 and blebbistatin treatment suppressed these cleavages
(Fig. 5C).
We also evaluated the effect of ROCK inhibition on the focal
adhesion complex, as it may also be involved in modulation of
cell detachment. Focal adhesion kinase and paxillin are
important components of focal adhesion and transmit downstream signaling of integrins. Western blot showed that Y27632 treatment promoted the phosphorylation of FAK and
paxillin in adhered cells exposed to UV irradiation stress (Fig.
5D). Taken together, the data support the possibility that
perception of apoptotic stimuli by the corneal endothelium
induced the activation of the RhoA/ROCK/MLC pathway,
promoted actomyosin contraction, and finally caused apoptosis
or anoikis. Treatment with a ROCK inhibitor suppressed
apoptosis by counteracting the RhoA/ROCK/MLC signaling as
well as by activation of the focal adhesion complex (Fig. 6).

DISCUSSION
The execution phase of apoptosis is characterized by
morphologic events, and ROCK activation is recognized as its
major regulator.11,22,23 Loss of contact with the extracellular
matrix and surrounding cells leads to a transient membrane
blebbing by apoptotic cells, which is regulated by actomyosin
contraction via MLC phosphorylation. In 2001, caspase-3–
mediated cleavage and activation of ROCK1 was demonstrated
as pivotal in inducing MLC phosphorylation and subsequent
membrane blebbing in NIH3T3 cells treated with TNF-a and in
Jurkat cells treated with agonistic anti-Fas antibodies.22,23
Subsequent research has confirmed the same mechanism in

various cell types and with different kinds of apoptotic
stimuli.24–27
Our current data agree with previous findings with other
cell types, as the corneal endothelium shared the same system
for regulating membrane blebbing involving caspase-3 and
ROCK1 cleavage during the execution phase. However, the
contribution of ROCK signaling to the initiation of the
apoptotic phase varies widely, depending on the cell type
and apoptotic stimulus. The first reports showing a role for
caspase-3–mediated cleavage of ROCK1 in membrane blebbing
have indicated that inhibition of ROCK does not suppress
caspase-3 activation and subsequent apoptosis in TNF-a–
treated NIH3T3 and anti-Fas antibody–treated Jurkat cells.22,23
Likewise, in lung epithelial cells, ROCK activation is required
for membrane blebbing but is not required for other apoptosisrelated events.24 These reports suggest that activation of ROCK
signaling is indispensable for the morphologic events occurring during the execution phase but not for earlier apoptosis
processes.
However, several lines of evidence indicate that ROCK
activation contributes to the initiation phase as well as the
execution phase. For example, MLC phosphorylation plays a
central role in the TNF-a–mediated apoptosis of vascular
endothelial cells.28 ROCK-dependent rearrangement of actin
cytoskeleton is also a critical event in early apoptosis, possibly
due to assembly of the death-inducing signaling complex, and
inhibition of ROCK attenuates TNF-a–mediated apoptosis.29
Similarly, ROCK signaling is activated by inhibition of ERKMAPK signaling in vascular endothelial cells and causes cell
death, while inhibition of ROCK rescues the cells from the
effects of ERK-MAPK inhibition.30 Apoptosis of erythroblast
cells mediated by phorbol-12-myristate-13-acetate is also
triggered by upregulation of the Rho/ROCK pathway and is
mediated by caspase-8 and caspase-10 associated with myosin
contraction.31 Human embryonic stem cells show poor
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FIGURE 5. RhoA activation and subsequent phosphorylation of MLC during the initiation phase of apoptosis. (A) Confluent MCECs were incubated
in culture medium supplemented with EGTA (3 mM) to induce MLC phosphorylation, which was assessed by immunostaining. Representative
images after 6 hours of incubation with EGTA supplemented with Y-27632, blebbistatin, or Z-VAD-FMK. Scale bar: 50 lm. (B) Representative phase
contrast images of MCECs after 6 hours of incubation with EGTA. Scale bar: 100 lm. (C) Western blot to evaluate cleavage of caspase-3 and PARP
performed after 24 hours of EGTA treatment. Ethylene glycol tetraacetic acid mediated MLC phosphorylation, which induced cleavage of caspase-3
and PARP, but Y-27632 and blebbistatin suppressed these cleavages. Experiments were performed in triplicate. (D) Ultraviolet-mediated apoptosis
was induced by UV irradiation, and activation of focal adhesion complexes were evaluated by Western blot. Expression of focal adhesion complexes
in adhered cells under stress of UV irradiation was promoted by Y-27632. Experiments were performed in triplicate.

survival after cell dissociation, but this is attenuated by a ROCK
inhibitor.32 Other research has demonstrated that dissociationinduced apoptosis is caused by a ROCK-dependent hyperactivation of actomyosin, and that Rho-GEF (guanine nucleotide exchange factor) is an indispensable regulator of Rho/
ROCK/actomyosin activation.33
Our data agree with these previous reports, as we
demonstrated that activation of the Rho/ROCK pathway
contributes to the initiation phase of apoptosis in the corneal
endothelium. We showed that UV stimulation activated Rho
and was followed by induction of actin cytoskeletal contraction by MLC phosphorylation via ROCK activation. We also
showed that EGTA-mediated MLC phosphorylation was
sufficient to cause apoptosis associated with caspase-3
activation, and that MLC phosphorylation was sufficient for
inducing the loss of cell adhesion even in the absence of
apoptosis. These data suggest that the loss of contact with the
substrate or with the surrounding cells due to MLC
phosphorylation regulates apoptosis of the corneal endothelium.

The Rho subfamily members function as molecular
switches that cycle between GDP-bound inactive and GTPbound active forms. This transition is controlled by the
cooperation of positive regulators (GEFs) and negative
regulators (GTPase activating proteins [GAPs]).34 Further
research is required on the types of proapoptotic signals that
activate Rho and the involvement of GEF and GAPs in the
activation. Another important question awaiting further study
is whether the activation of Rho/ROCK/MLC contributes to
cell loss in the diseased condition of the corneal endothelium,
especially the FECD condition, in order to determine the
usefulness of ROCK signaling as a target for treating disease in
the clinical setting.
In summary, we showed that cellular stresses to the corneal
endothelium activated Rho/ROCK/MLC phosphorylation. Subsequently, phosphorylated MLC induced the loss of cell
adhesion, which then promoted cell death due to apoptosis
or anoikis. We demonstrated that ROCK inhibition suppressed
MLC phosphorylation and subsequent cell death and counteracted the loss of cell adhesion by activating the focal adhesion
complex. These findings suggest that regulation of apoptosis in
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FIGURE 6. The molecular pathway for a role for ROCK signaling in
apoptosis and mechanisms to explain how ROCK inhibitor suppresses
apoptosis of the corneal endothelium. Apoptotic stimuli perceived by
the corneal endothelium induce the activation of the RhoA/ROCK/MLC
pathway. Actomyosin contraction, induced by MLC phosphorylation,
causes a loss of adhesion, followed by apoptosis or anoikis. ROCK
inhibitor treatment suppresses apoptosis by counteracting RhoA/
ROCK/MLC signaling, as well as by activating expression of the focal
adhesion complex.

a pathologic status such as FECD might be achieved by
targeting the Rho/ROCK signaling pathway.
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Purpose. To examine the eﬀects of transcorneal freezing using a new cryoprobe designed for corneal endothelial surgery. Methods.
A freezing console employing nitrous oxide as a cryogen was used to cool a series of diﬀerent cryoprobe tip designs made of silver
for high thermal conductivity. In vitro studies were conducted on 426 porcine corneas, followed by preliminary in vivo
investigations on three rabbit corneas. Results. The corneal epithelium was destroyed by transcorneal freezing, as expected;
however, the epithelial basement membrane remained intact. Reproducible endothelial damage was optimally achieved using a
3.4 mm diameter cryoprobe with a concave tip proﬁle. Stromal edema was seen in the pre-Descemet’s area 24 hrs postfreeze
injury, but this had been resolved by 10 days postfreeze. A normal collagen ﬁbril structure was seen 1 month postfreeze,
concurrent with endothelial cell repopulation. Conclusions. Transcorneal freezing induces transient posterior stromal edema and
some residual deep stromal haze but leaves the epithelial basement membrane intact, which is likely to be important for corneal
re-epithelialization. Localized destruction of the endothelial monolayer was achieved in a consistent manner with a 3.4 mm
diameter/concave proﬁle cryoprobe and represents a potentially useful approach to remove dysfunctional corneal endothelial
cells from corneas with endothelial dysfunction.

1. Introduction
Corneal transparency is maintained in the healthy eye by a
monolayer of endothelial cells on the inner surface of the
cornea. Even though human corneal endothelial cells do
not possess the capacity for proliferation in vivo, the endothelium as a whole has a functional reserve to cope with cell
loss via the spreading and enlargement of cells adjacent to
those lost [1, 2]. Excessive endothelial loss and deterioration

caused by eye pathologies such as Fuchs’ endothelial corneal
dystrophy (FECD), however, lead to corneal edema, clouding, and eventually loss of vision. FECD is a progressive
degenerative disorder that is a major indication for corneal
transplant surgery. Surgical intervention in the form of a
full-thickness-penetrating keratoplasty—or more commonly
nowadays a posterior lamellar graft—is the main treatment
option. But, despite the success of corneal graft surgery, some
questions about the long-term survival of the donor tissue [3]
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and the recurring problem of suﬃcient tissue availability
remains. These limitations have led researchers to seek
potential alternatives to corneal transplantation to treat
corneal endothelial dysfunction.
One promising route involves the use of selective inhibitors of the Rho kinase pathway. The so-called ROCK inhibitors regulate the actin cytoskeleton and inﬂuence vital cell
activities such as motility, proliferation, and apoptosis [4].
Owing to their demonstrable value, numerous studies have
been conducted in recent years which focus on the eﬀect of
ROCK inhibitors on corneal endothelial cells both in vivo
and ex vivo [5–9]. One approach involves transcorneal freezing to damage corneal endothelial cells in the central portion
of the cornea in patients with FECD followed by the topical
delivery of a ROCK inhibitor, Y27632, in the form of eye
drops to encourage peripheral endothelial cells that had been
unaﬀected by the freeze injury to repopulate the central zone
of the corneal endothelium [10–12]. Freeze damage is
achieved by application of a cold probe to the corneal surface.
Another approach involves cell injection therapy whereby
cultivated human corneal endothelial cells are injected into
the anterior chamber of the eyes with FECD in a suspension
that includes Y27632 ROCK inhibitor [13]. This agent has
also been tested in the form of eye drops as a long-term
pharmacological treatment for bullous keratopathy [14].
A small series of ﬁrst-in-man surgeries to test the concept
of transcorneal freezing followed by short-term ROCK inhibitor eye drop application for the treatment of FECD was
conducted a few years ago and showed promise [10–12]. In
this approach, the tip of a stainless steel rod, 2 mm in diameter, was immersed in liquid nitrogen at −196°C before being
applied to the surface of the central cornea for an arbitrarily
chosen time of 15 sec. The assumption was that central corneal endothelial cells located underneath the cold-rod applicator would be destroyed by freeze injury, although this could
not be directly conﬁrmed in the human subjects because the
cloudy FECD corneas did not allow a view of the endothelium by specular microscopy. The freezing of corneal tissue
has also been used as a modality to induce an injury to facilitate basic research into corneal wound healing [15–28]. If
corneal freezing is to be used in a clinical setting, however,
(either for the destruction of diseased cells in the central
endothelium prior to ROCK inhibitor eye drop application
for FECD as described above or to pretreat the cornea prior
to targeted drug delivery to combat conditions such as fungal
keratitis) we contend that it needs to be achieved in a more
sophisticated, reliable, and reproducible manner than that
achieved with an immersion-cooled steel rod. Here, we
report the development and validation of a new cryoprobe
based on the expansion of nitrous oxide as a cryogen and
its eﬀect, in vitro and in vivo, on the corneal epithelium,
stroma, and endothelium.

2. Materials and Methods
2.1. Cryoprobe Development. A console that uses nitrous
oxide as a cryogen was manufactured in conjunction with a
series of cryoprobes with newly designed tips, some of which
matched the cornea’s curvature (Figure 1). This prototype
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project was carried out by Coronet Medical Technologies
Ltd., the ophthalmic arm of Network Medical Products Ltd.
Enclosed gas expanded within the tip and was recycled
therein, achieving a low temperature based on the Joule/
Thomson eﬀect. The tip of the cryoprobe, used to contact
the corneal surface, was circular around the probe’s main axis
and a number of designs were tested. Probe tips were 1.8 mm,
2.4 mm, or 3.4 mm in diameter and were manufactured from
silver for high thermal conductivity. Larger diameter probe
tips were not considered because of the option of multiple
surface freeze placements should a wider area of the cornea
need to be treated. Probes had either a ﬂat surface proﬁle or
a concave one with a radius of curvature of 8 mm. For ease
of use, a foot switch was incorporated into the design, which
initiates cooling at the cryoprobe tip and maintains the
reduced temperature throughout the whole time it is
depressed. The foot switch is linked to a timer on the main
console that provides a visual output of freezing time plus
an audible signal (with a mute option) at 1 sec intervals when
the foot switch is depressed. Freezing temperature at the
probe tip (−50°C) is reached within 2 sec of depressing of
the foot switch; after release, ambient room temperature is
achieved within seconds. The hand-held cryoprobe has an
ergonomic-angled design to allow easy application to the
corneal surface (Figure 1). Probes should be thoroughly
cleaned, inspected, and autoclaved prior to use.
2.2. Transcorneal Freezing In Vitro. The porcine cornea is
comparable to that of the human cornea in terms of its
structure and its overall dimensions and the pig eye is
thus often used for practice by trainee corneal surgeons.
The central corneal thickness in adult pigs is usually
around 660 μm [29, 30], which approximates a representative measurement of edematous corneal thickness in individuals with FECD [31, 32]. The porcine eyes, therefore,
were well suited for our investigations, and the intact
eyeballs, including extraocular muscles, were obtained
soon after slaughter at a local abattoir (W. T. Maddock,
Kembery Meats, Maesteg, Wales, UK). These were brought
to the laboratory on ice and experiments were begun
within 2-3 h of death. When the eyes arrived at the home
laboratory, ultrasound measurements of central corneal
thickness were made with a Tomey SP-100 pachymeter
(Erlangen, Germany), which revealed that the corneas
had thickened (~1000 μm) postmortem compared to those
of published values [31, 32]. Consequently, the eyes were
placed in a humidiﬁed incubator (Brinsea Octagon 100,
Egg Incubator, Sandford, UK) at 45°C for 30–45 min to
reverse the postmortem swelling and attain a thickness
similar to what might be expected in humans with FECD.
In total, 426 porcine eyes were used for the in vitro experiments in which the corneal thickness ranged from 483 μm
to 831 μm owing to diﬀerences in eye size and likely
diﬀerential postmortem swelling and deswelling.
Immediately after an eye was removed from the humidiﬁed incubator, its central corneal thickness was recorded as
an average of eight measurements. The cryoprobe tip was
then applied to the corneal surface and cooling was activated
by pressing the foot switch to control the ﬂow of nitrous
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Figure 1: The transcorneal freezing machine attached to a cylinder of medical grade nitrous oxide (the cryogen), which comprises a main
console with a monitor screen that illustrates freeze time, cryogen levels, and readiness for freeze plus interchangeable probe tips and a
footswitch (not shown). Inset: the 3.4 mm diameter concave probe tip manufactured from silver for high thermal conductivity.

oxide gas. Freezing times of 3, 5, 9, and 13 sec were tested,
allowing an additional 2 sec for the freezing temperature to
be reached in all cases (thus, a 3 sec freeze required for a
5 sec application and foot-switch depression). The cornea
was then carefully excised at the limbus after which staining solutions of 0.2% alizarin red (~1 ml) and 0.25% trypan blue were applied sequentially to the endothelial
surface for 60–90 sec each to identify dead cells. The stains
were then gently washed oﬀ using approximately 5 ml of
0.9% sodium chloride buﬀer solution, after which digital
images of the corneal endothelial surface were captured
on a Zeiss Stemi 1000 light microscope (Carl Zeiss, Jena,
Germany). A successful freeze injury was deemed to have
occurred when a clear circular wound area was seen. The

endothelial wound area in each corneal image was manually
traced and calculated using Image J software (http://imagej
.nih.gov/ij/). Magniﬁcation was calibrated for each set of
experiments using the image of an eyepiece graticule. Averages of three measurements were calculated and data were
further collated using Microsoft Excel software (Microsoft
Corp., Redmond, WA, USA).
2.3. Statistical Analysis. Statistical analyses were carried out
operating IBM SPSS Statistics software (Version 23.0, IBM
Corporation, New York, USA). Spearman’s rank order correlation test was run to determine the relationship between
central corneal thickness and endothelial wound areas
induced by the freezing.

4
2.4. Scanning Electron Microscopy. To investigate the endothelial damage morphologically, four treated corneas were
examined by scanning electron microscopy (SEM). Immediately after excision, the corneas were ﬁxed in 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium
cacodylate buﬀer, pH 7.3, for at least 2 h. Samples were
then washed in PBS followed by the gradual dehydration
through a graded ethanol series (from 50% to 100% in
30 min steps), after which the ethanol was replaced by
hexamethyldisilazane for 20 min to minimize the shrinkage
of the specimens. After drying, the corneas were placed on
stubs (Agar Scientiﬁc, Stansted, UK) and sputter coated
with gold (Edwards S150 sputter coater, Edwards High
Vacuum Co. International, Wilmington, USA) to allow
imaging in a JEOL JSM 5600 scanning electron microscope (JEOL Company, Tokyo, Japan) operating with a
beam acceleration voltage of 15.0 kV.
2.5. Transcorneal Freezing In Vivo. Three adult New Zealand
White rabbits were used to investigate corneal recovery after
transcorneal freezing. At all stages, animals were treated in
accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research, and the research was
approved by the IRB of Doshisha University. As reported
later, the 3.4 mm concave cryoprobe was found to be the
most eﬀective in inducing endothelial damage in the porcine
eye in vitro, but owing to the thinner cornea of the rabbit, the
2.4 mm concave cryoprobe was chosen for the in vivo transcorneal freezing experiments.
Under general anesthesia, a 2.4 mm probe was applied to
the corneal surface of the rabbit eyes for a total of 5 sec. The
contralateral eye was used as a control. Transcorneal freezing
did not induce any severe general adverse eﬀects. After 24 h,
10 days, and 1 month of treatment, the anterior segment of
each eye was assessed by the use of a slit-lamp microscope
and the rabbits were then euthanized. Corneal thickness
was determined by the use of an ultrasound pachymeter
(SP-2000; Tomey, Nagoya, Japan), and the mean of eight
measured values was calculated. Intraocular pressure was
measured by the use of a Tonovet tonometer (292000;
KRUUSE, Langeskov, Denmark). Transmission electron
microscopy (TEM) was conducted, as described below, on
the corneas of the rabbits that were euthanized at 24 h- and
1-month time points after transcorneal freezing.
2.6. Transmission Electron Microscopy. The rabbit corneas
were examined by TEM 24 h and 1 month postfreeze was
conducted in Doshisha University, Japan. Brieﬂy, after animals were euthanized, corneas were excised at the limbus
and ﬁxed in 2.5% glutaraldehyde and 2% paraformaldehyde
in 0.1 M Sörensen buﬀer (pH 7.2–7.4) overnight at 4°C.
Samples in fresh ﬁxative were then express shipped to the
UK. Full-thickness-dissected portions of the corneas were
then subjected to alcohol dehydration and resin inﬁltration,
after which they were embedded in epoxy resin (Araldyte
CY212 resin, TAAB Laboratories, England, UK). Ultrathin
sections were stained with uranyl acetate and lead citrate
and examined on a JEOL 1010 microscope operating at
80 kV (JEOL Company, Tokyo, Japan).
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3. Results
3.1. In Vitro Transcorneal Freezing. Initial experiments into
the degree of endothelial damage caused by transcorneal
freezing induced by four diﬀerent types of cryoprobe
tip—that is, 1.8 mm diameter/ﬂat proﬁle, 2.4 mm diameter/
ﬂat proﬁle, 2.4 mm diameter/concave proﬁle, and 3.4 mm
diameter/concave proﬁle—revealed that the time of contact
with the corneal surface did not aﬀect the area of endothelial
damage, with freezing times of 3, 5, 9, and 13 sec tested (data
not shown). Based on this outcome, a freezing time of 3 sec
was chosen for all the in vitro experiments described herein.
It also became apparent during the initial investigations that
the probe tip had to be in contact with the corneal surface
before the foot switch was depressed to initiate cooling. If
the probe tip was cooled in air prior to being brought into
contact with the cornea, no appreciable endothelial damage
was seen; no matter how long, up to 15 sec, the probe
remained in contact with the cornea.
Light microscopy of the endothelial surfaces of the postfreeze, trypan blue-stained corneas indicated the area of cell
damage caused by the four diﬀerent probes used in these
experiments. Representative images of 426 technical replicates denoting the typical extent of endothelial damage are
shown in Figure 2, with examples of what were considered
to be successful or unsuccessful freeze injuries. A successful
freeze injury was deﬁned as one that resulted in a welldelineated circular area of cell damage. An unsuccessful
freeze injury, on the other hand, was considered to have
occurred either when there was no evidence of any cell damage or when the area of damage was irregular. Based on these
criteria, only 14 of 102 eyes (14%) treated with the 1.8 mm
diameter/ﬂat proﬁle probe were judged to have been successfully wounded, whereas 78 of 108 (72%) treated with the
larger (i.e., 2.4 mm diameter) ﬂat proﬁle probe contained successful endothelial injuries. A similar number of the eyes
exhibited corneal endothelial freeze damage—that is, 76 eyes
of 108 (70%)—when the 2.4 mm diameter cryoprobe with a
concave proﬁle was used. Our data clearly indicated, however, that the 3.4 mm diameter/concave proﬁle cryoprobe
induced the most consistent endothelial damage with 90 eyes
of 108 (83%) being successfully wounded in a reproducible
manner (Table 1).
To quantify the extent of endothelial cell damage, we
used Image J to manually trace around each wound deemed
to have been successfully created (i.e., n = 258 of 426 technical replicates). The area of each wound was calculated, which,
unsurprisingly, disclosed that larger probe tips led to more
extensive endothelial damage (Table 1). All of the 426
corneas examined were subjected to multiple pachymetry
measurements immediately prior to transcorneal freezing.
This revealed that the average corneal thickness was 649 μm
(±61 μm SD), which is a fair representative value for corneal
edema in humans with endothelial dysfunction [31, 32].
Moreover, when the corneal thickness of the individual corneas was taken into account, a statistical Spearman’s rank
order correlation test identiﬁed that there was a weak
relationship between central corneal thickness and endothelial damage when treated with the smallest and largest probes
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Figure 2: Representative images of corneal endothelial freeze injury on the pig eyes ex vivo induced by 3 sec freeze with four diﬀerent
cryoprobe tips and assessed by trypan blue staining. The thickness of each cornea is indicated on each panel (±SD) based on eight
pachymetry readings. The area of cell damage is seen via the blue stain, and successful and non/less successful freeze injuries are shown in
the left and right columns, respectively. Freezing with the 1.8 mm diameter/ﬂat proﬁle probe only rarely resulted in a reproducible wound
(a and b). Endothelial freeze injury was more reliably achieved with 2.4 mm diameter probe tips with ﬂat or concave proﬁles (c–f), but the
optimal result and best consistency was achieved using the 3.4 mm diameter/concave proﬁle cryoprobe (g and h). Scale bar, 3 mm. See
Table 1 also.
Table 1: Data summary of transcorneal freezing for 3 sec on porcine eyes.
Probe tip (mm)/proﬁle
1.8/ﬂat
2.4/ﬂat
2.4/concave
3.4/concave

Number
of eyes

Number of eyes with
successful freeze (%)

Mean/SD damaged
area (mm2)

Mean diameter (mm)

102
108
108
108

14 (14)
78 (72)
76 (70)
90 (83)

0.79/0.4
2.12/1.0
2.29/1.0
6.91/1.9

1.0
1.6
1.6
2.9

Mean/SD
corneal
thickness (nm)
642/64
650/71
645/87
654/59
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 3: SEM of the endothelium of transcorneally frozen pig corneas. (a) An untreated pig cornea with cell boarders in white showing a
characteristic hexagonal mosaic. The outline if the cell nucleus is evident as a slightly lighter area within each cell. Scale bar, 10 μm. (b) A
representative image taken at the same magniﬁcation of the freeze-damaged area after treatment with a 2.4 mm diameter/concave proﬁle
tip, illustrating severe damage to endothelial cells by freezing. Scale bar, 10 μm. (c and d) Lower magniﬁcation images of endothelial
freeze-injured wounds showing circular areas of endothelial cell damage including some endothelial debridement, exposing Descemet’s
membrane (c): 2.4 mm diameter/concave proﬁle cryoprobe (scale bar, 200 μm); (d): 3.4 mm diameter/concave proﬁle cryoprobe (scale bar,
500 μm). As expected, the larger probe induces more widespread damage (see Table 1 also). (e–h) Transition zones between unfrozen
endothelial cells and those that were destroyed by freeze injury are often sharp (e) and (g); same area but diﬀerent magniﬁcation (scale
bars,10 μm, apart from (g) which is 50 μm).
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IOP 9 mmHg
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1 month

CCT 366 휇m
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(c)
Figure 4: Eﬀects of a 3 sec freeze on the rabbit cornea in vivo using the 2.4 mm diameter/concave proﬁle cryoprobe tip. (a) 24 hrs after freeze,
central corneal thickness (CCT) is increased considerably (769 μm) compared to that before freeze (383 μm), and the cornea is hazy,
indicative of corneal endothelial damage, as well as epithelial and stromal cell damage. (b) 10 days after a freeze injury (in a diﬀerent
animal), CCT was at normal levels. (c) This was the case also, 1 month after treatment. (b and c) Some corneal haziness at the level of the
posterior stroma or Descemet’s membrane is evident at 10 days and 1 month.

(1.8 mm diameter (r = –0 208, n = 102, p = 0 408) and
3.4 mm diameter (r = –0 258, n = 108, p = 0 007) but a
stronger relationship using the 2.4 mm diameter probe tips
with concave and ﬂat proﬁles (r = –0 433, n = 108,
p < 0 001; 2.4 mm (r = –0 466, n = 108, p < 0 001, respectively) (Table 1).
To provide higher resolution information as to the status
of the cells after freeze injury in the in vitro pig eye model, we
conducted a series of SEM studies (Figure 3). This indicated
that the corneal endothelial monolayer was severely
disrupted in the central portion of the cornea beneath the site
of the cryoprobe injury. Injured cells tended to become
damaged and/or disassociated from each other, whereas
noninjured cells adjacent to the area of damage exhibited
classic hexagonal endothelial cell morphology. Interestingly, there appeared to be two transition zones between
healthy nonfrozen cells and the more centrally damaged
ones. The immediate transition at the inner edge of the
morphologically normal cells was fairly abrupt; and in
some cases, this was on a μm scale (Figures 3(e), 3(f),
and 3(g)). More centrally, there was evidence of cellular
dissociation (Figure 3(e)) and also total removal of large
areas of frozen endothelial cells, exposing a bare Descemet’s membrane (Figures 3(d) and 3(h)).
To investigate endothelial healing after transcorneal
freeze, a small number of rabbit corneas were studied. For these
investigations, a 2.4 mm diameter/concave proﬁle cryoprobe
was used rather than the 3.4 mm concave one owing to the
relative thinness (approximately 350–400 μm) of the rabbit
cornea compared to that of the pig (approximately 660 μm

[29, 30]). This revealed that one day after a 3 sec surface freeze,
the rabbit cornea had become signiﬁcantly edematous, with its
thickness approximately twice the normal value (Figure 4(a)).
The central corneal thickness returned to normal values by
day 7, and this was maintained up to one month postfreeze (Figure 4(c)). Slit-lamp images showed some evidence of corneal haze at the level of the posterior stroma
or Descemet’s membrane at 10 days and 1 month
(Figures 4(b) and 4(c), resp.).
TEM examinations of rabbit corneas 24 hrs after freeze
indicated that the corneal epithelium peripheral to the
wound area was structurally normal, with typical epithelial
stratiﬁcation, cell-cell contact and surface microvilli
(Figure 5(a)). As expected, the corneal epithelium was
severely damaged in the central freeze-injured region of the
cornea, with considerable cellular vacuolation and membrane destruction (Figure 5(b)). However, it was clear that
the epithelial basement membrane remained intact, which
presumably is important to aid subsequent epithelial resurfacing of the wound area. In the deep stroma, increased
collagen ﬁbril spacing accompanied by disorder in the ﬁbril
arrangement was sometimes observed focally 24 hrs postfreeze (Figure 5(c)), but this had been resolved by the 1month timepoint at which time the stromal architecture
appeared normal throughout the cornea (Figure 5(d)). These
structural matrix changes likely contribute to the increased
corneal thickness and opacity seen at 24 hrs (Figure 4(a)).
Just as with the corneal epithelium, the corneal endothelium in the periphery of the cornea away from the region of
the tissue under the surface wound zone remained unaﬀected
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Figure 5: TEM of the corneal epithelium (Ep), epithelial basement membrane (BM), and stroma (St) following a 3 sec transcorneal freeze
injury using a 2.4 mm diameter/concave proﬁle cryoprobe on rabbit cornea in vivo. (a) The peripheral epithelium away from the wound
zone, 24 hrs after the cryoprobe was applied and appeared morphologically normal. Arrowheads indicate microvilli on apical surface of
epithelial cells. (b) Intact basement membrane is observed in the central freeze-injured area 24 hrs postfreeze. (c) After 24 hrs freeze injury,
occasional focal regions of stromal matrix disruption were evident in the cornea, manifesting as tissue regions with increased spacing
between collagen ﬁbrils. (d) One month after the freezing, throughout the cornea, the spacing between collagen ﬁbril appeared normal.
Scale bars, 1 μm (a and b) and 0.5 μm (c and d).

24 hrs after transcorneal freeze of the central rabbit cornea
(Figure 6(a)). The endothelium more centrally, however,
began to exhibit clear signs of damage (Figure 6(b)). The
central endothelium was often fully debrided with a bare
Descemet’s membrane that showed no apparent structural
changes (Figure 6(c)). One month after freeze, the central
corneal endothelium had reattained its normal character,
although occasionally ﬁbrous tissue deposition between
Descemet’s membrane and the recovered endothelium was
observed (Figure 6(d)), which perhaps contributes to the
deep stromal haze seen at this time (Figure 4(c)).

4. Discussion
A number of investigative surgical procedures, which utilize
the selective ROCK inhibitor, Y27632, to combat FECD
and bullous keratopathy are under investigation, including
cell-injection therapy [10–14]. However, one alternative
approach for FECD, especially in its early stage, involves
freezing the central cornea using a cold probe to damage
corneal endothelial cells beneath the surface contact area; this
is then followed by the short-term delivery, for one week, of
Y27632 in eye drop formulation [10–12]. In these surgeries,
freezing was achieved by touching the corneal surface with

a stainless steel rod, which had been immersed in liquid
nitrogen. An arbitrary freezing time of 15 sec was chosen
for these experiments, along with a 2 mm diameter for the
steel rod. Encouragingly, the outcomes of these surgeries
showed some promise, especially if the extent of the corneal
endothelial dysfunction was not widespread, but if the
approach is to be adopted more widely by the ophthalmic
community, the corneal freeze would probably need to be
achieved in a more reliable manner and with more knowledge of the nature and extent of the freeze damage.
Historically, and up to the present day, corneal freezing
has been carried out by a variety of methods, most of which
use it to induce an experimental injury for research into
corneal wound healing [15–17, 28]. Freezing studies tend to
employ either a brass rod or dowel, which had been
immersed in liquid nitrogen [17–21] or similarly cooled steel
ones [22, 23]. Retinal cryoprobes have also been used in
investigational studies of transcorneal freezing [24, 33]. Here,
we report the design and manufacture of a corneal cryoprobe
that uses circulating nitrous oxide as a cryogen and report the
type of freeze damage it induces.
Typically, the tips of cryoprobes that use high-pressure
gas as a cryogen are made of stainless steel owing to the need
to contain high-pressure gas safely. In our design, however,
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Figure 6: TEM of corneal epithelium following a 3 sec transcorneal freeze injury using a 2.4 mm diameter/concave proﬁle cryoprobe on the
rabbit cornea in vivo. (a) An endothelial cell (Endo) at 24 hrs postfreeze in a region peripheral to the freeze-injured area appeared
morphologically normal, with normal organelles and nucleus (n). It adhered to Descemet’s membrane (DM). (b) Closer to the region
below the cryoprobe surface application, there were clear signs of cell damage including the destruction of the cell membrane, while even
more centrally, (c) the cell damage was more extreme revealing a bare Descemet’s membrane, consistent with the SEM analysis (Figure 3).
(d) One month after the transcorneal freezing was performed, the central region of the inner cornea contained fairly normal endothelial
cells that were sometimes accompanied by extracellular matrix material (white arrowheads) in the area posterior to Descemet’s
membrane. Scale bars, 2 μm.

the use of stainless steel would have resulted in a freeze that
started in the center of the tip and thereafter spread, albeit
quickly, to its outer circumference at a speed which relies
on the thermal conductivity of the metal. To achieve a more
uniform cooling across the probe tip, we manufactured a
cryoprobe tip out of silver, which has a higher thermal conductivity than that of steel. The beneﬁt of this design feature
is that the diameter of the freeze in the cornea is decoupled
from the depth of the freeze. Cooling in this design is based
on the expansion and internal recycling of nitrous oxide
inside the cryoprobe tip. At the point of its transition
from liquid to gas, nitrous oxide exists at a temperature
of −88.5°C, and this transition, which occurs inside our
probe tip, of course, rapidly cools it. Owing to thermal
conductivity within the whole probe and thermal loss at
ambient room temperature, an equilibrium is reached,
which in our design means that the temperature at the
outer surface of the probe tip reaches −50°C.
The response of a cell to freezing is explained by
Fraunfelder in his comprehensive review of corneal cryotherapy, the main mechanisms of cell damage being a
piercing of the cell membrane by ice crystals or the

creation of a sizeable osmotic imbalance between the
inside and outside of the cell because of the removal of
liquid water into the ice crystals [34]. Armitage also
describes, from the other side of the coin, how careful
freezing using time-mediated freeze-thaw protocols accompanied by the use of cryoprotectants can lead to cell survival [35]. The freezing we achieve here can probably be
thought of as being fairly conservative in terms of the rate
of endothelial cooling, but our current observations clearly
indicate that suﬃcient levels of endothelial damage are
achieved after a single freeze treatment. Experiments that
applied additional treatments to the same surface location
did not enhance the extent of the freeze injury (data not
shown). We also found that if the foot switch was
depressed to initiate cooling of the probe tip before it
was brought into contact with the corneal surface, then
no appreciable endothelial freeze damage was seen, even
if the cryoprobe was kept in contact with the cornea for
periods up to 15 sec. It is not immediately clear why this
is the case, but perhaps, frosting of the probe tip when it
is cooled in the moist air could contribute to this. This
likely lack of frosting also might help facilitate the easy
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release of the probe tip from the corneal surface after the
foot switch is released, which we found to happen within a
second or two of the cryogen circulation being suspended.
In the experiments described here, the central corneal
epithelium was destroyed by the application of the cryoprobe, as we would expect. But, it is of potential importance
that the corneal epithelial basement membrane remains
intact as seen by TEM. The lack of epithelial basement membrane damage will presumably aid the epithelial resurfacing
of the debrided epithelial area. Fibril arrangement changes
are also apparent focally in the stromal matrix after the
in vivo rabbit freeze injury, but these are transient, and the
increased collagen ﬁbril separation and disorganization
which are seen 24 hrs after the treatment subsequently
decrease as corneal thickness reduces. The obvious conclusion is that the recovering endothelium is mostly responsible. Of course, the in vivo healing studies reported here do
not reﬂect the situation in the human cornea because of
the diﬀerent behavior of the endothelial cells and their
limited replicative ability in humans. TEM also discloses
the presence of ﬁbrotic extracellular matrix tissue in the
region of Descemet’s membrane one month after freeze
injury (Figure 6(d)). This might contribute to the deep
stromal haze seen at this time, although a potential contribution to light scatter by freeze-damaged keratocytes cannot be discounted.
As mentioned, the use of ROCK inhibitors has aided the
recovery of the corneal endothelium in situations where
diseased corneal endothelial cells have been scraped away
surgically [13] or frozen with a cooled steel rod applied to
the corneal surface [10–12]. A report by Balachandran et al.
[36] and Shah and associates also suggests that corneal endothelial cells can repopulate in FECD patients after damage
alone [37–39]. The data presented here show that endothelial
cells can be functionally damaged and/or removed by the
application of a cryogenic cold probe and that this can be
done in a targeted and reproducible manner with cell damage
restricted to the area below the surface contact. Of course, the
transcorneal freezing technique is unlikely to induce any
signiﬁcant change to the guttae which exist in FECD and
their continued presence will conceivably hinder the reformation of a normal endothelial layer. Nevertheless, cell
damage can be achieved through use of a silver 3.4 mm
diameter cryoprobe with a concave proﬁle, which was
discovered to be the optimal design of the cryoprobes
tested in the experiments described here. It thus has the
potential to rapidly and reliably induce damage to the
human corneal endothelium via transcorneal freezing,
leaving the epithelial basement membrane intact. This
has the potential to be used prior to the application of
ROCK inhibitors to the eye in the form of eye drops
[10–12] or as slow-release chemicals from thin ﬁlms [40]
to aid the recovery of corneal endothelial function.
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Abstract
Aim To investigate the viability of donor corneal
endothelial cells (CECs) preserved in storage media by
histological examination.
Methods Twenty-eight donor corneas were obtained
from SightLife Eye Bank (Seattle, Washington), and
redundant peripheral portions of those corneas were
used for histological examination after removal of
the centre corneal graft for transplantation. To assess
cell viability in the corneal endothelium, biostaining
experiments were performed using propidium iodide,
calcein-AM, Hoechst 33 342, annexin V, anti-vimentin
antibody and toluidine blue.
Results Histological analysis of the endothelium
showed that the cytoplasm of dead cells had lowintensity fluorescence and that their nuclei stained red,
while almost all living cells had green cytoplasm and
blue-stained nuclei. The mean dead cell rate in the 28
donor corneas was 4.9%±3.3% (mean ±SD) (range:
0.6%–10.5%). The propidium iodide-positive cells
stained positive for annexin V, negative for vimentin
and pale for toluidine blue. After the specimens were
incubated in a culture medium, the red nucleus dead
cells dropped off from the level of the blue nucleus living
cells.
Conclusion Our findings showed the existence of
dead cells in storage-media-preserved donor corneal
endothelium and that they dropped off after incubation,
thus suggesting that the decrease of CECs following
keratoplasty may be related to the presence of dead cells.
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It has been reported that endothelial cell density
(ECD) is approximately 6000 cells/mm2 at birth, yet
gradually decreases with age.1–3 In fact, in normal
human corneas without a past history of surgical
intervention or a traumatic event, ECD reportedly
decreases at a rate of 0.6% per year.4 The rate of
endothelial cell loss post penetrating keratoplasty
(PK) or Descemet’s stripping automated endothelial keratoplasty (DSAEK) is relatively rapid, with
the yearly postoperative rate of decrease reportedly being 4%–8% post PK5 6 and 1%–4% post
DSAEK.7–10 However, the underlying mechanism
of endothelial cell loss post corneal transplantation
has yet to be fully elucidated.
In the USA and Japan, donor corneas are
currently preserved with Optisol-GS (Bausch &
Lomb, Irvine, California) corneal storage media,
a hybrid of K-sol and DexSol medium containing

chondroitin sulfate and dextran,11 and stored at the
temperature of between 2°C and 8°C. However, in
Europe, the preferred method for the long-term
preservation of donor corneas is in organ culture
media at temperatures ranging between 31°C and
37°C.12 To evaluate whether or not donor corneal
endothelium is suitable for use in corneal transplantation, it is usually tested by specular microscopy and/or trypan blue staining. However, these
examinations only detect the cell-to-cell junction of
endothelial cells, including the focal tight junctions,
and do not detect the viability of these cells. Thus,
we speculate that not only ECD, coefficient of variation and percentage of hexagonality, but also the
viability of endothelial cells should be considered to
be a possible cause of endothelial cell loss at early
phase after keratoplasty.
In this study, we used a detailed histological
technique to examine the viability of the corneal
endothelium and to elucidate the decrease of ECD
after keratoplasty using donor corneas preserved in
Optisol-GS.

Materials and methods
Samples

This study was approved by the Committee for
Ethical Issues in Human Research of Kyoto Prefectural University of Medicine and was performed in
accordance with the tenets set forth in the Declaration of Helsinki. Twenty-eight donor corneas were
obtained from SightLife Eye Bank (Seattle, Washington) for keratoplasty. After removal of the centre
corneal graft for transplantation, the redundant
peripheral portions of all 28 donor corneas were
used for histological examination. These peripheral
portions were cut to a width of 5 mm, and these
tissue fragments were then used for the histological
examinations. Four additional donor corneas for
research that adhered to the same criteria as those
used for corneal transplantation were obtained
from SightLife Eye Bank. These four whole donor
corneas were then cut from the centre to the peripheral area to produce specimen strips measuring
5 mm in width, and these tissue fragments were
then used for the endothelial cell viability test.

Histological examination

To assess cell viability in the corneal endothelium
samples, biostaining experiments were performed
using 10 mM propidium iodide (PI), 1 mM calcein-AM and 10 mM Hoechst 33 342 (Dojindo
Molecular Technologies Inc, Kumamoto, Japan) at
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37°C for 15 min.13 After washing one time in phosphate buffered
saline (PBS), the specimens were then covered with a cover glass
and observed with a microscope (AX70; Olympus Corporation,
Tokyo, Japan) or with a confocal laser microscope (TCS-SP2;
Leica Microsystems K.K., Tokyo, Japan).
Quadruple staining was performed as follows: first, the endothelium samples were stained with 20 mM PI and fluorescein
isothiocyanate (FITC)-labelled annexin V (Medical & Biological Laboratories Co, Ltd, Nagoya, Japan). Next, after washing
one time in PBS and fixation with 4% paraformaldehyde,
the specimens were reacted with 0.5% Triton-X100 in PBS and
anti-vimentin (DAKO), and then reacted with secondary antibody cy5-labelled anti-mouse IgG (Abcam Plc., Tokyo, Japan)
and 10 mM Hoechst 33 342. The specimens were then covered
with a cover glass and observed with a confocal laser microscope (TCS-SP2; Leica Microsystems). Fluorescent images of
the corneal endothelium were observed by fluorescent microscopy and taken with a chilled charge-coupled device digital
camera. The ECD was determined by counting the number of
blue nuclei cells (Hoechst 33 342-positive), and dead cell rate
(DCR, percentage) was calculated by counting average dead cells
(PI-positive and calcein-AM-negative) in three randomly selected
areas. The ECD was determined by counting the number of blue
nuclei cells (Hoechst 33 342-positive), and DCR (percentage)
was calculated by counting average dead cells (PI-positive and
calcein-AM-negative) in randomly selected three areas
Some specimens were fixed in 2.5% glutaraldehyde (Electron
Microscopy Sciences, Hatfield, Pennsylvania) in 0.1 M phosphate buffer (PB), washed three times in PB and post-fixed for
1 hour with 2% aqueous osmium tetroxide. The samples were
then passed through a graded ethanol series, transferred to
propylene oxide and embedded in Epon 812 (TAAB Laboratories Equipment Ltd, Aldermaston, UK). Horizontal semi-thin
sections (250 nm) were then cut from resin-embedded blocks
using a glass knife, stained with toluidine blue solution and
examined under light microscopy.
In addition, the endothelium of one tissue fragment was
stained with PI and Hoechst 33 342 and was incubated in
a culture medium comprising Dulbecco's modified Eagle medium
(DMEM; Life Technologies Corporation, Carlsbad, California)
supplemented with 10% fetal bovine serum, 50 U/mL penicillin,
50 µg/mL streptomycin at 37°C in a 5% CO2 incubator as we
previously reported14 and the time-dependent change of the
dead cells was investigated by the use of time-lapse cinemicrography techniques with a microscope (BIOREVO BZ-9000 and
CO2 Incubator Unit 971884; KEYENCE Corporation, Itasca,
Illinois).
The correlation of the DCR of endothelium and each donor’s
information were calculated by Pearson and Spearman correlation coefficients.

Results

Usually, the ECD rates of the donor corneas are determined by
specular microscopy examination of the corneoscleral disc by
the SightLife Eye Bank prior to shipment via air transport, and
that tissue information is included with the corneas (figure 1A).
In addition, we stained the endothelium with Alizarin red S at
the peripheral area of each donor cornea at the time of corneal
transplant and measured the ECD (figure 1B).
Staining by PI (figure 2A), calcein-AM (figure 2B) and
Hoechst 33 342 (figure 2C) allowed for the discrimination
between living cells and dead cells. PI specifically stained the
nuclei of the dead cells and showed an increase of membrane
2

Figure 1 Endothelial examinations of the donor cornea obtained from
a US eye bank. (A)Tissue information provided by SightLife Eye Bank
shows a corneal endothelium image obtained by specular microscopy.
(B) The endothelium was stained with Alizarin red S at the unused
peripheral area of the donor cornea after the trephination, the time of
corneal transplantation. The hexagonal array of endothelium can be
seen in both A and B.
permeability, followed by a decrease of cell viability. There was
calcein-AM dye uptake in the cells, and the dye was hydrolysed
to FITC to generate fluorescence by the enzyme in viable cells.
In contrast, the enzyme was decreased in low viability cells, and
the cytoplasm of the cells showed a low green fluorescence level.
Hoechst 33 342 was able to penetrate easily into all cells, and it
stained all of the nuclei of the endothelial cells blue. A merging
of the microscopy images of all three fluorescein dyes showed
that living cells appeared as green cytoplasm with a blue nucleus,
and also showed that the cells with deceased viability that were
determined to be dead cells appeared as low green fluorescent
cytoplasm with a red nucleus (figure 2D). The cells of low green
fluorescent cytoplasm with a red nucleus were thought to be dead
cells and were examined by quadruple staining in more detail.
Dead cells that stained positive for annexin V indicated the cell
membrane of an apoptosis cell, and those that stained negative
for vimentin indicated that they were part of the cytoskeleton
of the corneal endothelium (figure 2E). In addition, in the semithin sections of the endothelium from the Epon 812-embedded
specimens, the dead cells had pale staining for toluidine blue.
Therefore, we theorised that the cytoplasm component of those
cells was decreased (figure 2F).
We theorised that if the red nucleus cells were dead, then they
would drop off from the Descemet’s membrane. The specimens
were then incubated in a culture medium for the short time,
and dead cells were observed at the same level around living
cells on the Descemet’s membrane (figure 3A). After a one night
incubation, no red nucleus cells were observed on the Descemet’s membrane, yet red nucleus cells were found to exist on the
upper-side of the endothelial layer (figure 3B). In addition, use
of the time-lapse cinemicrography technique showed that the
PI-positive dead cells (red nucleus) were at the same level as
the living cells (blue nucleus) initially. However, after 7 hours
(figure 3J), the red nucleus cells dropped off from the level of the
blue nucleus cells (figure 3C-M).
Staining by PI, calcein-AM and Hoechst 33 342 showed that
the number of dead cells varied per specimen (figure 4). We
defined the dead cell as PI-positive and calcein-AM-negative and
Hoechst 33 342-positive cell. The DCR of the 28 donor corneas
varied from 0.6% to 10.5%, 4.9±3.3% (mean±SD) (table 1). In
table 1, the DCR is shown in a descending order from highest
DCR percentage to lowest DCR percentage, and we found no
significant correlation between the DCR and specific factors
related to the 28 donor corneas including age and sex of the
donor, elapsed time from death to preservation, total preservation time or cause of death. No significant correlations between
Kitazawa K, et al. Br J Ophthalmol 2017;0:1–6. doi:10.1136/bjophthalmol-2017-310913
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the DCR of endothelium and each donor’s information were
observed.
The DCR of the whole donor corneas was determined by
dividing the red-nuclei cell count by the blue-nuclei cell count,
the same as with the residual portions of the 28 donor corneas.
The DCR of the whole donor corneas ranged from 1.3% to
2.4%, 1.9±0.39% (mean±SD) at the centre of corneas and from
1.3% to 3.0%, 1.9%±0.7% (mean±SD) at the periphery of the
corneas.

Discussion

It has generally been thought that donor corneas are suitable
for corneal transplantation by testing with specular microscopy
and/or trypan blue, yet these examinations only detect the junctions of the endothelial cells. We have now found through the

examination of donor corneas that these corneal endothelia
contain dead cells, and we theorise that these dead cells remain
attached through the focal tight junction when at a low temperature and that they subsequently drop off when they warm to
body temperature following corneal transplantation. We speculate that the increases of dead cells in the donor cornea endothelia were caused by some type of stress, for example, stress
related to oxidisation. Previous studies have reported that a
rewarming process which returned to physiological conditions
produced reactive oxygen or nitrogen species (ie, ROS, RNS)
and increased intracellular free radicals, thus leading to induced
apoptosis.15–17 In fact, previous studies have reported that
cold-rewarming injury endothelial stress led to the change of
cell morphology and induced apoptosis.18 19 Thus, and similar to
what a rewarming process has been described, it may happen to

Figure 2 Identification staining of viable cells and dead cells in donor cornea endothelium. (A) PI specifically stained the nuclei of the dead cells red
and showed an increase of membrane permeability, followed by a decrease of cell viability. (B) Calcein-AM dye was hydrolysed to FITC to generate
fluorescence by the enzyme in viable cells, and decreased enzyme in the cells showed a low fluorescence level. (C) Hoechst 33 342 stained all of
the nuclei of the endothelial cells blue. (D) A merging of these three images shows the cells with dead cells appearing as pale cytoplasm with a red
nucleus. (E) A confocal microscope image showing quadruple staining with annexin V; the cell membrane of the apoptosis cell (green), vimentin; one
of the cytoskeletons of corneal endothelium (yellow), PI (red) and Hoechst 33 342 (blue). (F) An image of toluidine blue staining of a semi-thin section
of the endothelium from the Epon 812-embedded specimens; the centre cell is assumed to be dead due to the pale (arrow) staining. FITC, fluorescein
isothiocyanate; PI, propidium iodide.
Kitazawa K, et al. Br J Ophthalmol 2017;0:1–6. doi:10.1136/bjophthalmol-2017-310913
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Figure 3 The locomotion of a dead cell after incubation in the culture medium. (A) The corneal specimen was incubated for 30 min in medium
at under 37°C, then stained with PI, calcein-AM, and Hoechst 33 342. A dead cell (red nuclei) existed between living cells and they were found on
the Descemet’s membrane. (B) The corneal specimen was incubated overnight in a medium at under 37°C, then stained with PI, calcein-AM and
Hoechst 33 342. A dead cell (red nuclei) existed near these living cells. (C–M) Observation of dead cells via the time-lapse cinemicrography technique.
Endothelium of a tissue fragment was stained with PI and Hoechst 33 342 and was incubated in the culture medium. Initially, the PI-positive dead
cells (red nucleus) were found at the same level as the living cells (blue nucleus). (J) After 7 hours, the red nucleus cells dropped off from the level
of the blue nucleus cells. Time-lapse cinemicrography revealed that the dead cells were eliminated by the movement of the surrounding living
cells. PI, propidium iodide.

Figure 4 Images of the PI, calcein-AM and Hoechst 33 342 staining of various numbers of dead cells in the endothelium. The donor cornea
endothelium consisted of various rates (table 1) of dead cells that appeared as a low fluorescence of the green and red nuclei. PI, propidium iodide.
corneal endothelial cells (CECs) in the donor cornea. It suggest
that the endothelia in the donor cornea may contain cells that
are in the process of dying, and it could somewhat affect a graft
survival time due to CEC loss following keratoplasty.
4

The Cornea Donor Study Group study showed that donor
age has little effect on ECD in donor corneas.17 In this present
study, no significant correlation was found between the DCR
and specific factors related to the 28 donor corneas; factors such
Kitazawa K, et al. Br J Ophthalmol 2017;0:1–6. doi:10.1136/bjophthalmol-2017-310913
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Table 1
No.

Donor cornea dead cell rate and associated data

DCR(%)

Cell density 1)
(cells/mm2)

Cell density 2)
(cells/mm2)

Age
(year)

Death to preservtion
time (h:mm)

Preservation
time (day)

Sex

Cause of death

1

10.5

2143

ND

72

3:55

6

F

Colon cancer

2

10.5

2613

2000

50

11:05

5

M

Blunt force trauma

3

10.4

2994

2533

72

6:25

6

M

Lung cancer

4

10.1

2616

2500

64

5:40

6

M

Closed head injury 27 ATV

5

10.1

2924

2275

56

5:53

7

F

Pulmonary HTN

6

9.8

2724

2567

53

17:16

3

M

Cerebral vascular accident

7

8.3

2510

1667

66

5:31

7

M

MI

8

6.5

2646

2700

73

21:20

6

F

Acute MI

9

6.1

2848

3500

62

14:03

7

M

Intestinal haemorrhage

10

6.0

2645

2567

49

7:22

5

M

MI

11

5.8

2788

2300

70

7:11

4

F

Ovarian cancer

12

5.7

2728

2167

74

7:56

4

F

Dissecting aortic aneurysm

13

4.8

3069

2333

51

6:23

4

M

End-stage liver desease

14

4.5

3548

ND

64

5:13

4

F

Aspiration

15

4.3

3003

ND

26

12:45

6

M

Cystic fibrosis

16

4.1

3251

2600

37

17:58

5

F

Blunt force head trauma

17

3.6

2647

2067

41

3:59

7

M

Acute cardiac dysrhythmia

18

3.0

2507

2367

43

21:11

6

F

MI

19

2.5

3106

ND

64

5:45

6

F

Oesophagus cancer

20

2.0

2884

ND

51

5:55

7

M

Anoxic encephalopathy

21

1.9

2588

2200

66

8:30

6

M

Colon cancer

22

1.5

2805

2700

39

3:59

5

M

Anoxic encephalopathy

23

1.2

2813

2367

62

7:09

5

M

Ruptured spleen

24

1.1

2571

2367

66

5:15

7

M

Acute MI

25

1.0

2511

1900

48

7:05

7

M

Dilated cardiomyopathy

26

0.8

2684

1933

38

4:54

7

F

Cystic fibrosis

27

0.6

2629

1667

52

13:35

5

M

Gunshot wound to head

The DCRs (percentage) are shown in descending order (from highest to lowest), along with the following donor-specific associated data: (1) measurements obtained by specular
microscopy from the data sheet of the donor cornea, and (2) measurements obtained by Alizarin red S staining at our institution.
ATV, all‐terrain vehicle; DCR, dead cell rate; HTN, hypertension; MI, myocardial infarction; ND, not detected.

as age and sex of the donor, death to preservation time, total
preservation time or cause of death. Therefore, as the preservation was performed by the eye bank under normal conditions
and time periods, it was thought that the DCRs were not influenced by the range of factors contained in the donor-specific
tissue information provided by the eye bank. The toxicity of
the antibiotic, other existing materials or the condition of the
oxygen in the preservation medium may all be factors related to
the existence of the dead cells. It has been reported that the postoperative ECD after keratoplasty is generally decreased from the
ECD of the donor cornea prior to surgery.20–22 We previously
reported that a higher number of CECs as considering graft size
might need for reconstruction of the corneal endothelium.23
Thus, the existence of dead cells on the endothelium of donor
cornea suggests the association with rapid loss of CECs at least
early phase after keratoplasty.
In the previous reports, the results of examinations of endothelium by transmission and scanning electron microscopy,24–26
trypan blue and Alizarin red S double-staining,27 and calcein-AM and ethidium homodimer-1 staining that identified dead
cells27 28 were presented to indicate the superiority of the new
preservation medium or method during the investigation of the
preservation of the cornea. In this present study, our experiment
used calcein-AM and PI that identified both living and dead
cells, and moreover, we used Hoechst 33 342 that stained all
of the cell nuclei.13 Therefore, it proved easy to identify all of
the cell nuclei in the endothelium. In addition, these PI-positive
Kitazawa K, et al. Br J Ophthalmol 2017;0:1–6. doi:10.1136/bjophthalmol-2017-310913

cells stained positive for annexin V (an apoptosis marker), negative for vimentin (one of the cytoskeleton cells of endothelium)
and pale for toluidine blue. These results strongly suggest that
these cells were dead cells. The dead cells were identified in the
preserved donor cornea, the same type of donor cornea that is
used for keratoplasty, and the mean DCR was 4.9%. We feel that
in addition to examination by specular microscopy and Alizarin
red staining, examination of the viability of the endothelium is
important for maintenance of the ECD rate after keratoplasty.
The latest paper regarding to investigation of donor corneal
endothelium revealed that ECD did not influence the graft
survival after DSAEK.29 Therefore, we think that the viability
test, not just cell density proved to be one of the important
examinations when the preservation medium was reconsidered,
and it could lead to improve the graft survival rate.
In this study, we were unable to use a large number of intact
donor corneas for the examinations due to the fact that the
supply of these corneas is limited and generally reserved for
transplantations. Therefore, in a large number of our cases, our
examinations were restricted to the use of the residual portions
of donor corneas obtained after corneal transplantations. The
four whole donor corneas for research that did not include any
trephination-related artefact were provided by SightLife Eye
Bank, and the existence of dead cells in the preserved donor
cornea was confirmed by the use of these four intact corneas.
In the USA and Japan, donor corneas are currently preserved in
Optisol-GS stored to the temperature between 4°C and 8°C.30
5
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It has been reported that dead cells in corneal endothelium may
derive from the fold created by the distortion when isolating the
eye or preparing the corneoscleral rim.27 31 In this present study,
we sometimes found linear dead cells. Even though that decentralised or diffused endothelial cell death was not caused by any
type of physical impact, we theorise that it was caused by preservation conditions or the biological status of the donor cornea.
In conclusion, the findings of this present study showed the
existence of low viability cells in the endothelium of preserved
donor corneas, thus suggesting that these cells fall off soon or
that the decrease of CECs following keratoplasty may be related
to the presence of dead cells. We hope that the development of
preservation medium, as considering the cell viability, will lead
to more successful graft survival.
Contributors ShK: conception and design of the study and obtaining of funding.
KK and HT: collection, management, analysis and interpretation of data; and
searching the literature. KK, HT and ShK: writing of the article. KK, HT, SaK, TI, HN,
OH, HF, NO, NK, BI and ShK: approval of the manuscript. HT: statistical expertise.
Funding This study was supported in part by a Grant-in-Aid for scientific research
from the Ministry of Education, Science, Culture, and Sports of Japan.
Competing interests None declared.
Patient consent Tissue used were anonymous.
Ethics approval the Committee for Ethical Issues in Human Research of Kyoto
Prefectural University of Medicine.
Provenance and peer review Not commissioned; externally peer reviewed.
© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2017. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

References

1 Bourne WM, Kaufman HE. Specular microscopy of human corneal endothelium in vivo.
Am J Ophthalmol 1976;81:319–23.
2 Sturrock GD, Sherrard ES, Rice NS. Specular microscopy of the corneal endothelium. Br
J Ophthalmol 1978;62:809–14.
3 Sherrard ES, Novakovic P, Speedwell L. Age-related changes of the corneal
endothelium and stroma as seen in vivo by specular microscopy. Eye
1987;1:197–203.
4 Bourne WM, Nelson LR, Hodge DO. Central corneal endothelial cell changes over a
ten-year period. Invest Ophthalmol Vis Sci 1997;38:779–82.
5 Bourne WM, Hodge DO, Nelson LR. Corneal endothelium five years after
transplantation. Am J Ophthalmol 1994;118:185–96.
6 Ing JJ, Ing HH, Nelson LR, et al. Ten-year postoperative results of penetrating
keratoplasty. Ophthalmology 1998;105:1855–65.
7 Price MO, Calhoun P, Kollman C, et al. Descemet stripping endothelial keratoplasty:
ten-year endothelial cell loss compared with penetrating keratoplasty. Ophthalmology
2016;123:1421–7.
8 Price MO, Price FW. Endothelial keratoplasty - a review. Clin Exp Ophthalmol
2010;38:128–40.
9 Busin M, Bhatt PR, Scorcia V. A modified technique for descemet membrane stripping
automated endothelial keratoplasty to minimize endothelial cell loss. Arch Ophthalmol
2008;126:1133–7.

6

10 Price MO, Price FW. Endothelial cell loss after descemet stripping with endothelial
keratoplasty influencing factors and 2-year trend. Ophthalmology 2008;115:857–65.
11 Kaufman HE, Beuerman RW, Steinemann TL, et al. Optisol corneal storage medium.
Arch Ophthalmol 1991;109:864–8.
12 Jeng BH. Preserving the cornea: corneal storage media. Curr Opin Ophthalmol
2006;17:332–7.
13 Tanioka H, Hieda O, Kawasaki S, et al. Assessment of epithelial integrity and cell
viability in epithelial flaps prepared with the epi-LASIK procedure. J Cataract Refract
Surg 2007;33:1195–200.
14 Koizumi N, Sakamoto Y, Okumura N, et al. Cultivated corneal endothelial cell sheet
transplantation in a primate model. Invest Ophthalmol Vis Sci 2007;48:4519–26.
15 Alva N, Palomeque J, Carbonell T. Oxidative stress and antioxidant activity in
hypothermia and rewarming: can RONS modulate the beneficial effects of therapeutic
hypothermia? Oxid Med Cell Longev 2013;2013:1–10.
16 Bhaumik G, Srivastava KK, Selvamurthy W, et al. The role of free radicals in cold
injuries. Int J Biometeorol 1995;38:171–5.
17 Talaei F, Bouma HR, Van der Graaf AC, et al. Serotonin and dopamine protect
from hypothermia/rewarming damage through the CBS/H2S pathway. PLoS One
2011;6:e22568.
18 Rauen U, Kerkweg U, Wusteman MC, et al. Cold-induced injury to porcine corneal
endothelial cells and its mediation by chelatable iron: implications for corneal
preservation. Cornea 2006;25:68–77.
19 Rootman DS, Hasany SM, Basu PK. A morphometric study of endothelial cells of
human corneas stored in MK media and warmed at 37 degrees C. Br J Ophthalmol
1988;72:545–9.
20 Bourne WM, Nelson LR, Maguire LJ, et al. Comparison of Chen Medium and OptisolGS for human corneal preservation at 4 degrees C: results of transplantation. Cornea
2001;20:683–6.
21 Frueh BE, Böhnke M, Prospective BM. Prospective, randomized clinical
evaluation of Optisol vs organ culture corneal storage media. Arch Ophthalmol
2000;118:757–60.
22 Naor J, Slomovic AR, Chipman M, et al. A randomized, double-masked clinical
trial of Optisol-GS vs Chen Medium for human corneal storage. Arch Ophthalmol
2002;120:1280–5.
23 Kitazawa K, Yokota I, Sotozono C, et al. Measurement of corneal endothelial surface
area using anterior segment optical coherence tomography in normal subjects. Cornea
2016;35:1229–33.
24 Ritterband DC, Shah MK, Meskin SW, et al. Efficacy and safety of moxifloxacin as
an additive in Optisol-GS a preservation medium for corneal donor tissue. Cornea
2006;25:1084–9.
25 Nelson LR, Hodge DO, Bourne WM. In vitro comparison of Chen medium and OptisolGS medium for human corneal storage. Cornea 2000;19:782–7.
26 Lindstrom RL, Kaufman HE, Skelnik DL, et al. Optisol corneal storage medium. Am J
Ophthalmol 1992;114:345–56.
27 Means TL, Geroski DH, Hadley A, et al. Viability of human corneal endothelium
following Optisol-GS storage. Arch Ophthalmol 1995;113:805–9.
28 Imbert D, Cullander C. Assessment of cornea viability by confocal laser scanning
microscopy and MTT assay. Cornea 1997;16:666–74.
29 Potapenko IO, Samolov B, Armitage MC, et al. Donor endothelial cell count does not
correlate with descemet stripping automated endothelial keratoplasty transplant
survival after 2 years of follow-up. Cornea 2017;36:649–54.
30 Nakagawa H, Inatomi T, Hieda O, et al. Clinical outcomes in descemet stripping
automated endothelial keratoplasty with internationally shipped precut donor
corneas. Am J Ophthalmol 2014;157:50–5.
31 Albon J, Tullo AB, Aktar S, et al. Apoptosis in the endothelium of human corneas for
transplantation. Invest Ophthalmol Vis Sci 2000;41:2887–93.

Kitazawa K, et al. Br J Ophthalmol 2017;0:1–6. doi:10.1136/bjophthalmol-2017-310913

Downloaded from http://bjo.bmj.com/ on October 9, 2017 - Published by group.bmj.com

The existence of dead cells in donor corneal
endothelium preserved with storage media
Koji Kitazawa, Tsutomu Inatomi, Hidetoshi Tanioka, Satoshi Kawasaki,
Hiroko Nakagawa, Osamu Hieda, Hideki Fukuoka, Naoki Okumura,
Noriko Koizumi, Bernie Iliakis, Chie Sotozono and Shigeru Kinoshita
Br J Ophthalmol published online October 5, 2017

Updated information and services can be found at:
http://bjo.bmj.com/content/early/2017/10/05/bjophthalmol-2017-31091
3

These include:

References

This article cites 31 articles, 5 of which you can access for free at:
http://bjo.bmj.com/content/early/2017/10/05/bjophthalmol-2017-31091
3#BIBL

Email alerting
service

Receive free email alerts when new articles cite this article. Sign up in the
box at the top right corner of the online article.

Notes

To request permissions go to:
http://group.bmj.com/group/rights-licensing/permissions
To order reprints go to:
http://journals.bmj.com/cgi/reprintform
To subscribe to BMJ go to:
http://group.bmj.com/subscribe/

BJO Online First, published on August 29, 2016 as 10.1136/bjophthalmol-2016-308893
Clinical science

Panoramic view of human corneal endothelial
cell layer observed by a prototype slit-scanning
wide-ﬁeld contact specular microscope
Hiroshi Tanaka,1 Naoki Okumura,2 Noriko Koizumi,2 Chie Sotozono,1 Yasuhiro Sumii,3
Shigeru Kinoshita4
1

Department of
Ophthalmology, Kyoto
Prefectural University of
Medicine, Graduate School of
Medicine, Kyoto, Japan
2
Department of Biomedical
Engineering, Faculty of Life and
Medical Sciences, Doshisha
University, Kyotanabe, Japan
3
Konan Medical, Inc,
Nishinomiya, Japan
4
Department of Frontier
Medical Science and
Technology for Ophthalmology,
Kyoto Prefectural University of
Medicine, Kyoto, Japan
Correspondence to
Professor Shigeru Kinoshita,
Department of Frontier Medical
Science and Technology for
Ophthalmology, Kyoto
Prefectural University of
Medicine, 465 Kajii-cho,
Hirokoji-agaru, Kawaramachidori, Kamigyo-ku, Kyoto 6020841, Japan;
shigeruk@koto.kpu-m.ac.jp
Received 22 April 2016
Revised 11 July 2016
Accepted 6 August 2016

ABSTRACT
Purpose To observe the most peripheral region of the
corneal endothelial cell (CEC) layer as long as optically
recordable by use of a prototype slit-scanning wide-ﬁeld
contact specular microscope and produce a panoramic
image to evaluate the variation of CEC density with
ageing.
Design Observational case series study.
Methods This study involved 15 eyes of 15 normal
healthy subjects divided into three groups according to
age: A (20–40 years), B (41–60 years) and C
(>60 years). The corneal endothelial layer of each eye
was recorded in a horizontal direction, from nasal to
temporal, with a slit-scanning wide-ﬁeld contact specular
microscope (Konan) and endothelial cell density (ECD) in
three speciﬁc regions (central, mid-peripheral, and
peripheral) was automatically calculated via built-in
analysis software.
Results Corneal endothelial images from near the
surgical limbus to limbus in all eyes were clearly
recorded and panoramic images were made by
combining still images. ECD in groups A, B and C were
2809±186, 2717±91 and 2580±129 cells/mm2 at the
centre, 2902±242, 2772±97 and 2604±187 cells/mm2
at the mid-periphery and 2893±308, 2691±99 and
2533±112 cells/mm2 at the periphery. Signiﬁcance
differences in ECD was found between groups A and C
in all regions and groups between B and C at midperipheral region.
Conclusions A prototype slit-scanning wide-ﬁeld
contact specular microscope enabled us to record the
endothelial layer from the surgical limbus to limbus of
the cornea and compare speciﬁc areas among subjects,
and showed that ECD in each region of the cornea
decreases with ageing.
Trial registration number UMIN000021264,
Results.

INTRODUCTION
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It is well known that corneal endothelial morphometric analysis in vivo plays an important role in
understanding the condition and dynamics of
corneal endothelial cells (CECs).1 2 Although that
analysis can be calculated via contact specular
microscopy, non-contact specular microscopy and
confocal microscopy, the area of analysis is much
more limited; that is, an area approximately 3 mm
from the centre of the cornea. Hence, analysis of a
wider area of CEC layer in vivo allows for a deeper
understanding of the cell dynamics.
Since 1968, several contact and non-contact clinical specular microscopes have been developed to

observe and obtain images of human CEC layer at
high magniﬁcation in vivo.3 4 Qualitative and quantitative analyses of CECs have provided information regarding changes in cell density, cell size,
coefﬁcient of variation (CV) of area and cell
morphology (ie, the rate of hexagonal shape cells
(6A) with ageing). Although a number of reports
have investigated the difference of endothelial cell
density (ECD) between the centre and peripheral
regions of the cornea using a contact and noncontact specular microscope in vivo5–8 and histology in vitro,9–11 to the best of our knowledge,
this is the ﬁrst report to evaluate corneal ECD near
the surgical limbus by comparing with in vivo
wide-ﬁeld CEC layer images.
In this study, investigation of the most peripheral
CECs in vivo was performed via the use of a prototype
slit-scanning wide-ﬁeld contact specular microscope
that is able to provide live imaging of CEC layer and
location data. The purpose of this study was to elucidate the CEC dynamics over a wide area in vivo by
comparing the ECD, 6A and CV with ageing via
slit-scanning wide-ﬁeld contact specular microscopy.

METHODS
Subjects
Approval for this study was obtained from the
Ethics Committee of Kyoto Prefectural University
of Medicine, Kyoto, Japan, and the study protocol
followed the tenets set forth in the Declaration of
Helsinki. Written informed consent was obtained
from all subjects prior to their involvement in the
study.
Volunteers from the local community were
recruited from July 2015 to October 2015. In
order to insure that normal healthy subjects were
selected, each volunteer received a complete
ophthalmologic evaluation via slit-lamp biomicroscopy, as well as intraocular pressure, refraction,
best spectacle-corrected visual acuity examination.
Exclusion criteria included a history of contact lens
wear, prior ocular trauma or surgery, or ocular or
systemic diseases that may affect the cornea.
In total, this study included 15 normal subjects
(six males and nine females; age range 25–77 years)
who were divided into the following three groups
according to age: group A (20–40 years old), group
B (41–60 years old) and group C (>60 years old).

Instrumentation used for examination
In this study, examination of each subject was performed using a prototype KSSP slit-scanning wide-
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ﬁeld contact specular microscope (Konan Medical,
Nishinomiya, Hyogo, Japan) with a 1/2-inch camera including a
400 000-pixel charge-coupled-device sensor with 9.9× magniﬁcation, and a 40× magniﬁcation contact cone lens made from
ﬂuorite with numerous slits on both sides (ﬁgure 1A). To record
the corneal endothelial layer, the layer is illuminated through
the slits on one side of the device and the endothelial cell
images are reﬂected back through the slits on the opposite side.
Brieﬂy, oxybuprocaine 0.4% eye drops were used to anaesthetise
the right eye of each subject. The subjects were then asked to
concentrate on the ﬁxed light with their left eye, and manually
focused on the CEC layer images at the rate of 60-frames per
second were recorded with the slit-scan technique while the
right eye was swept in the horizontal direction from the nasal to
temporal side with the cornea being ﬂattened by the contact
lens. Focused still images were then extracted from the MPEG-2
ﬁle and manually connected together to produce a panoramic
image. Overlapping portions of the images, judged from the
morphology of CECs or dark band from the Descemet fold, are
combined to form the panorama image (ﬁgure 1B). The centre
and peripheral points were detected from the panoramic
images, and the mid-point between the centre and periphery
was deﬁned as the ‘mid-peripheral’ point. Then, the ECD, 6A
and CV of each point in a 0.3 mm×0.3 mm area were calculated
via the computer algorithm (Konan Medical).

Statistical analysis
Statistical analysis of the data was performed and basic descriptive statistics were calculated on all of the gathered data, with the
values reported as mean±SD. Differences in each parameter
across age groups were tested by Friedman test. Comparisons

between groups were conducted via the Steel-Dwass test.
A p value of <0.05 was considered statistically signiﬁcant.

RESULTS
Continuous CEC layer images, from end-to-end, in the cornea in
all subjects were able to be clearly recorded by use of the
slit-scanning wide-ﬁeld contact specular microscope and were able
to be connected into panoramic images (ﬁgure 2). Six speciﬁc
areas of the cornea were identiﬁed from the panoramic images and
calculated by the computer algorithm (ﬁgure 3). The slit-scanning
wide-ﬁeld contact specular microscopy results are summarised in
the table 1. Our results showed a mean±SD corneal ECD as
follows: group A: 2809±186 cells/mm2 at the centre of the
cornea, 2902±248 cells/mm2 at the mid-peripheral region (the
mid-point between the centre and peripheral region) and
2893±308 cells/mm2 at the peripheral region; group B:
2717±91 cells/mm2 at the centre of the cornea, 2772±92 cells/
mm2 at the mid-peripheral region and 2691±99 cells/mm2 at the
peripheral region; and group C: 2580±129 cells/mm2 at the
centre of the cornea, 2604±184 cells/mm2 at the mid-peripheral
region, and 2533±112 cells/mm2 at the peripheral region. The
correlation between ECDs versus age is represented by scatter
plots (ﬁgure 4).
In each group, ECD at the mid peripheral region had a tendency to be higher than that at the centre and peripheral
regions, however, there was no signiﬁcance ( p>0.05). The age
comparison results showed signiﬁcance in ECD between groups
A and C at the centre ( p<0.05), the mid-peripheral region
(p<0.05), and the peripheral region ( p<0.05) and groups B
and C at the mid-peripheral region ( p<0.05). Signiﬁcance was
found in CV between groups A and C ( p<0.01) and group B

Figure 1 Images showing the prototype slit-scanning wide-ﬁeld contact specular microscope (left) and proper measurement method (right) (A). A
panoramic image produced by combining still images (0.5 mm×0.7 mm) from the recorded endothelial cell layer (B).
2
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Figure 2 Typical example images including the anterior segment of the eye (left) and endothelial cell layer images (right) of the subjects in the
three age groups.

Figure 3 Images showing the measurement method of corneal endothelial cell density in the centre, mid-peripheral and peripheral regions.

and C ( p<0.05) at the centre. There was no signiﬁcant difference in the rate of hexagonal shape (6A) was found between the
regions in comparison with age.

DISCUSSION
In this study, a new slit-scanning wide-ﬁeld contact specular
microscope was used to successfully obtain a panoramic image
Tanaka H, et al. Br J Ophthalmol 2016;0:1–5. doi:10.1136/bjophthalmol-2016-308893

of the optically recordable area of the corneal endothelium cell
layer from near the surgical limbus to limbus in vivo in healthy
subjects over a broad range of ages. Using the obtained results,
we were able to identify speciﬁc areas of analysis and compare
ECD between generations. The results showed a difference of
ECD in each region of the cornea in relation to age in normal
healthy subjects.
3
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Table 1 Mean endothelial cell density (ECD, cells/mm2), the rate of hexagonal shape cells (6A) and coefficient of variation (CV) of area in each
region in the examined groups

Group A (20–40 years old)

Group B (41–60 years old)

Group C (>60 years old)

No. of eyes

Region

ECD (cells/mm2)

5

Centre
Mid-peripheral
Peripheral
Centre
Mid-peripheral
Peripheral
Centre
Mid-peripheral
Peripheral

2809±186 (n=10)
2902±248 (n=10)
2893±308 (n=10)
2717±91 (n=10)
2772±92 (n=10)
2691±99 (n=10)
2580±129 (n=10)
2604±184 (n=10)
2533±112 (n=10)

5

5

Increased rate in ECD
from centre (%)

3.3
2.9
2.0
−1.0
0.9
−1.8

Hexagonal shape
cells (%)

CV

54±7
55±10
57±10
49±5
52±6
52±5
50±6
49±5
42±7

26±3
26±6
27±4
30±3
30±4
31±4
32±3
32±3
32±3

Figure 4 Scatter plot of the centre (A), mid-peripheral (B) and peripheral (C) region corneal endothelial cell density versus age.

Use of the new wide-ﬁeld contact specular microscope
enabled us to observe corneal endothelium, from end-to-end,
with ease, as the unique functions of this new instrument allow
clinicians to do the following: (1) to record and observe wideﬁeld (0.7 mm×0.5 mm) pictures of CEC layer in real time, thus
preventing clinicians from overlooking a local abnormality, (2)
to record continuous images of a CEC layer, even in thick
corneas, at the edge by manually focusing on the layer of
corneal endothelium and by only ﬁxating on one point without
depending on patient eye movement, (3) to record sharper
images than can be obtained via the use of conventional contact
or non-contact specular microscopes, because slit-scanning
decrease the corneal scattering. With conventional specular
microscopes, the condition of corneal endothelium across the
entire cornea cannot be calculated, but only predicted, from the
information of several regions depending on the target location.
In fact, conventional non-contact specular microscopy allows a
clinician to evaluate only the mid-peripheral region, whereas in
vitro studies allow for examination of the cell-dense peripheral
region close to the Schwalbe’s line.5 11 In contrast to the
4

conventional instruments, the new wide-ﬁeld contact specular
microscopy allows for observation of the corneal endothelium
in the more peripheral region in real time, as long as the cornea
is transparent. Moreover, a focal change and anomaly of corneal
endothelium can be detected on the monitor. In terms of reproducibility when using this device, we previously checked the
intra-observer and inter-observer variability (data not shown).
It is vital to be able to monitor corneal endothelial conditions
over an extensive area of the cornea post intraocular surgery.
For example, the primary postoperative complication seen in
patients post angle-supported or iris-ﬁxated phakic intraocular
lens (IOL) implantation is endothelial cell loss,12–14 and a
primary concern post corneal transplantations such as Descemet’s
stripping automated endothelial keratoplasty (DSAEK)15 and
Descemet’s membrane endothelial keratoplasty (DMEK)16 17 is
being able to know the dynamics of the transplanted corneal
endothelium. As the ﬁndings of this study show, as long as the
cornea is transparent, wide-ﬁeld contact specular microscopy
allows for the corneal endothelial layer to be observed post
these treatments in both wide and speciﬁc areas.
Tanaka H, et al. Br J Ophthalmol 2016;0:1–5. doi:10.1136/bjophthalmol-2016-308893
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One of the greatest improvements that this instrument offers is
the ability to identify the area being measured. Although still
images at several points on the cornea can be obtained by
non-contact specular microscopy, those images lack speciﬁc
reproducible locations. Using slit-scanning wide-ﬁeld contact
microscope, clinicians can detect the relative location to compare
the adjacent cells and Descemet’s membrane folds.
It should be noted that one of the limitations of this study
was the small number of subjects examined. In this study, the
difference of ECD at the centre of the cornea per year of age
was 0.21%, similar to that in previous reports.18 19 No signiﬁcant difference of ECD in relation to ageing was found at the
mid-peripheral area, yet a signiﬁcant difference was found at the
centre and peripheral regions. Anna and associates reported that
ECD in the central and peripheral regions has difference with
ageing, and that ECD in only older adults showed a signiﬁcant
difference between the central and peripheral areas.6 Taken
together, these results suggest that compared with the central
and mid-peripheral areas, endothelial cell loss in the peripheral
area is most affected by ageing. All of the subjects involved in
this study had no corneal epithelial damage, and it should be
noted that when using a contact specular microscope, it is
important to be careful to not inﬂict any ocular surface damage
to the patient. Moreover, care should be taken with patients in
whom the corneal epithelial layer can easily be detached due to
endothelial dysfunction. In such cases, it might be better for the
patient to wear a contact lens while undergoing examination by
wide-ﬁeld contact specular microscopy.
In conclusion, the prototype slit-scanning wide-ﬁeld specular
microscope used in this study allowed for a successful topographical distribution analysis of CECs in normal healthy subjects and
for a comparison via a panoramic image. Furthermore, slitscanning wide-ﬁeld contact specular microscopy allows for observation of CECs post intraocular surgery such as phakic IOL
implantation and CEC transplantation (eg, DSAEK or DMEK) to
reveal the dynamics of CECs in vivo.
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BASIC INVESTIGATION

Corneal Endothelial Cells Have an Absolute
Requirement for Cysteine for Survival
Naoki Okumura, MD, PhD,* Ryota Inoue, BS, MS,* Kazuya Kakutani, BS, MS,* Makiko Nakahara, PhD,*
Shigeru Kinoshita, MD, PhD,† Junji Hamuro, PhD,‡ and Noriko Koizumi, MD, PhD*

Purpose: The aim of this study was to evaluate which amino acid
(s) among the 20 standard protein amino acids is indispensable for
the survival of cultured human corneal endothelial cells (HCECs).

Methods: HCECs were cultured in amino acid screening media
that were missing 1 speciﬁc amino acid, and cell growth was
evaluated. After this ﬁrst selection, we conducted a further evaluation of cell growth in response to the addition of 4 amino acids
(cysteine, methionine, valine, and arginine) to amino acid-free
culture media. We then evaluated the antioxidant effect of cysteine
compared with other antioxidants in terms of apoptosis of HCECs,
rabbit corneal endothelial cell (CECs), monkey CECs, and ex vivo
human donor corneas.

Results: Culture in an amino acid-free Dulbecco Modiﬁed Eagle
Medium (DMEM) decreased the cell numbers to 11.0% when compared
with culture in normal DMEM. Removal of cysteine, methionine, valine,
or arginine from DMEM signiﬁcantly suppressed cell numbers (27.7%,
61.4%, 75.5%, and 60.6%, respectively) (P , 0.01), whereas removal of
other amino acids did not signiﬁcantly decrease cell numbers. A lack of
cysteine induced apoptosis, but addition of antioxidants reversed this.
Removal of cysteine induced in vitro apoptosis in HCECs, rabbit CECs,
monkey CECs, and ex vivo human donor corneas, whereas the presence
of cysteine almost completely suppressed this apoptosis.
Conclusions: Cysteine seems to be an indispensable amino acid
for HCEC growth and survival. Its necessity might reﬂect a high
requirement for antioxidants to protect HCECs from oxidative stress,
as HCECs have high aerobic metabolic activity.
Key Words: amino acid, corneal endothelial cells, antioxidant
(Cornea 2017;0:1–7)

C

orneal transplantation is presently the only therapy for
treating corneal endothelial dysfunction, but new therapeutic options using tissue-engineering techniques are now
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attracting the attention of a number of researchers.1–5 For
instance, we have shown that the use of a Rho kinase inhibitor
promotes efﬁcient engraftment of cultured corneal endothelial
cells (CECs) and that injection of CECs in the form of a cell
suspension can regenerate the corneal endothelium in rabbit
and monkey corneal endothelial dysfunction models.6,7
Moreover, in 2013, we started a clinical trial involving cell
injection therapy at Kyoto Prefectural University of Medicine
(Clinical trial registration: UMIN000012534). This clinical
trial involves isolation and culture of CECs from human
donor corneas. These cultured cells are then injected, together
with a Rho kinase inhibitor, into the anterior chamber of the
eye (unpublished data). Further clinical data are still required
from this ongoing trial, but evidence is accumulating that
conﬁrms the safety and efﬁcacy of this novel cell-based
therapy as a treatment for corneal endothelial dysfunction.
Cultured CECs for clinical use undergo multiple
preparation steps before they are injected by physicians into
a patient’s eye in the operating room: 1) in vitro expansion
(isolation from donor corneas, primary culture on a culture
plate, and passage culture),8–10 2) preparation and transportation of CECs in the form of a cell suspension (recovery
from the culture plate and suspension in the injection
vehicle),11 and 3) injection into the anterior chamber of the
eye. Hence, CECs are unavoidably kept under nonphysiological conditions from the time they are isolated from the
donor corneas to the time they are injected in the clinical
setting. Therefore, the media and vehicles used for these CEC
preparation steps should be optimized to minimize exposure
to stress by the cells destined for clinical use.
In this study, we conducted experiments to examine
which amino acid(s) among the 20 standard protein amino
acids is indispensable for survival of isolated human corneal
endothelial cells (HCECs). Our aim was to identify amino
acids that were absolutely required in the media and vehicles
used for cell preparation to minimize damage to HCECs
being cultured for use in cell-based therapy.

MATERIALS AND METHODS
Ethics Statement
Human corneas were handled in accordance with the
tenets set forth in the Declaration of Helsinki. Informed
written consent regarding eye donation for research was
obtained from the next of kin of deceased donors. Donor
corneas were obtained from SightLife (Seattle, WA). All
www.corneajrnl.com |
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tissue was recovered under the tenets of the Uniform
Anatomical Gift Act (UAGA) of the particular state in which
the donor consent was obtained and in which the tissue was
recovered. Cynomolgus monkey corneas were provided by
Nissei Bilis Co, Ltd (Otsu, Japan) after they were killed by an
overdose of intravenous pentobarbital sodium for other
research purposes. The protocols for the general welfare of
the monkeys and the procedures for isolation of the corneas
were approved by the institutional animal care and use
committee of Nissei Bilis Co, Ltd

Preparation of HCEC Culture Medium
The culture medium for HCECs was prepared as
described previously.9,12 Brieﬂy, conﬂuent NIH-3T3 ﬁbroblasts
were incubated for 2 hours with 4 mg/mL mitomycin C (Kyowa
Hakkko Kirin Co, Ltd, Tokyo, Japan), and then seeded onto
plastic dishes at a cell density of 2 · 104 cells/cm2. The attached
cells were then washed 3 times with Ca2+- and Mg2+-free
phosphate-buffered saline (PBS), and the medium was replaced
with a basal culture medium containing OptiMEM-I (Life
Technologies, Carlsbad, CA), 8% fetal bovine serum (FBS), 5
ng/mL epidermal growth factor (Sigma-Aldrich, St. Louis,
MO), 20 mg/mL ascorbic acid (Sigma-Aldrich), 200 mg/L
calcium chloride, 0.08% chondroitin sulfate (Sigma-Aldrich),
and 50 mg/mL of gentamicin (Life Technologies). The NIH3T3 cells were maintained for an additional 24 hours, and then
the medium was collected and centrifuged at 2000g for
10 minutes. The supernatant was ﬁltered through a 0.22-mm
ﬁltration unit (EMD Millipore Corporation, Billerica, MA) and
used as an HCEC culture medium.

Cultivation of HCECs
Four human donor corneas (from persons older than 40
yrs) were used for HCEC cultivation, as described previously.9,12 Brieﬂy, the Descemet membrane–corneal endothelium complex was stripped and digested with 1 mg/mL

Cornea  Volume 0, Number 0, Month 2017

collagenase A (Roche Applied Science, Penzberg, Germany)
at 37°C for 2 hours, followed by washing with OptiMEM-I.
The HCECs obtained from the individual donor corneas were
resuspended in the human CEC culture medium prepared as
described above and plated into 2 wells of a 12-well plate
coated with FNC Coating Mix (Athena Environmental
Sciences, Inc, Baltimore, MD). The HCECs were maintained
in a humidiﬁed atmosphere at 37°C in 5% CO2, and the
culture medium was replaced with a fresh medium every 2
days. When the cells reached conﬂuency (in 14–28 d), they
were rinsed with PBS, trypsinized with 0.05% trypsin–
ethylenediaminetetraacetic acid (EDTA) (Life Technologies)
for 5 minutes at 37°C, and passaged at 1:2 ratio.

Rabbit and Monkey CEC Culture
Four rabbit eyes and 2 monkey eyes were used for the
rabbit corneal endothelial cell (RCEC) culture and monkey
corneal endothelial cell (MCEC) culture, respectively. The
culture protocol was described previously.4,6 Brieﬂy, Descemet membrane with RCECs or MCECs was stripped and
incubated in 0.6 U/mL of Dispase II (Roche Applied Science)
to release the CECs. The isolated CECs were resuspended in
the culture medium and seeded on a culture plate coated with
FNC Coating Mix (Athena Environmental Sciences, Inc). All
primary cell cultures and serial passages were performed in
a growth medium composed of Dulbecco Modiﬁed Eagle
Medium (DMEM; Nacalai Tesque, Kyoto, Japan) supplemented with 10% FBS, 50 U/mL penicillin, 50 mg/mL
streptomycin, and 2 ng/mL ﬁbroblast growth factor 2
(Life Technologies).

Screening of Indispensable Amino Acid
for HCECs

As the ﬁrst selection, the effect of removal of individual
amino acids was evaluated using amino acid-free DMEM
(hereafter referred to as Zero medium; gifted from Ajinomoto

FIGURE 1. Screening of the indispensable amino acid for HCECs. A,
HCECs were seeded at a cell density
of 5.0 · 103 cells/cm2 per well in
a 96-well plate and were further
cultured for 48 hours. The effect of
removal of an individual amino acid
was evaluated by replacing the culture medium with DMEM from
which 1 of 20 amino acids was
removed: [glycine (gly), alanine
(ala), serine (ser), threonine (thr),
cysteine (cys), methionine (met),
glutamine (gln), asparagine (asn),
glutamic acid (glu), aspartic acid
(asp), valine (val), leucine (leu), isoleucine (ile), phenylalanine (phe),
tyrosine (tyr), tryptophan (trp), lysine (lys), arginine (arg), histidine (his), and proline (pro)]. DMEM and Zero medium (amino
acid-free DMEM culture medium) were used as controls. The number of viable cells was determined after 72 hours of cultivation.
*P , 0.01. B, Four amino acids (cysteine, methionine, valine, and arginine) were added to Zero medium, and the effect of each
amino acid was evaluated on cell numbers. *P , 0.01. Experiments were performed in triplicate.
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Co, Inc, Tokyo, Japan), and DMEM from which only 1 of
each of the 20 protein amino acids was removed (gifted from
Ajinomoto Co, Inc). HCECs were seeded at a cell density of
5.0 · 103 cells/cm2 per well on a 96-well plate with DMEM
and were further cultured for 48 hours. The culture medium
was then replaced with fresh DMEM, Zero medium, or
DMEM from which 1 amino acid was removed, and the cells
were further cultured for 72 hours. After this ﬁrst selection,
HCECs were cultured in culture media containing only 1 of
the 4 most effective amino acids and cell survival was
reevaluated. Namely, the effect of supplementation of cysteine (0.5 mM), methionine (0.5 mM), valine (0.5 mM),
arginine (0.5 mM), or their combinations with Zero medium
was evaluated. The effects of N-acetylcysteine (NAC; Sigma-

Role of Cysteine in Survival of HCECs

Aldrich) (0.05 mM) and ascorbic acid (Wako Pure Chemical
Industries, Ltd, Osaka, Japan) (0.1 mM) were also evaluated.
The number of viable cells was determined by a CellTiter-Glo
Luminescent Cell Viability Assay using a Veritas Microplate
Luminometer (Promega, Fitchburg, WI) according to the
manufacturer’s protocol. Six samples were prepared for each
group. Cell morphology was determined by phase contrast
microscopy, and cell density was measured using ImageJ
software (US National Institutes of Health, Bethesda, MD).

Effect of Amino Acid on Apoptosis
HCECs, RCECs, and MCECs were cultured until
conﬂuency, and then further cultured at 37°C for 72 hours

FIGURE 2. Effect of a combination of 4 screened amino acids on HCEC viability. A and B, HCECs were seeded at a cell density of
5.0 · 103 cells/cm2 per well in a 96-well plate and were further cultured for 48 hours. The culture medium was replaced with
a fresh medium consisting of Zero medium (amino acid-free DMEM culture medium) supplemented with cysteine, methionine,
valine, or arginine. After 72 hours, cells were observed by phase contrast microscopy. The number of viable cells was determined
after 72 hours of cultivation. *P , 0.01. C and D, HCECs were cultured in Zero medium or Zero medium supplemented with
cysteine until they formed a contact-inhibited sheet-like structure. Cell morphology and density were evaluated by phase contrast
microscopy. Scale bar: 50 mm. *P , 0.01. Experiments were performed in triplicate.
Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.
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in Zero medium, Zero medium supplemented with cysteine
(0.05 mM), or Zero medium supplemented with cystine (the
oxidized dimer form of cysteine; Sigma-Aldrich) (0.05
mM). For ex vivo analysis, 4 human corneas were cut into
4 pieces and cultured at 37°C for 72 hours in Zero medium,
or Zero medium supplemented with cysteine (0.05 mM) or
ascorbic acid (0.1 mM). After cultivation, the culture
medium was replaced with fresh DMEM supplemented with
Annexin V and propidium iodide (PI) (Medical & Biological
Laboratories Co, Ltd, Aichi, Japan) for 5 minutes. The cells
were then ﬁxed for 20 minutes with 4% paraformaldehyde,
and excess paraformaldehyde was removed by washing with
PBS. Nuclei were stained with DAPI (Vector Laboratories,
Burlingame, CA). The slides were examined with a ﬂuorescence microscope (TCS SP2 AOBS; Leica Microsystems,
Wetzlar, Germany).

Statistical Analysis
Statistical signiﬁcance (P value) in mean values of the
2-sample comparison was determined with the Student t test.
Statistical signiﬁcance in the comparison of multiple sample
sets was analyzed with the Dunnett multiple-comparisons
test. P , 0.05 was considered as statistically signiﬁcant.
Results were expressed as mean 6 SEM.

RESULTS
Screening of the Indispensable Amino Acid
for Corneal Endothelium
We screened for amino acids indispensable to corneal
endothelium survival by culturing HCECs in amino acid-free
DMEM culture medium (Zero medium) or in media in which
1 amino acid (glycine, alanine, serine, threonine, cysteine,
methionine, glutamine, asparagine, glutamic acid, aspartic
acid, valine, leucine, isoleucine, phenylalanine, tyrosine,
tryptophan, lysine, arginine, histidine, or proline) was
removed. Cell numbers were decreased to 11.0% by Zero

medium after 72 hours of cultivation when compared with
culture in DMEM. Removal of cysteine, methionine, valine,
or arginine signiﬁcantly suppressed cell numbers (27.7%,
61.4%, 75.5%, and 60.6%, respectively) (P , 0.01), whereas
removal of any of the other amino acid did not signiﬁcantly
alter cell numbers (Fig. 1A). We next added cysteine,
methionine, valine, or arginine to Zero medium and evaluated
the effect of each amino acid on cell numbers. Only
supplementation with cysteine to Zero medium signiﬁcantly
increased cell numbers (P , 0.01) (Fig. 1B). Next, we
evaluated the combination of all 4 amino acids. Phase contrast
images showed that HCECs cultured with medium supplemented with cysteine showed similar cell morphology and
conﬂuency to cells cultured in DMEM (Fig. 2A). Cell
numbers were similar when the other amino acids were
added in addition to cysteine, although cell numbers were
slightly increased when HCECs were cultured with medium
supplemented with cysteine and methionine or with cysteine,
methionine, valine, and arginine, when compared with
cysteine alone (P , 0.01) (Fig. 2B).
Cell density is accepted as one of the most important
indicators of corneal endothelium health. Therefore, we
cultured HCECs until they formed contact-inhibited sheetlike structures, and then we evaluated cell morphology and
density. Phase contrast images showed that supplementation
with cysteine alone enabled formation of the sheet-like
structure with hexagonal morphology seen after DMEM
culture and resulted in a cell density similar to that seen with
DMEM culture (Figs. 2C, D).

Effect of Cysteine and Antioxidants on the
Survival of Corneal Endothelial Cells
We examined the effect of cysteine concentration on
corneal endothelium survival by culturing HCECs in Zero
medium supplemented with various concentrations of cysteine for 72 hours. Cell numbers were signiﬁcantly increased by
cysteine, when added at 0.00195 to 0.5 mM (especially

FIGURE 3. Effect of cysteine and
antioxidants on the survival of
HCECs. A, HCECs were seeded at
a cell density of 5.0 · 103 cells/cm2
per well in a 96-well plate and were
further cultured for 48 hours. The
medium was replaced with a fresh
medium consisting of Zero medium
(amino acid-free DMEM culture
medium) supplemented with cysteine at various concentrations. The
number of viable cells was determined after 72 hours of cultivation.
*P , 0.01. B, HCECs were seeded in
Zero medium supplemented with
cysteine (0.5 mM), N-acetylcysteine
(NAC, 0.05 mM), and ascorbic acid
(0.1 mM), and the number of viable
cells was determined after 72 hours
of cultivation. *P , 0.01. Experiments were performed in duplicate.
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FIGURE 4. Effect of cysteine on apoptosis. A and B, HCECs were seeded and cultured until confluent. The culture medium was
then replaced with Zero medium (amino acid-free DMEM culture medium), Zero medium supplemented with cysteine, or Zero
medium supplemented with cystine, which is the oxidized dimer form of cysteine and is a more stable form of cysteine. After 72
hours of cultivation, the antiapoptotic effects of cysteine and cystine were evaluated by Annexin V and PI staining. Nuclei were
stained with DAPI. The percentage of PI-positive cells was plotted in a graph. Scale bar: 50 mm. *P , 0.01. C and D, The
antiapoptotic effect of cysteine and cystine was evaluated in cultured RCECs. Scale bar: 50 mm. *P , 0.01. E and F, The antiapoptotic effect of cysteine and cystine was evaluated in cultured MCECs. All experiments were performed at least in triplicate.
Scale bar: 50 mm. *P , 0.01.
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0.00781–0.25 mM) (Fig. 3A). Cysteine plays various
important roles in the regulation of biological functions, and
its strong antioxidant property is one of its characteristic
features.13–16 We evaluated the effect of other antioxidants on
HCECs and demonstrated that NAC and ascorbic acid also
prevented the decrease in the cell number induced by a lack of
cysteine (Fig. 3B).
We next evaluated the protective role of cysteine and its
more stable dimer form, cystine, on cell survival. Annexin V
and PI staining showed that almost all HCECs, after 72 hours
of cultivation in Zero medium, were Annexin V-positive,
early apoptotic cells or were PI-positive, late apoptotic cells.
By contrast, HCECs cultured in Zero medium supplemented
with cystine or cysteine showed little apoptosis (P , 0.01)
(Figs. 4A, B). Likewise, cystine and cysteine signiﬁcantly
suppressed cell death of cultured RCECs (Figs. 4C, D) and
MCECs (Figs. 4E, F) (P , 0.01).
We conducted ex vivo experiments using human donor
corneas. After 72 hours of organ culture in Zero medium,
Annexin V-positive early apoptotic cells or PI-positive late
apoptotic cells were evident, whereas very few positive cells
were observed after culture in Zero medium supplemented
with cystine or ascorbic acid (Fig. 5A). The percentage of PIpositive, late apoptotic cells was 89.2% in Zero medium, but
almost no PI-positive cells were observed after culture in
Zero medium supplemented with cystine or ascorbic acid
(P , 0.01) (Fig. 5B).

DISCUSSION
Amino acid metabolism is a central part of cellular
metabolic homeostasis. The 20 protein amino acids make
fundamental contributions to cellular functions, such as
biosynthesis of proteins, nucleotides, lipids, glutathiones,
and polyamines.17 Amino acid metabolism is ﬂexible and
highly dependent on the type of tissues and environment.17
However, the effects of amino acids on corneal endothelium function remain unclear. In this study, we screened
the 20 protein amino acids using specially designed media
lacking 1 speciﬁc amino acid and showed that cysteine,
methionine, valine, and arginine play important roles in the
survival of CECs. We demonstrated that CEC survival and
growth were severely impaired in the absence of cysteine in
the culture medium, but the CECs showed surprising

survival when cultured in media deﬁcient in other
amino acids.
Cysteine is required for general protein biosynthesis,
but it is unique because it is also required for the biosynthesis
of glutathione, in which it is a rate-limiting precursor.13–16
Glutathione is a tripeptide thiol consisting of glutamate,
cysteine, and glycine and is essential for the prevention of
damage induced by reactive oxygen species (ROS), which
generate free radical peroxides and lipid peroxides.15,18,19
ROS are produced as a consequence of cellular activity,
including the activity of mitochondria and NADPH oxidases.
When ROS production exceeds the capacity of the cell to
reduce them, ROS can damage DNA, lipids, and proteins.18,19
One role of glutathione is to reduce ROS, but intracellular
glutathione has a short half-life. Consequently, a lack of
cysteine results in rapid glutathione depletion.20 In this study,
the presence of cysteine, but not other amino acids, was found
to be crucial for CEC survival. The short half-life of
glutathione could be a reasonable explanation for the ﬁnding
that CECs require cysteine from the environment (from the
culture medium in the current experiments).
One phenotypic feature of CECs is their metabolic
pump function, by which transporters for sodium (Na+) and
bicarbonate (HCO32) maintain an osmotic gradient. This
pump function requires metabolic energy, and the numerous
mitochondria in CECs give these cells the second highest
aerobic metabolic rate among cells in the eye (the retinal
photoreceptors have the highest rate).21 Much research has
indicated that CECs are sensitive to ROS, probably because
of their high aerobic metabolic activity.22–27 The corneal
endothelium always contains high levels of antioxidants
under physiological conditions in the form of glutathione
and ascorbic acid, which are highly regulated in the aqueous
humor.21 We showed that antioxidants such as NAC and
ascorbic acid attenuated the cell death attributed to the lack of
cysteine. Likewise, Kim et al28 reported that addition of NAC
to cultured bovine CECs counteracted cell death mediated by
oxidative stress or endoplasmic reticulum stress. These results
support an important antioxidant role of cysteine in counteracting the ROS arising from the high aerobic metabolic
activity of the CECs.
ROS are often discussed in the context of oxidative
stress, but ROS are not only a toxic byproduct of mitochondrial respiration, they are also involved in physiological cell

FIGURE 5. Ex vivo evaluation of the
antiapoptotic effect of cysteine. A,
Human donor corneas were cultured
in Zero medium (amino acid-free
DMEM culture medium), or in Zero
medium supplemented with cysteine
(0.05 mM) or ascorbic acid (0.1 mM)
at 37˚C. After cultivation for 72
hours, samples were stained with
Annexin V and PI. Nuclei were
stained with DAPI. Scale bar: 50 mm.
B, The percentages of PI-positive
cells were plotted in a graph. *P ,
0.01. Experiments were performed
with 4 independent donor corneas.
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signaling processes regulated by oxidative conditions.29
ROS-dependent posttranslational modiﬁcations often involve
the thiol side chain of cysteine (the most sensitive redox
transformation), which suggests an important role of cysteine
in redox regulation.16 Indeed, abnormal levels of cysteine
cause various disease conditions, including slow growth in
children, liver damage, edema, lethargy, impaired survival in
HIV-infected individuals, metabolic disorders, and tumor
progression.13,30 Further research is needed to elucidate the
role of cysteine in oxidative posttranslational modiﬁcations
in CECs.
We originally intended to conduct this study to
optimize the amino acid formula for the culture medium
and transportation and injection vehicles required to sustain
CECs used in the settings of cell-based therapy. The ﬁnding
that an absolute requirement was evident only for cysteine
was unexpected. However, the ﬁnding that CECs can
survive without supplementation with other amino acids
suggests that the roles of other amino acids, apart from
cysteine, can be maintained by intracellular production.
This ﬁnding may also reﬂect the ﬂexibility and redundancy
of the other amino acids in terms of their biological roles.
One limitation of our study is that cysteine, which we found
indispensable for CECs, is included in many of the
commonly used culture media, and then we could not offer
a new culture medium or vehicle including appropriate
combination of amino acids. However, our data are still
important, as we provide evidence that the culture medium
usually used for CEC cultivation includes sufﬁcient quantities of all amino acids. In addition, our results indicate that
CECs are easily impaired by oxidative stress and require
sufﬁcient antioxidants in their surrounding environment.
In conclusion, amino acid screening demonstrated that
cysteine is an indispensable amino acid for the growth and
survival of CECs. This necessity might reﬂect the high
requirement for antioxidants to protect CECs from ROS, as
CECs have high aerobic mitochondrial activity because of
their vital pump functions in the eye. Precautions should
therefore be taken to protect CECs from oxidative stress
throughout the whole procedure used to prepare these cells
for cell-based therapy.
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ROCK (Rho kinase) signaling regulates a wide spectrum of fundamental cellular events and is involved in a variety of pathological
conditions. It has therefore attracted research interest as a potential therapeutic target for combating various diseases. We showed
that inhibition of ROCK enhances cell proliferation, promotes cell adhesion onto a substrate, and suppresses apoptosis of corneal
endothelial cells (CECs). In addition, we reported that a ROCK inhibitor enhances wound healing in the corneal endothelium in
animal models and in pilot clinical research. We also demonstrated the usefulness of a ROCK inhibitor as an adjunct drug in
tissue engineering therapy as it enhances the engraftment of CECs onto recipient corneas. In 2013, we initiated a clinical trial to
test the eﬀectiveness of injection of cultured human CECs into the anterior chamber of patients with corneal endothelial
decompensation. This paper reviews the accumulating evidence supporting the potency of ROCK inhibitors in clinical use, both
as eye drops and as adjunct drugs in cell-based therapies, for the treatment of corneal endothelial decompensation.

1. Introduction
The corneal endothelium, through its pump-and-leak barrier
functions, maintains corneal transparency by regulating the
amount of water inside the corneal stroma. One clinical feature of the corneal endothelial cell (CEC) phenotype is poor
regenerative ability, as CECs have severely limited proliferative capacity [1]. Consequently, any damage to the corneal
endothelium is repaired by compensatory migration and
spreading of the residual CECs to cover the wounded area,
with a resulting drop in the CEC density. This density is typically 2000–2500 cells/mm2 in a normal subject, and a drop
below a critical level, usually less than 500–1000 cells/mm2,
can result in a hazy cornea due to decompensation of
the corneal epithelium.
The only current therapeutic choice for treating corneal
endothelial decompensation is corneal transplantation using
donor corneas [2]. Penetrating keratoplasty, in which a
whole-thickness cornea is replaced with a donor cornea,
has been performed since 1906 [3]. Descemet’s stripping

endothelial keratoplasty (DSEK) was introduced in the clinical setting in the last decade to reduce the invasiveness of
penetrating keratoplasty and to improve clinical outcomes
and is now performed routinely worldwide, largely replacing
penetrating keratoplasty. The further introduction and gradual adoption of Descemet’s membrane endothelial keratoplasty (DMEK) is now resulting in higher recovery of visual
quality even in comparison to DSEK [4].
The evolution of surgical procedures has enabled less
invasive treatment of corneal endothelial decompensation
with better clinical outcomes. However, these surgeries still
have associated issues, such as the diﬃculty of the actual
surgical technique, graft rejection, acute and chronic cell
loss, and the shortage of donor corneas. Therefore, new and
innovative therapies are still in great demand. One research
direction focuses on tissue engineering therapy, and another
is pharmaceutical treatment (Figure 1). We have proposed
the use of Rho kinase (ROCK) inhibitors for both pharmaceutical and tissue engineering treatments, and our preliminary results in clinical research indicate success for both
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Figure 1: Future treatment strategies for corneal endothelial decompensation. Pharmaceutical treatments and tissue engineering therapies
are possible innovative therapeutic modalities. Reproduced from Okumura [49].

applications. This review provides an overview of the
research into ROCK inhibitors and their potential for the
clinical treatment of corneal endothelial decompensation.

2. ROCK Signaling as a Potent Therapeutic
Target for Various Diseases
Rho is a small GTPase that is activated by guanine nucleotide
exchange factors (GEFs). Upon binding to GTP, RhoA activates ROCK, a serine/threonine kinase that phosphorylates
various substrates. ROCK, initially isolated as a GTP-bound
protein, has two isoforms, ROCK I and ROCK II, which
share a 60% similarity in amino acid sequence and a 90%
similarity in the kinase domain [5, 6]. ROCK signaling regulates a wide spectrum of fundamental cellular events, such as
cell adhesion, motility, proliferation, diﬀerentiation, and apoptosis [6, 7]. ROCK signaling is involved in variety of diseases, including vascular disease, cancer, asthma, insulin
resistance, kidney failure, osteoporosis, neuronal degenerative disease, and glaucoma [8–10]. ROCK signaling has
therefore attracted interest as a potential therapeutic target
for these diseases.
Two ROCK inhibitors have been approved for use in the
clinical setting. Fasudil was approved in 1995 in Japan, where
it is used to suppress cerebral vasospasm by inhibition of
actomyosin contraction [9]. Ripasudil was approved in Japan
in 2014 in an eye drop form to increase the outﬂow of the
aqueous humor as a treatment for glaucoma and ocular
hypertension [11].
The importance of ROCK signaling is generally accepted
in a wide spectrum of cellular events and pathological conditions; however, its role varies depending on cell type and cell
status [12]. In 2009, we found that the use of a selective
ROCK inhibitor, Y-27632, enhanced CEC proliferation,
promoted CEC adhesion onto a substrate, and suppressed
CEC apoptosis [13]. These ﬁndings conﬁrmed that the use
of a ROCK inhibitor could greatly improve our ability to
culture CECs for subsequent application in tissue engineering therapies. However, we quickly discovered that
the beneﬁts of ROCK inhibitor use were not limited only
to eﬃcient cell cultivation.

3. ROCK Inhibitors Can Promote Wound
Healing in the Corneal Endothelium
Early studies showed that inactivation of Rho blocks serumstimulated DNA synthesis, whereas activation of RhoA
induces G1/S progression in 3T3 ﬁbroblasts [14, 15]. A
majority of subsequent studies conﬁrmed that inhibition of
the Rho/ROCK signaling pathway suppresses cell cycle progression in various types of cells, including lung carcinoma,
melanoma, and kidney tumor cells [16–18]. However,
our analysis showed that treatment of CECs with a ROCK
inhibitor increased cyclin D levels and suppressed phosphorylation of p27kip1 by activation of phosphatidylinositol
3-kinase signaling [19]. Cyclin D and p27 are regulators of
the G1/S progression, so this explained how ROCK inhibition
promoted the proliferation of CECs [19]. Subsequent
researchers also demonstrated that the use of the ROCK
inhibitor Y-27632 increased cell proliferation [20], although
one study found no enhanced CEC proliferation following
Y-27632 treatment [21]. Peh and colleagues explained this
discrepancy by suggesting that CECs derived from young
donors are more responsive to Y-27632 and the eﬀect of
ROCK inhibition can vary depending on the status of the
cornea [20]. More studies are needed to clarify the role of
corneal status on the response to ROCK inhibitors and
promotion of CEC proliferation.

4. ROCK Inhibitor Eye Drops Promote Wound
Healing in the Corneal Endothelium of
Animal Models
The administration of a ROCK inhibitor in an eye drop form
promoted corneal endothelial wound healing in a rabbit
model in which the central corneal endothelium was
damaged with a stainless steel cryoprobe (6 mm diameter)
[19, 22]. Two ROCK inhibitors, Y-27632 and Y-39983,
enhanced the rate of wound healing and accelerated the
recovery of corneal transparency. The numbers of Ki67positive proliferating cells were also increased by administration of the eye drops, suggesting that ROCK inhibition
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Figure 2: Eﬀect of Y-27632 on wound healing in a corneal endothelial damage rabbit model. (a) Half of the corneal endothelium area was
mechanically scraped. Y-27632 (10 mM) diluted in phosphate-buﬀered saline (PBS) was applied topically 6 times daily, and PBS was
applied 6 times daily as a control. Corneal transparency was assessed by slit-lamp microscopy for 14 days (n = 6). Representative anterior
segment images are shown. (b, c) Anterior segments were also evaluated with a Pentacam®. Representative Scheimpﬂug images and
corneal thickness maps obtained with the Pentacam HR are shown. Values in the corneal thickness map are indicated in μm. Reproduced
from Okumura et al. [27].

promoted CEC proliferation both in vitro and in vivo.
However, the rabbit corneal endothelium has proliferative
ability, whereas this ability is limited in the primate model
and in humans [23–25]. We conﬁrmed that ROCK inhibitor
eye drops promoted similar corneal endothelial wound
healing in the primate animal model to that observed in
the rabbit model [26].
The cryoprobe damaged both the corneal epithelium
and the corneal endothelium, so we used a diﬀerent rabbit
model, in which a semicircular area accounting for 50% of
the corneal endothelium was scraped from the Descemet’s
membrane with a 20-gauge silicone needle [27, 28]. The
use of ROCK inhibitor eye drops in this surgical model
also resulted in enhanced wound healing and a signiﬁcant
increase in Ki67-positive proliferating cells when compared with the use of the vehicle in control eyes. Five
out of 6 control eyes exhibited hazy corneas due to corneal
endothelial decompensation after 2 weeks, but 6 out of 6

eyes treated with Y-27632 drops exhibited transparent corneas (Figure 2).

5. Are ROCK Inhibitor Eye Drops Clinically
Useful for the Treatment of Fuchs
Endothelial Corneal Dystrophy?
We obtained approval from the institutional review board of
the Kyoto Prefectural University of Medicine in 2010 to test
ROCK inhibitor eye drops as a treatment for corneal endothelial dysfunction (approval number C-626-2) [26, 29].
Eight patients with corneal endothelial dysfunction who were
scheduled for DSEK were enrolled in our clinical research
study. Patients were categorized into 2 groups: (1) a central
edema group, whose corneal edema was evident in the
corneal center and who had a relatively transparent area
remaining in the peripheral area (all 4 patients in this

4

Journal of Ophthalmology
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Figure 3: Clinical research on the use of ROCK-inhibitor Y-27632 eye drops for treatment of corneal decompensation. A representative case
of a patient with central corneal edema due to Fuchs endothelial corneal dystrophy is shown. Before treatment, central corneal edema was
observed (a), but the corneal edema was eliminated and visual acuity recovered from logMAR 0.70 to −0.18 after 6 months of treatment
(b). Reproduced from Okumura et al. [26].

group had diagnoses of early- to intermediate-stage Fuchs
endothelial corneal dystrophy), and (2) a diﬀuse edema
group, whose corneal edema was observed throughout
the cornea, from the center to the periphery. The central
corneal endothelium was removed with a 2 mm diameter
stainless cryoprobe, and the eyes were then treated with
Y-27632 eye drops (10 mM) applied 6 times daily for 7
days. The limited number of patients precluded obtaining
statistically signiﬁcant diﬀerences, but a clear trend was
observed for a reduction in central corneal thickness in
the central edema group, but not in the diﬀuse edema
group, in response to the eye drop treatment. Notably,
one patient in the central edema group, a 52-year-old Japanese male diagnosed with late-onset Fuchs endothelial
corneal dystrophy, showed a dramatic recovery. His pretreatment central corneal thickness of 703 μm and visual
acuity of 20/63 recovered to 568 μm and 20/20, respectively, after the ROCK inhibitor treatment (Figure 3). Contact specular microscopy showed that the average corneal
endothelial densities in the central and peripheral cornea
were 1549 ± 90 and 705 ± 61 cells/mm2, respectively, after
18 months. We were unable to perform specular microscopy in the central cornea because of the edema that
existed before the treatment, but mild guttae were
detected, mainly from the central to the paracentral area,
after treatment [26, 29]. The limitation of this pilot clinical
research was the small number of the patients and the
absence of control cases who underwent the same central
corneal endothelial removal with the cryoprobe but not
with the ROCK inhibitor treatment. In addition, transcorneal freezing with a cryoprobe probably removes only
corneal endothelial cells but not Descemet’s membrane
with guttae. A further study is necessary to determine
whether corneal endothelial cells repopulate on the guttae
and retain a functional status or whether the cryoprobe
aﬀects the guttae. The inﬂammatory response due to
damaged epithelial cells and keratocytes can aﬀect the
corneal endothelial wound healing process. Accordingly,
several other research groups have recently tested the eﬀect
of ROCK inhibitor eye drops for the treatment of earlystage Fuchs endothelial corneal dystrophy following Descemet’s membrane removal instead of cryoprobe removal of

the central corneal endothelium, but the clinical response
seems to be controversial [30–32]. Further randomized
clinical trials in larger cohorts are necessary to validate
the eﬀectiveness of ROCK inhibitor eye drops as a treatment
for Fuchs endothelial corneal dystrophy.

6. Are ROCK Inhibitor Eye Drops Effective at
Preventing Postcataract Surgery Corneal
Decompensation?
Another possible indication for ROCK inhibitor administration is acute corneal endothelial damage, especially that
occurring during cataract surgery. Corneal decompensation
following cataract surgery is one of the leading causes of corneal transplantation in many countries, accounting for 12.2%
and 20–40% of the corneal transplantations performed in the
United States and in Asian countries, respectively [33–35].
The factor that determines whether the cornea becomes
transparent or undergoes corneal decompensation is the
density of CECs available for redistribution. Corneal haze
will occur if the CEC density is insuﬃcient. We hypothesized
that ROCK inhibitor eye drops could in fact promote the
proliferation of the residual CECs following corneal endothelial damage and increase the numbers of CECs available
for coverage, thereby reducing the risk of corneal decompensation [36].
Our ﬁndings are preliminary, but our evaluation of the
safety and eﬀectiveness of ROCK inhibitor eye drops supports their use as a treatment for corneal endothelial damage [27]. Two patients were referred to the cornea clinic in
Kyoto Prefectural University of Medicine after more than
half of the area of the Descemet’s membrane was accidentally removed during cataract surgery. One additional
patient had undergone cataract surgery and removal of
an iris cyst that had formed following a previous eye
trauma, and almost half of the area of the cornea was
exposed where the iris cyst was removed. All three
patients showed severe corneal edema after surgery and
were at high risk for subsequent corneal decompensation.
However, the administration of ROCK inhibitor eye drops
led to the recovery of corneal transparency within 1-2
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Figure 4: Pilot clinical research on the use of ROCK inhibitor eye
drops for the treatment of acute corneal endothelial damage due
to cataract surgery. (a) An 84-year-old female diagnosed with
cataract underwent phacoemulsiﬁcation. During the surgery, the
Descemet’s membrane was spontaneously detached from the
upper incision tunnel and over 2/3 was aspirated. The patient was
referred to the cornea clinic of Kyoto Prefectural University of
Medicine due to severe corneal edema. The patient was treated
with the 1 mM Y-27632 eye drops for 6 months. At 2 weeks,
the cornea had recovered its clarity, and the patient’s visual
acuity had improved to 20/20 at 3 months. (b) Panoramic
image of the corneal endothelium, evaluated by contact specular
microscopy after 3 months. The Descemet’s removal line is
indicated as a white dotted line. Reproduced from Okumura
et al. [27].

months in all three eyes (Figure 4). Recovery time tends to
be faster than previously reported, where patients with iatrogenic Descemet’s membrane removal during cataract
surgery spontaneously recovered corneal clarity within 1–
6 months [37–39]. However, further randomized clinical
trials are needed to validate these ﬁndings and to conﬁrm
the eﬀectiveness of ROCK inhibitors as a treatment for corneal endothelial damage. However, the positive ﬁndings from
these preliminary clinical cases have motivated us to develop
ROCK inhibitors as drugs for the treatment of corneal endothelial damage due to cataract surgery.
Ripasudil eye drops were approved in Japan as GLANATEC® ophthalmic solution 0.4% for the treatment of
glaucoma and ocular hypertension [11]. In rabbit experiments, we demonstrated that ripasudil shows similar
eﬀects on corneal endothelial wound healing as other
ROCK inhibitors [28]. Hence, repositioning of ripasudil
as a drug for corneal endothelial diseases seems to be
one possible strategy to bring ROCK inhibitors quickly
into clinical settings.

Figure 5: Schematic images of the cultured corneal endothelial
cell (CEC) injection therapy. (a) Coinjection of cultured CECs
with a ROCK inhibitor into the anterior chamber; (b) patient
in the facedown position, to allow the CECs to sink down to
the anterior chamber side of the cornea; (c) maintenance of the
facedown position for 3 hours; (d) regeneration of the corneal
endothelium by the injected cultured CECs. Reproduced from
Okumura et al. [48].

7. ROCK Inhibitor Treatment Enables
Cell-Based Therapy
Tissue engineering has been anticipated as new therapy that
can replace conventional corneal transplantation using
donor corneas. At least two possible strategies are available
for transplanting cultured CECs to recipient corneas [40].
One strategy is to make a cultured corneal endothelial sheet
and transplant it in a procedure much like DSEK or DMEK.
We and several other researchers have cultured CECs on a
substrate and transplanted the resulting CEC sheet into
animal models [41–43]. The transplanted CEC sheet
regenerated a transparent cornea in animal models, but the
transplantation of the fragile monolayer sheet into the
anterior chamber and attachment onto the back side of
the cornea involve diﬃcult surgical techniques.
The second strategy is to inject cultured CECs in the form
of a cell suspension into the anterior chamber. The CECs
injected into the anterior chamber will not spontaneously
attach to the recipient corneal epithelial layer, so magnetic
guidance or injection of CEC spheres was proposed to
enhance the CEC engraftment [44–46]. We considered cell
injection to have several advantages over sheet transplantation, including a simpliﬁed transplantation procedure, less
invasiveness to patients, easier preparation of cell stock, and
avoidance of artiﬁcial substrate use. Our ﬁnding that ROCK
inhibitor treatment enhances adhesion of CECs onto a substrate [13] prompted us to initiate animal experiments in
which cultured CECs were injected into the anterior chamber
in combination with a ROCK inhibitor. We used two animal
models of corneal endothelial dysfunction (rabbit and
cynomolgus monkey), injected cultured CECs in the form
of a cell suspension combined with a ROCK inhibitor, and
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(a) Pre-treatment

(b) Post-treatment

Figure 6: Representative images of the eﬀectiveness of cultured corneal endothelial cell (CEC) injection therapy in clinical research.
Representative slit-lamp microscopy images of the ﬁrst patient, a Japanese female with corneal endothelial decompensation induced by
argon laser iridotomy (a). After mechanical removal of an 8 mm diameter section of the corneal endothelium, cultured human CECs
together with a ROCK inhibitor were injected into the anterior chamber. Preoperative visual acuity was 0.04 due to the edema in the
corneal epithelium and stroma. The postoperative visual acuity recovered to 1.0, together with the associated recovery of corneal
transparency (b).

demonstrated regeneration of the corneal endothelium and
restoration of a transparent cornea [47, 48]. We have since
accumulated evidence that conﬁrms the safety and eﬀectiveness of cultured CEC injections in combination with a ROCK
inhibitor in animal models. The safety and functional proﬁles
of cultured human CECs for clinical use have also been carefully evaluated [48].

8. Clinical Study of Cell-Based Therapy Using
ROCK Inhibitors
In 2013, we obtained the approval from the Japanese Ministry of Health, Labour, and Welfare to initiate a ﬁrst-in-man
clinical trial of cell-based therapy to treat corneal endothelial
dysfunction at the Kyoto Prefectural University of Medicine
(Clinical trial registration: UMIN000012534) (Figure 5).
Clinical data are still under analysis, but our initial clinical
results seem to indicate that this treatment is both safe
and eﬀective. Further clinical data are anticipated that will
determine the eﬀectiveness in terms of clinical outcomes,
such as visual acuity, CEC density, and rejection rate, when
compared to conventional corneal transplantations.
Representative slit-lamp microscopy images from our
ﬁrst patient, a Japanese female with corneal endothelial
decompensation induced by argon laser iridotomy, are
shown in Figure 6. We mechanically removed an area
approximately 8 mm diameter from the corneal endothelium, without removing Descemet’s membrane, and injected
cultured human CECs in combination with a ROCK
inhibitor into the anterior chamber. The patient was kept in
a facedown position overnight to enable the injected CECs
to settle onto the Descemet’s membrane. The patient’s preoperative visual acuity was 0.04 and she had corneal epithelial
and stromal edema, whereas her postoperative visual acuity
recovered to 1.0 and was associated with the recovery of
corneal transparency (Figure 6).

9. Conclusions
We have demonstrated that ROCK inhibitors, supplied in
the form of eye drops, promote cell proliferation in animal
models and most likely in humans. However, the development of these drugs to target corneal endothelium damage
will require randomized clinical trials of (1) ROCK inhibitor
eye drop administration following central corneal endothelial
removal, either by Descemet’s membrane removal or cryoprobe treatment, for the treatment of Fuchs endothelial
corneal dystrophy and (2) ROCK inhibitor eye drop
administration for the treatment of acute corneal endothelial damage due to cataract surgery. The use of ROCK
inhibitors in tissue engineering therapy is also very promising, as indicated by the enhanced engraftment of CECs onto
recipient tissues. We have treated 31 patients with cell injection therapy at the time of this review article. The collected
data are currently undergoing an independent review to
ensure diligent assessment of our clinical results for evaluation of the safety and eﬀectiveness of this treatment.
For decades, the only therapy for the corneal endothelium has been corneal transplantation. Therefore, the promising responses to ROCK inhibitors would appear to open up
new therapeutic possibilities.
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PURPOSE. We have begun a clinical trial of a cell-based therapy for corneal endothelial
dysfunction in Japan. The purpose of this study was to investigate the usefulness of a p38
MAPK inhibitor for prevention cellular senescence in cultivated human corneal endothelial
cells (HCECs).
METHODS. HCECs of 10 donor corneas were divided and cultured with or without SB203580 (a
p38 MAPK inhibitor). Cell density and morphology were evaluated by phase-contrast
microscopy. Expression of function-related proteins was examined by immunofluorescent
staining. Cellular senescence was evaluated by SA-b-gal staining and Western blotting for p16
and p21. Senescence-associated factors were evaluated by membrane blotting array,
quantitative PCR, and ELISA.
RESULTS. Phase-contrast microscopy showed a significantly higher cell density for HCECs
cultured with SB203580 than without SB203580 (2623 6 657 cells/mm2 and 1752 6 628
cells/mm2, respectively). The HCECs cultured with SB203580 maintained a hexagonal
morphology and expressed ZO-1, N-cadherin, and Naþ/Kþ-ATPase in the plasma membrane,
whereas the control HCECs showed an altered staining pattern for these marker proteins.
HCECs cultured without SB203580 showed high positive SA-b-gal staining, a low nuclear/
cytoplasm ratio, and expression of p16 and p21. IL-6, IL-8, CCL2, and CXCL1 were observed at
high levels in low cell density HCECs cultured without SB203580.
CONCLUSIONS. Activation of p38 MAPK signaling due to culture stress might be a causative
factor that induces cellular senescence; therefore, the use of p38 MAPK inhibitor to
counteract senescence may achieve sufficient numbers of HCECs for tissue engineering
therapy for corneal endothelial dysfunction.
Keywords: corneal endothelial cells, p38 MAPK, tissue engineering therapy

he corneal endothelium plays an essential role in maintaining corneal transparency via its pump and barrier
functions.1,2 Damage to the corneal endothelium causes a
concurrent compensatory migration and enlargement of the
remaining cells to cover the damaged area due to the very
limited proliferative ability of the corneal endothelial cells
(CECs).3,4 Healthy human CECs (HCECs), with cell densities of
2500 to 3000 cells/mm2, perform the characteristic endothelial
functions, but HCECs with cell densities less than 500 to 1000
cells/mm2 are unable to regulate the water flow into stroma,
which results in stromal swelling.1,2,5 Various causes, such as
Fuchs’ endothelial corneal dystrophy, surgical trauma, transplanted cornea failure, and cytomegalovirus, can induce a cell
density drop and subsequently induce severe vision loss.6
The only therapy for corneal endothelial dysfunction has
been transplantation with donor corneas.7 Recently, endothelial keratoplasties, such as Descemet’s stripping endothelial
keratoplasty8 and Descemet’s membrane endothelial keratoplasty,9 have been performed instead of full-thickness penetrating keratoplasty, and these procedures successfully provide a
less invasive and more efficient therapy. However, problems
still exist, such as a shortage of donor corneas, the learning
curve of the surgeries, and graft failure at both acute and
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chronic phases.7 Several research groups, including ours, have
endeavored to develop tissue engineering–based approaches
that will provide a more efficient therapeutic modality than the
conventional transplantation of donor corneas.10–14 For instance, we demonstrated that corneal endothelium can be
regenerated by injecting a suspension consisting of a combination of cultured CECs and a Rho-associated kinase (ROCK)
inhibitor into rabbit and monkey corneal endothelial dysfunction models.14,15 In addition, we recently started a human
clinical trial at Kyoto Prefectural University of Medicine after
obtaining the necessary approval (Clinical trial registration:
UMIN000012534).
Several groups have reported the successful culture of
HCECs,3,16 but maintaining the cultured HCECs with the
desired morphology and function has proven difficult.17
Moreover, HCECs show a cell density drop when cultured,
especially when passaging the cells.18 Hence, the establishment
of culture protocols for HCECs has been recognized as a
bottleneck in tissue engineering therapy for the corneal
endothelium.
Cell senescence is typically triggered by activation of
signaling pathways. One likely candidate in this case is the
mitogen-activated protein kinase (MAPK) signal transduction
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Effect of a p38 MAPK Inhibitor on Corneal Endothelial Cells
pathways, which are among the most widespread mechanisms
of eukaryotic cell regulation. MAPK has four main signaling
modules: extracellular-signal-regulated kinase (ERK), ERK5,
Jun-NH2-terminal kinases (JNK), and p38 MAPK. The JNK,
ERK5, and p38 MAPK signaling pathways are activated in
response to physical stress signals, whereas the ERK pathway
is activated by mitotic stimuli. Signaling by p38 MAPK is
associated with various cellular activities, such as cell
proliferation, differentiation, migration, and apoptosis.19 In
addition, p38 MAPK plays an important role in cellular
senescence.20
In this study, we determined whether cell density drop of
HCECs under culture condition is a phenotypic feature
associated with cellular senescence. In addition, we evaluated
whether inhibition of p38 MAPK could suppress cellular
senescence.

MATERIALS

AND

METHODS

Ethics Statement
The human donor corneas used in this study were handled in
accordance with the tenets of the Declaration of Helsinki.
Informed written consent was obtained from the next of kin of
all deceased donors with regard to eye donation for research.
Donor corneas were obtained from SightLife (Seattle, WA,
USA). All tissue specimens were recovered under the tenets of
the Uniform Anatomical Gift Act of the particular state in
which the donor consent had been obtained and the tissue
recovered.

Immunofluorescent Staining
The HCECs were seeded on a 24-well cell culture plate coated
with laminin E8 fragments, and further cultured for 6 weeks
after reaching confluence. HCECs were fixed in 4% paraformaldehyde for 10 minutes at room temperature and then
incubated for an hour with 1% BSA. Cells were incubated
overnight at 48C with antibodies against ZO-1 (1:200; Thermo
Fisher Scientific, Inc., Waltham, MA, USA), N-cadherin (1:200;
BD Biosciences, San Jose, CA, USA), and Naþ/Kþ-ATPase (1:200;
Merck Millipore, Darmstadt, Germany). After washing with
PBS, either Alexa Fluor 488-conjugated goat anti-mouse (Life
Technologies) or Alexa Fluor 594-conjugated donkey antirabbit IgG (Life Technologies) was used as the secondary
antibody at a 1:1000 dilution. F-actin were stained with a 1:400
dilution of Alexa Fluor 546 conjugated phalloidin (Life
Technologies). Nuclei were stained with 4 0 ,6-diamidino-2phenylindole (DAPI) (Dojindo Laboratories, Kumamoto, Japan). The samples were examined by fluorescence microscopy
(BZ-9000; Keyence, Osaka, Japan). More information about the
antibodies is presented in Supplementary Table S1.
The nuclear/cytoplasmic area ratio was determined using
the ImageJ (http://imagej.nih.gov/ij/; provided in the public
domain by the National Institutes of Health, Bethesda, MD,
USA) software and images of F-actin and DAPI staining. The cell
borders determined by F-actin staining were manually traced
using ImageJ, and the cytoplasmic area was measured.
Likewise, the nuclear area determined by DAPI staining was
manually traced using ImageJ and measured. The average of the
nuclear area/cytoplasmic area for 10 cells was used as the
nuclear/cytoplasmic area ratio.

b-Galactosidase Senescence Staining
Cell Culture
The 10 human donor corneas were used for culturing HCECs.
The mean donor age was 52.9 6 17.1 years. All corneas were
stored at 48C in storage medium (Optisol-GS; Chiron Vision,
Irvine, CA, USA) for less than 14 days before use. The HCECs
were cultured according to published protocols, with some
modifications.21 Briefly, Descemet’s membranes containing the
HCECs were stripped from the donor corneas and the
membranes were digested with 1 mg/mL collagenase A (Roche
Applied Science, Penzberg, Germany) at 378C for 12 hours.
The resulting HCECs were suspended in Opti-MEM I (Life
Technologies, Carlsbad, CA, USA) and divided equally into two
tubes. The HCECs in one tube were then seeded in culture
medium with p38 MAPK inhibitor (10 lM SB203580; Cayman
Chemical, Ann Arbor, MI, USA) in a well of a 48-well plate, and
cells in another tube were seeded with culture medium
without p38 MAPK inhibitor, as a control. The plates were
coated with laminin E8 fragments (iMatrix-511; Nippi, Incorporated, Tokyo, Japan).22 The culture medium used for this
study was Opti-MEM I supplemented with 8% fetal bovine
serum, 5 ng/mL epidermal growth factor, 20 lg/mL ascorbic
acid (Sigma-Aldrich Corp., St. Louis, MO, USA), 200 mg/L
calcium chloride, 0.08% chondroitin sulfate (Wako Pure
Chemical Industries, Ltd., Osaka, Japan), and 50 lg/mL
gentamicin (Life Technologies). The HCECs were cultured at
378C in a humidified atmosphere containing 5% CO2, and the
culture medium was changed every 2 days. When HCECs were
passaged, they were rinsed in Ca2þ- and Mg2þ-free PBS,
trypsinized with 0.05% Trypsin-EDTA (Life Technologies) for
5 minutes at 378C, and seeded at a 1:2 ratio. Cell morphology
was evaluated by phase-contrast microscopy and cell density
was evaluated after the cultures reached confluence using the
KSS-400EB software (Konan Medical, Inc., Hyogo, Japan).

HCECs were seeded at a density of 1 3 104 cells per well in 48well cell culture plates coated with laminin E8 fragments. The
cells were cultured for 24 hours, using the Senescence
Detection Kit (Merck Millipore), according to the manufacturer’s instructions. Briefly, cultured HCECs were washed with
PBS once and fixed with the fixative solution for 10 minutes.
The samples were then washed twice with PBS and stained for
SA-b-gal with a staining solution mix at 378C. Cells (both SA-bgal–positive cells and all cells) that showed the whole area of
the nucleus in the images were counted manually in triplicate
images for each passage (passages 3 to 5) using ImageJ
software. The average from three images was used to calculate
the percentage of SA-b-gal–positive cells.

Immunoblotting
Cultured HCECs were washed with ice-cold PBS and lysed
with ice-cold RIPA buffer containing phosphatase inhibitor
cocktail 2 (Sigma-Aldrich Corp.) and protease inhibitor
cocktail (Roche Applied Science). Samples were centrifuged
and the supernatant containing the proteins was fractionated
by SDS-PAGE. The separated proteins were transferred to
polyvinylidene difluoride membranes and blocked with 5%
nonfat dry milk. The samples were incubated overnight at 48C
with the primary antibodies: p16 (1:1000; BD Biosciences),
p21 (C-19) (1:1000; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), phospho-p38 MAPK (Thr180/Tyr182) (1:1000; Cell
Signaling Technology, Inc., Danvers, MA, USA), p38 MAPK
(1:1000; Cell Signaling Technology), phospho-ATF-2 (Thr71)
(1:1000; Cell Signaling Technology), ATF-2 (1:1000; Merck
Millipore), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:1000; Medical & Biological Laboratories Co.,
Ltd., Aichi, Japan). The blots were probed with horseradish
peroxidase (HRP)-conjugated secondary antibodies (1:5000;
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GE Healthcare, Piscataway, NJ, USA), developed with luminal
for enhanced chemiluminescence using the highly sensitive
luminol-based chemiluminescence assay kits for Western
blotting (Chemi-Lumi One Ultra; Nacalai tesque, Kyoto,
Japan), and documented with an Amersham Imager 600 (GE
Healthcare) for high-resolution digital imaging of protein in
membranes. Molecular weight markers (Bio-Rad, Hercules,
CA, USA) were used alongside all samples. More information
about the antibodies is presented in Supplementary Table S1.
The relative density of the immunoblot bands was determined
using Image J software. Relative fold differences were
compared with the control values.

Membrane Blotting Array
The release of cytokines and chemokines was measured using
the Proteome Profiler Array (Human cytokine arrays Panel A;
R&D Systems, Inc., Minneapolis, MN, USA), according to
manufacturer’s protocol. Briefly, after culturing HCECs with
or without SB203580 for 6 weeks, the culture medium was
replaced with a fresh medium and further cultured for 72
hours. The culture medium was then recovered and
centrifuged. Human cytokine array detection antibody cocktail was added to the recovered culture medium and
incubated at room temperature for 1 hour. Membranes were
blocked with blocking regents, and incubated with sample
overnight at 48C. The membrane was washed and streptavidin-HRP and chemiluminescent detection reagents were
added. The data were analyzed by measuring the pixel
density in each spot of the array using the LAS4000S (GE
Healthcare) cooled charge-coupled-device camera gel documentation system.

Quantitative Real-Time PCR
Gene expression levels were analyzed using TaqMan real-time
PCR. Total RNA was extracted from the corneal endothelium
from cultured HCECs using the RNeasy Mini Kit (250)
(QIAGEN, Hilden, Germany), and cDNA was synthesized with
ReverTra Ace (Toyobo Co., Ltd., Osaka, Japan). TaqMan probes
for IL-6, Hs00985639_m1; IL-8, Hs00174103_m1; CCL2,
Hs00234140_m1; CXCL1, Hs00236937_m1; CXCL10,
Hs01124252_g1; MIF, Hs00236988_g1; and GAPDH,
Hs00266705_g1 were used. The PCR was performed using
the StepOne (Thermo Fisher Scientific, Inc.) real-time PCR
system. GAPDH was used as an internal standard.

Enzyme-Linked Immunosorbent Assay
The amount of IL-6 and IL-8 in the supernatants of HCECs
was determined by Human DuoSet ELISA kit (R&D Systems),
according to the instructions of the manufacturer. Briefly,
samples were collected using the same protocol as
described for the membrane blotting array. A 96-well plate,
precoated with a monoclonal antibody specific for human IL6 or IL-8, was covered with the diluted capture antibody
overnight at room temperature. The plate was washed with
wash buffer three times and blocked with 1% BSA for 1
hour. After BSA removal, samples and standards were
pipetted into the wells and incubated for 2 hours at room
temperature. After washing the well, an enzyme-linked
polyclonal antibody specific for human IL-6 or IL-8 was
added to the wells and incubated for 2 hours at room
temperature. The reagent was removed from the well and a
substrate solution added. The absorbance was measured at
450 nm and the concentrations were determined by
interpolation from a standard calibration curve.

TABLE. Donor Information of HCECs

No.

Donor
Age

1
2
3
4
5
6
7
8
9
10

53
54
62
61
73
28
14
63
62
59

Sex

Cell Density of
Donor Cornea,
cells/mm2

Preservation
Time, d

Male
Male
Male
Female
Male
Male
Female
Female
Female
Female

2642
2674
2875
3294
2701
2824
3301
2806
2574
2906

14.2
12.3
7.2
5.8
7.4
7.4
8.8
7.2
7.1
5.9

Statistical Analysis
The statistical significance (P value) of the mean values for twosample comparisons was determined with the Student’s t-test.
The statistical significance for the comparison of multiple
sample sets was determined with the Dunnett’s multiplecomparisons test. All data represent the mean 6 SE.

RESULTS
Effect of a p38 MAPK Inhibitor on Cell Density and
Functional Phenotype of HCECs
We investigated the effect of p38 MAPK inhibitor on
endothelial phenotypes using 10 human donor corneas to
establish 10 respective HCECs cultures (Table). Phasecontrast microscopy showed a contact-inhibited monolayer
of hexagonal endothelial cells both in control and SB203580treated cells (Fig. 1A; Supplementary Fig. S1). Of interest,
HCECs were smaller in size when cultured with SB203580
than without SB203580. The mean cell density was significantly higher for HCECs treated with SB203580 than without
SB203580 (2623 6 657 cells/mm2 and 1752 6 628 cells/
mm2, respectively) (Fig. 1B). The HCECs cultured with
SB203580 expressed ZO-1, N-cadherin, and Naþ/Kþ-ATPase
in the plasma membrane, along with F-actin in the cytoskeleton of the polygonal cells, whereas the control HCECs
cultured without SB203580 showed a greatly altered staining
pattern for these marker proteins. F-actin was observed in the
cortex of the cells cultured with SB203580, whereas cortical
F-actin distribution was irregular in the control HCECs (Fig.
1C). In addition, long-term cultivation of HCECs showed that
cells maintained a higher cell density when cultured with
SB203580 than without SB203580 throughout the 18 months
(Fig. 2).

Effect of a p38 MAPK Inhibitor on Senescence of
HCECs
A decrease in cell density typically accompanies senescence
in clinical settings. Therefore, we examined if culture stress
might induce cellular senescence in HCECs and we further
tested if the p38 MAPK signaling pathway is involved in this
cellular senescence. The percentage of SA-b-gal–positive cells
was significantly lower in HCECs treated with SB203580 than
in control cells (25.2% and 64.9% [passage 3], 25.5% and
71.3% [passage 4], and 35.2% and 63.1% [passage 5], respectively) (Figs. 3A, 3B). The ratio of nuclear/cytoplasmic areas
was significantly higher in HCECs cultured with SB203580
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FIGURE 1. Cell density and functional phenotype of HCECs cultured with or without SB203580. (A) Phase-contrast images of primary cultured
HCECs (passage 0) with or without SB203580. Scale bar: 100 lm. (B) The cell density of HCECs (passage 0) cultured with or without SB203580.
Ten HCEC cultures from 10 independent donor corneas were used for the analysis. *P < 0.05. The horizontal lines in the boxes indicate medians,
the bottom of each box indicates the 25th percentile, and the top of each box indicates the 75th percentile. The horizontal lines outside the boxes
indicate the ranges of cell density. (C) Expression of the function-related markers, ZO-1, N-cadherin, Naþ/Kþ-ATPase was assessed by
immunofluorescence staining. Actin cytoskeleton was assessed by F-actin staining. An HCEC culture established from a single donor cornea at
passage 1 were used for the experiment. Nuclei were stained with DAPI. Scale bar: 100 lm.

than in control cells (0.22 and 0.10 [passage 3], respectively)
(Fig. 3C). We evaluated the expression level of p16 and p21,
as these inhibitory proteins are associated with senescence.
Western blotting analysis demonstrated that the expression of
p16 and p21 was reduced in the cells cultured with
SB203580, whereas HCECs expressed high levels of p16 and
p21 in the absence of SB203580 (Figs. 3D, 3E). Taken
together, HCECs exhibit a senescent phenotype under culture
conditions and inhibition of p38 MAPK signaling counteracts
cellular senescence.

Suppression of the Senescence and SenescenceAssociated Secretory Phenotype (SASP) by a p38
MAPK Inhibitor
Acquisition of an SASP, which includes secretion of inflammatory, growth-regulating, and tissue-remodeling factors, is one of
the typical phenotypes of various senescent cell types. We
evaluated the expression of 36 cytokines and chemokines

related to SASP in culture medium cultured with or without
SB203580 for 72 hours. The expression of six cytokines and
chemokines (CXCL10, CCL5, CXCL1, IL-8, CCL2, and IL-6) was
lower in HCECs treated with SB203580 than in control cells,
whereas the expression of MIF was higher than in the control
cells (Fig. 4A; Supplementary Fig. S2).
We further examined the expression levels of these
cytokines by quantitative PCR (Figs. 4B–G). The expression
levels of IL-6, IL-8, CCL2, and CXCL1 were significantly
downregulated in HCECs treated with SB203580 when
compared with the control cells. The expression of CXCL10
at the protein level was suppressed, as shown in Figure 4A;
however, the expression level of the CXCL10 transcript was
not statistically reliable (Fig. 4F). In addition, ELISA showed
that the expression of IL-6 and IL-8 in culture medium was
significantly downregulated by SB203580 (Figs. 4H, 4I). Thus,
inhibition of p38 MAPK signaling pathway in HCECs
counteracts the acquisition of SASP due to the culture
conditions.
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for the control cells (Fig. 5C). Expression of p16 and p21 was
greatly upregulated by anisomycin, whereas SB203580 was
able to block this effect of anisomycin (Figs. 5D–F). Taken
together, the p38 MAPK inhibitor, as shown in the schematic
presentation in Figure 5G, is able to block the culture stress
and the induction of p38 MAPK signaling-mediated senescent
phenotypes.

DISCUSSION

FIGURE 2. Phase-contrast images of long-term culture of HCECs with
or without SB203580. HCECs were passaged and cultured with or
without SB203580 for 18 months. Representative phase-contrast
images show that a higher cell density of HCECs was maintained by
culture with SB203580 than without SB203580 throughout the 18
months. Representative images of two HCEC cultures derived from two
independent donor corneas are shown. Scale bar: 100 lm.

The Role of the p38 MAPK Signaling Pathway in
HCECs
The p38 MAPK inhibitor blocked cellular senescence; therefore, we tested whether activation of the p38 MAPK signaling
pathway was associated with cellular senescence in HCECs.
Western blotting showed that anisomycin upregulated the
phosphorylation of p38 MAPK and ATF-2, suggesting that
anisomycin activated the p38 MAPK signaling pathway (Figs.
5A, B). HCECs treated with anisomycin exhibited a hexagonal
and monolayer morphology, but the cell size was larger than
the control cell size (data not shown). The cell density was
significantly lower for the HCECs treated with anisomycin than

Since 2013, we have been performing a clinical trial of
injection of a combination of cultured HCECs and a ROCK
inhibitor as a treatment for corneal endothelial dysfunction.
However, the in vitro expansion of HCECs proved surprisingly
difficult and we often had an insufficient number of cells with
adequate cell quality for clinical use.18 HCECs are difficult to
maintain under culture conditions, and even if they survive,
they show limited proliferative ability and undergo massive
fibroblastic transformation with loss of functional phenotypes.
Consequently, our research group and others have continuously strived to develop a successful culture method. For
instance, we reported the effect of a ROCK inhibitor23 and
conditioned medium obtained from good manufacturing
practice (GMP)-grade human bone marrow-derived mesenchymal stem cells21 that enhanced HCEC proliferation. We also
showed that activation of TGF-b signaling causes the fibroblastic transformation in HCECs, and that a TGF-b signaling
inhibitor enables HCECs to avoid fibroblastic changes and
maintain the HCEC phenotype.24
One remaining challenge is that HCECs tend to decrease
their cell density, especially after several cell passages, leading
to failure to obtain sufficient quantities of cells.18 The CEC
density is the most important indicator for corneal endothelial
health in clinical settings,25 so low cell density has become a
concern with respect to transplanting cultured HCECs in
humans. Recently, we have demonstrated that transplanted
CECs of low cell density could regenerate corneal endothelium, but the cell density of the regenerated corneal endothelium was lower than that of the eye transplanted with high cell
density CECs in a rabbit corneal endothelial dysfunction
model.18 These results suggested that obtaining high cell
density CECs is essential for good prognosis after tissue
engineering therapy.
Senescence, as defined by Hayflick,26 is a loss of replicative
ability due to the shortening of telomeres. A later study showed
that senescence is induced by exhaustion of replicative
capacity as well as by stress and oncogenes.27–29 As cellular
senescence is heterogeneous and cell-type dependent, no
single biomarker can identify cellular senescence.30 We used
several biomarkers in the present study to show that the cell
density drop in HCECs is a phenotypic feature of cellular
senescence. We demonstrated that low cell density HCECs,
which were cultured without a p38 MAPK inhibitor, showed
high positive SA-b-gal staining, a low nuclear-cytoplasm ratio,
and high expression of p16 and p21. SA-b-gal is the biomarker
most frequently used to show upregulation of the lysosome
mass induced by the loss of capabilities to respond to cellular
damage and stress.31,32 However, the sole use of SA-b-gal as
marker often yields false-positive results, necessitating the use
of a combination of several markers.30 We evaluated cell size,
because membrane lipid composition and membrane biophysical properties are altered by cellular senescence, resulting in
an alteration of cell size.33,34 In addition, cyclin dependent
kinase inhibitors (CKIs), such as p16 and p21, have been used
as biomarkers, because cell cycle arrest is recognized as a
hallmark of cellular senescence.30 Indeed, overexpression of
p21 promotes cellular senescence,35 and downregulation of
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FIGURE 3. Suppression of senescent phenotypes by a p38 MAPK inhibitor. (A, B) The senescing cells were assessed by staining for SA-b-gal. The
representative phase-contrast images depict HCECs treated with or without SB203580. The graph shows the percentage of SA-b-gal–positive cells
(passages 3 to 5). The experiment was performed in triplicate and representative data from one of three independent experiments using an HCEC
culture established from a single donor cornea are shown. Scale bar: 100 lm. *P < 0.05, **P < 0.01. (C) Nuclear/cytoplasmic area ratio in HCECs
(passage 1) with or without SB203580 was determined by immunofluorescent staining images of F-actin and DAPI. Representative images analyzed
are shown in Figure 1C. The cell borders determined by F-actin staining were manually traced using ImageJ and the cytoplasmic area was measured.
Likewise, nuclear areas determined by DAPI staining were manually traced using ImageJ and measured. The average of 10 cells was plotted as a
graph. The experiments were performed in triplicate and representative data from one of three independent experiments are shown. **P < 0.01.
(D) Expression of p16 and p21, the two major senescent-related G1 proteins, in HCECs (passage 3) cultured with or without SB203580 was
evaluated by Western blotting. The experiments were performed in three HCEC cultures derived from three independent donor corneas. (E)
Expression levels of p16 and p21 evaluated by Western blotting were assessed by densitometry. *P < 0.05, **P < 0.01.

p21 in senescent cells restores replicative capacity.36 The
expression levels of p16 and p21 in the corneal endothelium
were higher in older donors than in young donors, suggesting
that these CKIs might be suitable biomarkers.3,37 Collectively,
the results showing that low cell density HCECs exhibited
multiple biomarkers of senescence indicated that the cell
density drop during cell culture is induced by cellular
senescence.
Consistently, we also showed that the low cell density
HCECs exhibited SASP. The SASP phenomenon has been
observed in various cell types, such as aged human fibroblasts
and epithelial cells, and it is recognized as a robust marker of
senescence.38–40 The secreted factors include inflammatory
mediators, growth factors, and detached cell surface molecules, but SASP is cell-type and senescence-stage dependent.41,42 Here, we demonstrated that IL-6, IL-8, CCL2, and
CXCL1 were expressed at high levels in low cell density

HCECs. This finding suggests that these molecules are markers
of SASP in HCECs and that they could be useful quality control
markers in regenerative medicine, as they provide a contactfree and nondestructive evaluation.
In the current study, we showed that inhibition of the p38
MAPK signaling pathway counteracted the cell density drop
observed during cell culture by suppressing senescence. In
addition, activation of p38 MAPK signaling mediated by
anisomycin induced the senescence associated with the cell
density drop. Iwasa and his colleagues20 induced four different
types of senescence: Ras-induced, replicative, oxidative stress–
induced, and culture shock–induced senescence, and they
demonstrated that p38 MAPK is a senescence-executing
molecule. In addition, inhibition of p38 MAPK signaling
counteracted the senescence programs. Recently, other
researchers have shown that inhibition of p38 MAPK
decreased p16 levels and restored replicative capacity in aged
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FIGURE 4. Suppression of the senescence and the SASP by a p38 MAPK inhibitor. (A) Expression of 36 cytokines and chemokines in HCECs
(passage 0) cultured with or without SB203580. Representative data from experiments using three HCEC cultures derived from three independent
donor corneas are shown. (B–G) Expression of the cytokines and chemokines that differ in HCECs (passage 1) cultured with and without SB203580,
evaluated by quantitative PCR. The experiments were performed in duplicate using six HCEC cultures established from six independent donor
corneas. *P < 0.05, **P < 0.01. (H, I) ELISA evaluation of IL-6 and IL-8 in the culture medium derived from HCEC cultures established from four
independent donor corneas (passage 0) cultured with or without SB203580. *P < 0.05, **P < 0.01.

muscle stem cells.43 We showed that these antisenescent
effects of inhibition of p38 MAPK signaling are consistently
shown in HCECs, and could be applicable in tissue engineering
therapy.

In conclusion, activation of p38 MAPK signaling due to
culture stress may be a causative factor that induces cellular
senescence, whereas the use of a p38 MAPK inhibitor can
counteract this senescence and allow the generation of
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FIGURE 5. The role of p38 MAPK signaling pathway on HCECs. (A) Western blot analysis of the expression of phosphorylated p38 MAPK, p38
MAPK, phosphorylated ATF-2 and ATF-2 in HCECs (passage 15) treated with or without 10 lM anisomycin. Representative data from triplicate
experiments using three HCEC cultures established from three independent donor corneas are shown. (B) Expression levels of phosphorylated p38
MAPK, p38 MAPK, phosphorylated ATF-2, and ATF-2 were evaluated by Western blotting and assessed by densitometry. *P < 0.05. (C) Cell density
of HCECs (passage 15) treated with or without anisomycin (0.001 lM, 0.01 lM, 0.1 lM) with or without SB203580 (10 lM). Representative data
from triplicate experiments using three HCEC cultures established from three independent donor corneas are shown. *P < 0.05, **P < 0.01. (D)
Western blot analysis of the expression of p16 and p21 in HCECs (passage 11) treated with or without anisomycin (0.01 lM, 0.1 lM) with or
without SB203580 (10 lM). Representative data from triplicate experiments using four HCEC cultures established from four independent donor
corneas are shown. (E, F) Expression levels of p16 and p21 were evaluated by Western blotting and assessed by densitometry. **P < 0.01. (G) A
model of the involvement of p38 MAPK signaling pathway in cellular senescence of HCECs under culture conditions, showing how SB203580
maintains a nonsenescent phenotype.
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sufficient numbers of HCECs for tissue engineering therapy for
treatment of corneal endothelial dysfunction. Furthermore, the
antisenescence effects of p38 MAPK inhibitors may be worth
evaluating in different cell types in other settings of
regenerative medicine.
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Laminin-511 and -521-based
matrices for efficient ex vivoexpansion of human limbal
epithelial progenitor cells
Naresh Polisetti1, Lydia Sorokin2, Naoki Okumura3, Noriko Koizumi3, Shigeru Kinoshita4,
Friedrich E. Kruse1 & Ursula Schlötzer-Schrehardt1
Optimization of culture conditions for human limbal epithelial stem/progenitor cells (LEPC) that
incorporate the in vivo cell-matrix interactions are essential to enhance LEPC ex vivo-expansion and
transplantation efficiency. Here, we investigate the efficacy of laminin (LN) isoforms preferentially
expressed in the limbal niche as culture matrices for epithelial tissue engineering. Analyses of
expression patterns of LN chains in the human limbal niche provided evidence for enrichment of
LN-α2, -α3, -α5, -β1, -β2, -β3, -γ1, -γ2 and -γ3 chains in the limbal basement membrane, with LN-α5
representing a signature component specifically produced by epithelial progenitor cells. Recombinant
human LN-521 and LN-511 significantly enhanced in vitro LEPC adhesion, migration and proliferation
compared to other isoforms, and maintained phenotype stability. The bioactive LN-511-E8 fragment
carrying only C-terminal domains showed similar efficacy as full-length LN-511. Functional blocking of
α3β1 and α6β1 integrins suppressed adhesion of LEPC to LN-511/521-coated surfaces. Cultivation of
LEPC on fibrin-based hydrogels incorporating LN-511-E8 resulted in firm integrin-mediated adhesion to
the scaffold and well-stratified epithelial constructs, with maintenance of a progenitor cell phenotype
in their (supra)basal layers. Thus, the incorporation of chemically defined LN-511-E8 into biosynthetic
scaffolds represents a promising approach for xeno-free corneal epithelial tissue engineering for ocular
surface reconstruction.
Limbal epithelial stem/progenitor cells (LEPC) are located in the basal layer of the epithelium at the corneoscleral limbus and are responsible for homeostasis of the corneal epithelium, which is an important prerequisite for
corneal transparency and visual function1, 2. Any damage or injury to this stem/progenitor cell reservoir and/or
destruction of its niche microenvironment can lead to corneal neovascularization, chronic inflammation, and
stromal scarring associated with corneal opacity and loss of vision3–5. Transplantation of ex vivo- expanded LEPC
on amniotic membrane or fibrin gels is an established therapeutic strategy to regenerate the damaged corneal
surface in patients with limbal stem cell deficiency (LSCD)6–9. Since its introduction in 199710, cultured limbal
epithelial transplantation (CLET) has been applied in various clinical centres with follow-up periods of more
than 15 years8, 11–14. Despite many variables between studies (regarding inclusion/exclusion criteria, culture methods, transplantation techniques, and clinical outcome measures), long-term engraftment of autologous cultivated
limbal epithelial cells has been shown to be good and the overall success rates of autologous CLET for unilateral
LSCD with a follow-up period of at least 24 months were reported to amount to 72–76%8, 15, 16. In spite of these
good clinical outcomes confirming CLET as an adequate therapy to successfully reconstruct the corneal surface
in the majority of patients, long-term corneal regeneration in other series often proved less satisfactory due to
recurrent mild neovascularisation of the corneal surface in many patients17. These complications might be caused
by low quality of the graft or inadequate properties of transplanted progenitor cells8, 11, 18. A major hurdle in
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in vitro culturing of LEPC is that they readily differentiate, hampering their use for therapeutic applications19, 20.
These limitations underscore the need for developing novel standardized LEPC culture techniques that ensure
preservation of the stem/progenitor cell phenotype and function during cultivation and after transplantation.
In vivo, LEPC reside in a highly specialized and complex microenvironment that is known as the limbal
niche, where stem cell quiescence, proliferation and differentiation are maintained in balance21. Besides several types of supporting niche cells that include melanocytes and mesenchymal stromal cells, the limbal niche
comprises a specific extracellular matrix (ECM) composition22. Indeed, the ECM has been recognized as a
crucial part of many stem cell niches mediating biophysical, mechanical and biochemical signals that regulate
stem cell survival, proliferation and differentiation23–26. Laminins (LNs) are the best-described ECM constituents present in basement membranes (BM) of adult stem cell niches, where they influence cell behaviors,
such as cell adhesion, differentiation, and phenotype stability. To date, five alpha (α1-5), four beta (β1-4), and
three gamma (γ1-3) chains have been identified that can combine to form up to 16 heterotrimeric isoforms
in mammalian tissues, showing tissue-specific distribution patterns27–30. We have previously shown that LN
chains α1, α2, α5, β1, β2, γ1 and γ3 are preferentially localized to the BM of the limbal epithelium compared
to that of the corneal epithelium, where LN chains α3, β3 and γ2 predominate31. Our work has further suggested that LEPC are anchored to LN-α2 and -α5 in their niche by expression of LN receptors α3β1 and α6β4
integrins32. The heterogeneity of LN isoform expression in BMs of ocular surface epithelia, which has been
also reported by other groups33–35, suggests a functional role for LN-α2 and -α5 containing isoforms in the
limbal stem cell niche.
Stem cell-based tissue engineering aims to mimic the native stem cell niche and to present the appropriate
microenvironmental cues, including ECM components, in a controlled and reproducible fashion in order to
maintain stem cell function within the graft36, 37. We have previously reported that the LN-332 isoform can
serve as a suitable substrate to induce transdifferentiation of hair follicle stem cells into corneal epithelial-like
cells in the presence of limbal fibroblast conditioned medium38. It has also been suggested that proteolytic
fragments of LN-332 γ2 chain potentiate the outgrowth of limbal epithelial cells on intact amniotic membrane39, and that vitronectin adsorbed to therapeutic contact lenses support LEPC expansion40. Otherwise,
little attention has been paid to the role of the ECM in LEPC ex vivo-expansion, and the effect of limbus-specific
LNs on LEPC phenotype and function in vitro has not been investigated. We hypothesize that the LN isoforms
that are specifically expressed in the limbal stem cell niche may be used as exogenous cues to promote ex
vivo-expansion and maintenance of LEPC. In this study, we systematically analyze expression patterns of LN
chains in LEPC clusters isolated by laser capture microdissection (LCM), in tissue sections and in cultured
LEPC by quantitative RT-PCR (qPCR) and confocal microscopy, and test the effects of niche-specific recombinant LN isoforms on LEPC adhesion, migration, proliferation and differentiation in vitro. We also examine the
efficacy of a recombinant human LN-511-E8 fragment41, 42 for epithelial tissue engineering using fibrin-based
hydrogels as carrier. Our findings demonstrate that LN-α5 constitutes a signature BM component of the limbal
niche and that LN-511 or -521 promote ex vivo-expansion and maintenance of LEPC. The C-terminal fragment
of LN-511 (LN-511-E8 fragment) shows comparable efficacy as full-length LN-511 and supports the formation
of well stratified epithelial constructs with maintenance of a progenitor cell phenotype. Thus, LN-511-E8 represents a chemically defined, xeno-free substrate for improved corneal epithelial tissue engineering and future
clinical application.

Results

Expression of laminin chains in the limbal stem cell niche in situ.

Expression patterns of different LN chains were analyzed in LCM-dissected LEPC clusters, containing both epithelial stem/progenitor cells
and associated niche cells32, and basal corneal epithelial cell (BCEC) populations by qPCR (n = 5). Quality control of amplified RNA and purity of dissected cell populations were as described previously32. All LN chains
were expressed in both LEPC and BCEC populations except LN-γ3 (LAMC3). Expression levels of LN-α2
(LAMA2: 3.1 ± 0.6-fold; p = 0.02), LN-α4 (LAMA4: 98.3 ± 50.0-fold; p = 0.02), LN-α5 (LAMA5: 7.2 ± 4.6fold; p = 0.01), LN-β2 (LAMB2: 3.0 ± 0.4-fold; p = 0.04), LN-β3 (LAMB3: 3.0 ± 0.8-fold; p = 0.02) and LN-γ2
(LAMC2: 3.0 ± 0.8-fold; p = 0.04) were significantly higher in LEPC compared with BCEC, whereas no differential expression patterns were observed for LN-α1 (LAMA1), -α3 (LAMA3), -β1 (LAMB1), -β4 (LAMB4), and
-γ1 (LAMC1) (Fig. 1A). Of note, corneal epithelial expression levels of LN-α4 and –α5 were hardly above the
detection threshold.
By immunohistochemistry using chain-specific antibodies (Table 1; n = 10), the LN-α2, -α3, -α5, -ß1, -ß2,
-ß3, -γ1, and -γ2 chains were shown to be strongly expressed in the limbal BM, whereas LN-α1 and -γ3 chains
were only weakly expressed (Fig. 1B). The LN-α4 chain was not detected in epithelial but only in vascular basement membranes (Fig. 1B). Antibodies against LN-ß4 were not available. The most pronounced differential
expression patterns between limbal and corneal regions were observed for LN-α2, -α5, -ß2, and -γ3 chains,
which could be hardly detected in the corneal BM (Fig. 1B).
Concurrent with the qPCR data, the immunohistochemical findings suggest that the human limbal niche is
specifically enriched for LN-α2 and -α5 chains.These were found to co-localize with the progenitor cell markers
cytokeratin (CK)15, N-cadherin, and p63α as well as with integrins α3, α6 and ß1 expressed by LEPC clusters in
the basal epithelium at the limbus (data for LN-α5 is shown in Fig. 1C).

Expression of laminin chains in limbal stem/progenitor and associated niche cells in vitro. To
determine the relative contribution of LEPC and their associated stromal niche cells to expression of LN chains
in the limbal niche, we established cultures of both LEPC and limbal mesenchymal stromal cells (LMSC)
from collagenase-digested LEPC clusters (n = 5) as described previously (Fig. 2A)32. To verify the purity of
cell populations, we analyzed the expression profiles of established corneal epithelial (progenitor) markers,
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Figure 1. Expression of laminin chains in the limbal stem cell niche in situ. (A) Quantitative real-time
polymerase chain reaction (qRT-PCR) primer assays showing higher expression levels of laminin α2 (LAMA2),
α4 (LAMA4), α5 (LAMA5), β2 (LAMB2), β3 (LAMB3), and γ2 (LAMC2) in microdissected limbal epithelial
stem/progenitor cell (LEPC) clusters compared with basal corneal epithelial cell (BCEC) populations; laminin
α1 (LAMA1), α3 (LAMA3), β1 (LAMB1), β4 (LAMB4), γ1 (LAMC1) showed no differential expression
patterns. Data are expressed as means (2−ΔCT × 1,000) ± SEM (n = 5); *p < 0.05; Mann-Whitney U test.
(B) Immunofluorescence analyses of corneoscleral tissue sections showing differential staining patterns of
laminin α2, α5, β2, β3, γ2, and γ3, but similar staining patterns of laminin α1, α3, β1, and γ1 in the basement
membranes of corneal and limbal epithelia; laminin α4 was largely negative in epithelial basement membranes.
Nuclei are counterstained with DAPI (blue); scale bar = 60 µm. (C) Immunofluorescence double labeling of
laminin (LN) α5 (green) and cytokeration (CK)15, N-Cadherin, p63α, integrin α6, integrin α3, and integrin β1
(red); nuclear counterstaining with DAPI (blue); scale bar = 20 µm.
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Antibody (clone), Host species

Antibody
concentration

Application

Antibody source [Ref.]

CD31 (WM59), mouse

15 µg/ml

Flow Cytometry

BD

CD34 (563), mouse

50 µg/ml

Flow Cytometry

BD

CD44 (G44-26), mouse

25 µg/ml

Flow Cytometry

BD

CD45 (HI30), mouse

50 µg/ml

Flow Cytometry

BD

CD73 (AD2), mouse

50 µg/ml

Flow Cytometry

BD

CD90 (5E10), mouse

100 µg/ml

Flow Cytometry

BD

CD105 (266), mouse

50 µg/ml

Flow Cytometry

BD

Mouse IgG1k

100 µg/ml

Flow Cytometry

BD

CD49c (Integrin α3) APC (P1B5), mouse

1.25 µg/ml

Flow Cytometry

eBioscience

CD49f (Integrin α6) APC (GoH3), rat

1.25 µg/ml

Flow Cytometry

eBioscience

CD29 (Integrin β1) FITC (TS2/16), mouse

2.5 µg/ml

Flow Cytometry

eBioscience

CD104 (Integrin β4) eFluor 660 (439-9B), rat

10 µg/ml

Flow Cytometry

eBioscience

IgG1 isotype FITC (IS5-21F5), mouse

2.5 µg/ml

Flow Cytometry

Miltenyi Biotec

IgG1 isotype APC (IS5-21F5), mouse

1.25–2.5 µg/ml

Flow Cytometry

Miltenyi Biotec

IgG2b isotype APC (141945), rat

1.25–10 µg/ml

Flow Cytometry

R&D Systems

Integrin α3 (ASC-1), mouse

20 µg/ml

Blocking

Millipore

Integrin α6 (NKI-GoH3), rat

20 µg/ml

Blocking

Millipore

Integrin β1 (P5D2), mouse

2.5 µg/ml

Blocking

R&D Systems

Cytokeratin 3 (AE5), mouse

1:100

Immunohistochemistry

Chemicon/Millipore

Cytokeratin 15 (LHK15), mouse

1:500

Immunohistochemistry

Abcam

Integrin α3 (P1B5), mouse

1:200

Immunohistochemistry

Dako

Integrin α6 (GoH3), rat

1:100

Immunohistochemistry

Chemicon/Millipore

Integrin β1 (HB1.1), mouse

1:500

Immunohistochemistry

Chemicon/Millipore

Ki-67 (SP6), rabbit

1:1000

Immunohistochemistry

Abcam

Laminin α1 (317), rabbit

1:500

Immunohistochemistry

L. Sorokin63

Laminin α2 (401), rabbit

1:500

Immunohistochemistry

L. Sorokin63

Laminin α3, rabbit

1:6000

Immunohistochemistry

R. Timpl/T. Sasaki

Laminin α4 (377), rabbit

1:2000

Immunohistochemistry

L. Sorokin63

Laminin α5 (405), rabbit

1:4000

Immunohistochemistry

L. Sorokin63

Laminin β1 (IIID9), mouse

undiluted

Immunohistochemistry

L. Sorokin63

Laminin β2 (409), rabbit

1:200

Immunohistochemistry

L. Sorokin63

Laminin β3, rabbit

1:6000

Immunohistochemistry

R. Timpl/T. Sasaki

Laminin γ1 (3E10), rat

undiluted

Immunohistochemistry

L. Sorokin63

Laminin γ2 (LE4-6), rabbit

1:4000

Immunohistochemistry

R. Timpl/T. Sasaki

Laminin γ3, rabbit

1:2000

Immunohistochemistry

R. Timpl/T. Sasaki

N-Cadherin (6G11), mouse

1:25

Immunohistochemistry

Dako

p63α, rabbit

1:100

Immunohistochemistry

Cell Signaling

Table 1. List of antibodies used.

such as cytokeratin 3 (KRT3) and 15 (KRT15) and carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1), as well as mesenchymal (stem cell) markers, such as intercellular cell adhesion molecule 1
(ICAM1), sex determining region Y –box 2 (SOX2), and stem cell factor receptor (KIT) by qPCR primer assays
(n = 5). As expected, LEPC populations showed significantly higher expression levels of KRT3 (10.3 ± 6.3-fold),
KRT15 (5.6 ± 2.1-fold) and CEACAM (11.6 ± 4.5-fold), while LMSC populations showed higher expression levels of ICAM1 (5.4 ± 2.9-fold), SOX2 (5.0 ± 2.1-fold) and KIT (19.6 ± 10.2-fold) (p = 0.02) (Fig. 2B). LMSC were
further characterized by flow cytometry (n = 3) with more than 90% of the cells expressing the mesenchymal
stem cell markers CD73, CD90, CD105, and CD44 (Fig. 2C).
Differential gene expression analyses (n = 5) showed that LN-α3 (27.1 ± 17.3-fold; p = 0.02), -α5
(15.6 ± 10.4-fold; p = 0.02), -β3 (32.1 ± 27.3-fold; p = 0.02), and -γ2 (23.4 ± 11.9-fold; p = 0.03) chains were predominantly expressed in the LEPC population compared to LMSC, whereas LN-α2 (5.2 ± 2.6-fold; p = 0.02),
-α4 (30.9 ± 21.5-fold; p = 0.02), -β2 (4.4 ± 0.8-fold; n.s.), -γ1 (2.7 ± 0.6-fold; p = 0.02), and -γ3 (8.4 ± 1.5-fold;
p = 0.02) chains were predominantly expressed in LMSC compared to LEPC (Fig. 2D).
Together, these expression data obtained in vivo and in vitro suggest that LN-α5 constitutes a signature BM
component of the limbal niche, which is endogenously produced by LEPC and becomes strongly enriched in the
BM of the limbal niche.

Effect of laminin isoforms on LEPC adhesion, migration, proliferation and differentiation. The

cell-binding activities of LN isoforms are largely determined by α chains27, 43. As the availability of purified LN
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Figure 2. Expression of laminin chains in limbal stem/progenitor and associated niche cells in vitro. (A) Phase
contrast images of (i) limbal epithelial cell clusters after collagenase digestion, (ii) cultured limbal epithelial
progenitor cells, and (iii) associated mesenchymal stromal cells. (B) Quantitative real-time polymerase chain
reaction (qRT-PCR) primer assays confirming differential expression of established epithelial (KRT3, KRT15,
CEACAM1) and mesenchymal (ICAM1, KIT, SOX2) markers in cultured limbal epithelial progenitor cells
(LEPC) compared with cultured limbal mesenchymal stromal cells (LMSC). Data are expressed as means
(2−ΔCT × 1,000) ± SEM (n = 5). (C) Flow cytometry analyses of cultured LMSC showing positive expression
of CD44, CD73, CD90, and CD105, but negative expression of CD31, CD34, and CD45. Percentages (%) of
positive cells are expressed as means ± SEM (n = 3). (D) qRT-PCR primer assays showing higher expression
levels of laminin α3 (LAMA3), α5 (LAMA5), β3 (LAMB3), γ2 (LAMC2) in cultured LEPC, and higher
expression levels of laminin α2 (LAMA2), α4 (LAMA4), β2 (LAMB2), γ1 (LAMC1), γ3 (LAMC3) in cultured
LMSC; laminin α1 (LAMA1), β1 (LAMB1), and β4 (LAMB4) showed no differential expression patterns. Data
are expressed as means (2−ΔCT × 1,000) ± SEM (n = 5); *p < 0.05; Mann-Whitney U test. (Abbreviations: KRT,
Keratin; CEACAM1, carcinoembryonic antigen-related cell adhesion molecule 1; ICAM1, intercellular cell
adhesion molecule 1; Sox2, sex determining region Y-box 2; CD, cluster of differentiation).
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isoforms is limited, we performed in vitro tests of LEPC function using the two main LN-α5 chain containing
isoforms, i.e. recombinant LN-511 and -521, as substrates, compared to isoforms containing LN-α1, -α2, -α3 or
-α4 chains, i.e. recombinant LN-111, -211, -332, -411, and -421. Recombinant LN-511-E8 fragment which carries
only C-terminal domains, where the main β1-integrin binding sites occur41, was tested in addition.
The effect of the different LNs on cell adhesion was evaluated by determining the number of adherent LEPC
on LN-coated (1.0 µg/cm2) culture wells at 30 and 60 min after seeding compared to uncoated tissue culture
plates (n = 4). Coating with LN-521, LN-511, LN-511-E8 and LN-332 increased cell adhesion significantly over
the uncoated control both after 30 and 60 min of incubation (Fig. 3A). Differences were significant (p = 0.02) for
LN-521 (2.6-fold at 30 min and 1.9-fold at 60 min), LN-511 (2.0- and 1.5-fold), LN-511-E8 (2.5- and 1.6-fold) and
LN-332 (2.1- and 1.4-fold). LN-421, LN-411, LN-221, and LN-111 did not support adhesion better than uncoated
tissue culture plastic. Phase contrast microscopy showed a dense monolayer of epithelial cells on LN-521, -511,
and 511-E8, but rather sparser layers on the other LN isoforms 24 hours after seeding (Fig. 3B).
LN-511/521 has been reported to bind to integrin α3β1 and α6β1, while LN-332 binds to integrin α6β4 on
the cell membrane44. Because integrins α3β1and α6β4 have been previously reported to mediate anchorage of
LEPC to their niche32, we analyzed the expression of these integrin subunits on the cell surface of cultured LEPC
(n = 3) and evaluated the effect of integrin blocking on LEPC adhesion to LN-521, -511, -511-E8 and -332 (n = 4).
As demonstrated by flow cytometry, almost 100% of LEPC expressed α3, α6, β1 and β4 integrins on their surface
(Fig. 3C) and both neutralizing antibodies against α3β1 and α6β1 integrins significantly reduced adhesion of
LEPC to LN-521 (α6β1: 39.1% (−1.6-fold); α3β1: 54.0% (−2.2-fold)), LN-511 (α6β1: 42.6% (−1.7-fold); α3β1:
52.5% (−2.1-fold)), LN-511-E8 (α6β1: 25.7% (−1.3-fold; α3β1: 20.4% (−1.2-fold)), and LN-332 (α6β1: 28.2%
(−1.4-fold); α3β1: 32.2%(−1.5-fold)) as early as 1 hour after seeding (p = 0.02) (Fig. 3D). These findings indicate
that LN-α5 and –α3 mediate LEPC adhesion through integrins α3β1 and α6β1 integrin binding.
To evaluate the effect of LN isoforms on LEPC migration, cells were plated on the different LN isoforms and
gap closure following removal of a culture insert was analyzed 3 and 6 hours afterwards (n = 3). All LN isoforms,
except LN-211 and LN-411, induced a significant increase in cell migration compared to uncoated controls at
both time points (LN-521: 2.1- and 1.5-fold; LN-511: 1.7- and 1.4-fold; LN-511-E8: 2.5- and 1.6-fold; LN-421:
2.9- and 1.6-fold; LN-332: 1.8- and 1.4-fold; LN-111: 2.3- and 1.5-fold) (p = 0.02) (Fig. 3E).
The effect of LN isoforms on cell proliferation was assessed by BrdU incorporation assay 48 and 72 hours
after seeding of LEPC on LN-coated culture wells (n = 5). Compared with uncoated controls, proliferation rates
were significantly increased only in LEPC plated on LN-521 (1.7- and 1.4-fold), LN-511 (1.5- and 1.4-fold), and
LN-511-E8 (1.5- and 1.4-fold) and were reduced in cells plated on LN-332 (−1.4- and −1.6-fold) (p = 0.02)
(Fig. 4A). These findings were confirmed by cell counting (n = 3; p = 0.02) (Fig. 4B) and immunocytochemical staining for the proliferation marker Ki-67 (n = 3), which showed an increased percentage of positive
cells on LN-521 (41.7 ± 2.5%; 1.4-fold; p = 0.001), LN-511 (36.4 ± 3.6%; 1.2-fold; p = 0.004), and LN-511-E8
(41.5 ± 2.5%; 1.4-fold; p = 0.009) but a decreased percentage of positive cells on LN-332 (16.7 ± 3.1%; −1.8-fold;
p = 0.0007) compared to uncoated control (28.7 ± 2.8%) (Fig. 4C, right). Accordingly, mRNA expression levels of Ki-67 were also increased in LEPC cultured on LN-521 (2.6 ± 0.3-fold), LN-511 (3.1 ± 0.4-fold), and
LN-511-E8 (2.8 ± 0.3-fold) and decreased in LEPC cultured in LN-332 (−4.1 ± 0.4-fold) compared to control
(n = 5; p = 0.02) (Fig. 4C, left).
To assess a potential effect of LN isoforms on the differentiation state of LEPC, mRNA expression levels of
KRT3, a cornea-specific differentiation marker, and KRT15, an established progenitor cell marker, were analyzed
by qRT-PCR in LEPC passages 1 to 3 (n = 5). Although there was a trend towards suppression of KRT3 expression in LEPC cultivated on LN-521, -511, -511-E8, and -421 compared to control (Fig. 4D), differences were not
statistically significant. Expression levels of KRT15 were also not significantly different from controls, except for
LN-332, which supported maintenance of high KRT15 expression levels for up to 3 passages (p = 0.02).
These observations suggest that LN-332 supports an undifferentiated phenotype but inhibits proliferation,
whereas LN-521, -511, and 511-E8 support cell proliferation without affecting differentiation, rendering LN-α5
containing isoforms as suitable candidates for tissue engineering purposes.

Tissue engineering of corneal epithelial constructs.

Since recombinant LN-E8 fragments have been
shown to promote efficient and scalable culture of human stem cells under defined xeno-free conditions41, 45, we
tested the applicability of LN-511-E8 for tissue engineering of corneal epithelial constructs (n = 5). To generate
multilayered epithelial cell sheets on 3D-scaffolds suitable for clinical application, LEPC were seeded and cultivated for 12 to 14 days on fibrin gels prepared with or without incorporation of LN-511-E8 (10 µg/ml). LEPC
expansion was markedly increased on LN-containing gels compared with untreated gels resulting in a confluent monolayer on LN-511-E8 by 5 days after seeding (Fig. 5A). Light microscopic analyses of tissue constructs
showed a stratified epithelial cell sheet consisting of a cuboidal basal layer and 5 to 6 layers of flattened suprabasal
cells on LN-511-E8 containing gels, but only 3 to 4 cell layers on LN-free gels (Fig. 5B). Transmission electron
microscopy confirmed formation of well-organized multi-layered epithelial cell sheets consisting of a basal layer
of cuboid cells covered by several layers of flattened elongated cells (Fig. 5C,i). Suprabasal cells showed typical
ultrastructural signs of epithelial differentiation, such as desmosomes, cytoplasmic filaments, and apical microvilli. Basal cells appeared to be firmly attached to the LN-511-E8 containing fibrin gels by formation of hemidesmosomes and newly produced BM, whereas they appeared to only loosely adhere to LN-free fibrin gels where no
BM deposition was evident (Fig. 5C,ii).
Immunofluorescence analysis of epithelial constructs showed expression of corneal epithelial differentiation marker CK3 in superficial layers and expression of progenitor cell markers CK15 and p63α in (supra)
basal layers (Fig. 5D). The cell-matrix receptors α3, α6 and ß1 integrin could be mainly immunolocalized to
the basal aspects of epithelial sheets, which also provided evidence of endogenous expression of LN-α5 and
-α3. Protein expression was found to be generally more pronounced in epithelial constructs established on
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Figure 3. Effect of laminin isoforms on limbal progenitor cell adhesion and migration. (A) The effect of
laminin (LN) isoforms on cell adhesion was tested by seeding limbal epithelial progenitor cells (LEPC) at a
density of 50,000 cells/cm2 and spectrophotometric measurement of adherent cells 30 and 60 minutes after
seeding. Data are expressed as means ± SEM (n = 4). (B) Phase contrast images of LEPC cultured on LN
isoforms; magnification ×100. (C) Flow cytometry analyses of cultured LEPC showing expression of integrin
α3 (ITGA3), integrin α6 (ITGA6), integrin β1 (ITGB1), and integrin β4 (ITGB4) on their surface. Percentages
(%) of positive cells are expressed as means ± SEM percentage (%) (n = 3). (D) Functional blocking of
integrin-mediated LEPC adhesion to LN-521, -511, -511-E8 and -332 was tested using neutralizing antibodies
against integrin α3β1 and α6β1 60 minutes seeding. Data are expressed as means ± SEM (n = 4). (E) The
effect of LN isoforms on LEPC migration was analyzed in two well-culture inserts with a defined cell-free
gap and measurement of gap closure 3 and 6 hours after removal of the culture inserts. Data are expressed as
means ± SEM (n = 3); *p < 0.05; Mann-Whitney U test.
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Figure 4. Effect of laminin isoforms on limbal progenitor cell proliferation and differentiation. (A) The effect of
laminin (LN) isoforms on cell proliferation was tested by seeding limbal epithelial progenitor cells (LEPC) at a
density of 15,000 cells/cm2 and spectrophotometric measurement of BrdU incorporation 48 and 72 hours after
incubation. Data are expressed as means ± SEM (n = 5). (B) The effect of LN isoforms on LEPC proliferation
was also analyzed by cell counting using CASY technology 7 days after seeding (15,000 cells/cm2); phase
contrast images show LEPC cultured on tissue culture-treated plastic (control), LN-511-E8 and LN-332 before
trypsinization for counting. Data are expressed as means ± SEM (n = 3). (C) The effect of LN isoforms on LEPC
proliferation was additionally analyzed by Ki-67 expression on the mRNA level (left) and on the protein level
(right). Ki-67 (KI67) mRNA levels were assessed by quantitative real-time polymerase chain reaction (qRTPCR) primer assays, and data are expressed as means (2−ΔCT × 1,000) ± SEM (n = 5). Ki-67 protein levels were
monitored by counting the number of Ki-67-positive cell nuclei (magenta) and nuclei counterstained with
DAPI (blue) using Cell F program (magnification ×200). Percentages (%) of positive cells are expressed as
means ± SEM (n = 3). (D) The effect of LN isoforms on LEPC differentiation was analyzed by qRT-PCR primer
assays of KRT3 and KRT15 expression levels. Data are expressed as means (2−ΔCT × 1,000) ± SEM (n = 5);
*p < 0.05; **p < 0.01; ***p < 0.001; Mann-Whitney U test.
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Figure 5. Tissue engineering of corneal epithelial constructs. (A) Phase contrast images of limbal epithelial
progenitor cells (LEPC) growing on fibrin gels without or with incorporated recombinant laminin (LN)-511-E8
for 5 days (magnification ×100). (B) Light micrographs of epithelial cell sheets after two weeks of LEPC culture
on fibrin gels without or with incorporated LN-511-E8 (i, periodic acid-Schiff staining; ii, hematoxylin-eosin
staining; scale bar = 25 µm). (C) Transmission electron micrographs of epithelial cell sheets after two weeks
of LEPC culture on fibrin gels (FG) without or with incorporated LN-511-E8; formation of hemidesmosomes
(arrows) and basement membrane (arrowheads) can be seen on LN-511-E8 containing gels (scale bar = 5 µm
in i, and 1 µm in ii). (D) Immunofluorescence analysis of epithelial constructs showing expression patterns of
cytokeratin (CK)3, CK15, p63α, integrin α6, integrin ß1, and LN-α5 in epithelial constructs established on LN511-E8 containing gels and bare fibrin gels (nuclear counterstaining with DAPI (blue); scale bar = 25 µm).
LN-511-E8 containing gels than on pure fibrin gels. These data suggest that LN-511-E8-coated fibrin gels promote ex vivo-expansion of LEPC and the generation of a stratified, firmly adherent, corneal epithelial-like cell
sheet containing both differentiated and undifferentiated cells, which appears amenable for transplantation onto
the corneal surface.

Discussion

Using qPCR on microdissected LEPC clusters and confocal microscopy on tissue sections, we show that the BM
of the limbal niche is enriched for LN chains α2, α3, α5, β1, β2, β3, γ1, and γ2, co-localizing with integrins α3, α6
and ß1 on the LEPC surface. Of note, mRNA expression of LN-γ3 could not be detected in LEPC, although LN-γ3
protein was clearly identified in the limbal zone by immunohistochemistry in this and previous studies31, 46, 47.
In order to determine the role of LEPC in LN deposition within the limbal niche, we performed differential
mRNA expression analyses in cultivated LEPC and supporting LMSC populations, both derived from LEPC
clusters within the niche32. Our results clearly show the predominant expression of LN-α3 and –α5 by LEPC
together with LN-β1, -β3, and -γ2 chains, suggesting the probable secretion of LN-332 and LN-511 by epithelial
cells. By contrast, the LMSC preferentially expressed LN-α2 and -α4 chains together with -β2, -γ1 and -γ3 chains,
and thus probably secrete and deposit LN-211/221 and LN-411/421/423 into the limbal BM. This differential
expression pattern of laminin chains by epithelial and stromal fibroblast-like cells is consistent with findings in
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the epidermal BM, containing both epidermally derived LN-α3 and -α5 and mesenchymally derived LN-α2 and
-α4, and suggests that, as in the skin, interaction between epithelial and mesenchymal cells is required to establish
the limbal niche48, 49. The differential expression of LN-α5, but not LN-α3, by LEPC compared to BCEC further
suggests that the LN-α5 chain may be an endogenous signature component of progenitor cells and may also present an appropriate exogenous cue for ex vivo-expansion of LEPC.
As a major component of BMs, LN isoforms are also enriched in other adult stem cell niches, where they
regulate stem/progenitor cell function through interaction with cell surface receptors transducing molecular signals to the intracellular compartment23–26, 50. Consistent with the data presented here, interactions are
predominantly mediated by one of the four LN-binding integrins, α3β1, α6β1, α6β443, 44, and in the case of
myogenic cells also α7β1, which activate specific signaling networks to modulate diverse cellular functions,
such as adhesion, migration, proliferation, differentiation, stability of phenotype, and resistance towards apoptosis. The epidermal stem cell niche, for instance, contains LN-332 and LN-511, which interact with α6β4 and
α3β1 integrins, respectively, and are hypothesized to maintain stem cell homeostasis through a precise ratio of
LN-332 to LN-51151–53. Deposition of LN-332 and LN-511 gradients within the epidermal BM is regulated by
integrin-linked kinase (ILK), which plays a crucial role in linking the ECM to the actin cytoskeleton of skin
and hair follicle stem cells52. Detachment from LN-511/521-containing BMs has been considered a key factor
in promoting epithelial differentiation. LN-332 and LN-511/521 have been also reported to be synthesized
and secreted by human corneal epithelial cells in vivo, and to play a crucial role in the adhesion and migration of corneal epithelial in vitro54, 55. Together with the data presented here, there is convincing evidence that
both LN-332 and LN-511/521 through interaction with integrins α6β4 and α3β1/α6β1, respectively, form part
of the limbal niche. However, whether the ratio between the two LN isoforms and their gradient of expression in the limbal BM determine LEPC function, requires further investigation. It also remains to be determined, whether ILK, which has been reported to transfer β1 integrin-mediated signals from the ECM to the
Wnt/ß-catenin pathway in LEPC cultivated on amniotic membrane56, is a key regulator of the limbal niche
ECM microenvironment.
Here, we further show that the different LN isoforms have different functions on LEPC in vitro. Whereas
LN-511/521 supported integrin α3β1/α6β1-mediated LEPC adhesion, migration and proliferation without major
effects on cellular differentiation, LN-332 promoted LEPC adhesion and migration, but suppressed proliferation,
and maintained an undifferentiated phenotype, as reflected by high expression of the progenitor marker KRT15.
All other LN isoforms tested, i.e. LN-421, -411, -211 and -111, showed no superior effects on adhesion and proliferation of LEPC compared to tissue culture control wells. These observations are different to the skin, where
LN-α3 has been shown to promote and LN-α5 to inhibit keratinocyte proliferation48. However, in accordance
with our observations, LN-511 and -521, which are also expressed in Descemet’s membrane and corneal endothelium, strongly supported in vitro adhesion and proliferation of human corneal endothelial cells42. Thus, the particular characteristics of LN-511/521, i.e. support of adhesion, proliferation and phenotype stability of corneal
cells, render these isoforms best qualified for tissue engineering of LEPC-derived epithelial cell sheets without
abandoning the progenitor phenotype. Indeed, recombinant LN-511 and -521 have been frequently used as substrates for efficient stem/progenitor cell expansion in vitro and have been shown to protect against apoptosis, to
stimulate proliferation, and to maintain pluripotency and long-term self-renewal of both pluripotent and adult
stem cells including human keratinocyte stem cells57–60.
Short recombinant E8 fragments derived from the long arm of LN have been reported as a viable and safe
alternative to intact LN proteins in tissue engineering applications, because they do not involve the risk of contamination with xenogenic pathogens and immunogens41.These fragments have been shown to represent the
minimum fraction conferring β1 integrin-binding activity and supporting efficient adhesion and proliferation of pluripotent stem cells in defined xeno-free media45, 61, 62. E8 fragments of LN-511 have also been used
as a substrate for cultivation of human corneal endothelial cells with a similar efficacy to that obtained with
full-length LN42. This could be confirmed by the present study, showing that LN-511-E8 fragments had similar
potency in stimulating LEPC adhesion, migration, proliferation, and phenotype stability as intact LN-511. We
further show that recombinant LN-511-E8 fragments incorporated into and on top of fibrin-based hydrogels
improve ex vivo-expansion of LEPC and generation of a stratified epithelial cell sheet. The epithelial constructs
generated on LN-511-E8 pre-functionalized scaffolds proved to be superior to those on bare scaffolds, displaying
a well-organized stratified structure and firm attachment by α3β1 and α6β1 integrin-mediated anchorage to
LN-α5 as well as preservation of a progenitor cell phenotype in (supra)basal layers and a differentiated phenotype
in superficial layers.
In conclusion, in vitro presentation of appropriate ECM cues influencing stem cell function in vivo may represent a useful strategy to improve LEPC expansion and to maintain stem/progenitor cell function within the
graft. The incorporation of chemically defined, bioactive, recombinant human E8 fragments of the limbal niche
constituent LN-511 into clinically approved biosynthetic scaffolds like fibrin gels represents a promising avenue
for safe, xeno-free corneal epithelial tissue engineering for ocular surface reconstruction. This defined culture
technique may provide a significant improvement over current protocols for ex vivo-expansion of LEPC on undefined matrices, such as amniotic membrane or murine feeder cells, suffering from an intrinsic biologic variability,
but this proposition has to be evaluated in preclinical in vivo studies. Future studies are also required to elucidate
the nature of signaling pathways that are activated by LN-integrin interactions to determine LEPC function in
vivo and in vitro.

Methods

Human tissues and study approval. Human donor corneas (n = 5 for LCM, n = 10 for immunohistochemistry) not suitable for transplantation with appropriate research consent were procured by the Erlangen
Cornea Bank. In addition, organ-cultured corneoscleral tissue (n = 42) with appropriate research consent was
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provided by the Erlangen Cornea Bank after corneal endothelial transplantation. Informed consent to corneal
tissue donation was obtained from the donors or their relatives. Experiments using human tissue samples were
approved by the Institutional Review Board of the Medical Faculty of the University of Erlangen-Nürnberg (No.
4218-CH) and adhered to the tenets of the Declaration of Helsinki.

Laser capture microdissection (LCM) and amplification of RNA. LCM and amplification of RNA was

performed as previously described32. Briefly, corneal specimens destined for LCM were obtained from five donors
(mean age, 69.6 ± 10.4 years) within 15 hours after death. After labeling of the superior, inferior, nasal, and temporal quadrants of donor globes, tissue sectors were embedded in optimal cutting temperature (OCT) compound
(Tissue-Tek, Sakura Finetek Europe) and snap frozen in liquid nitrogen. Serial cryosections of 12 μm thickness
were obtained under RNAse-free conditions from the superior or inferior quadrants, placed onto UV-irradiated
(3000 mJ/cm2) PEN (polyethylene naphtalate) Membrane Slides (Carl Zeiss Microscopy, Göttingen, Germany),
and stained with 0.01% cresyl violet. The PALM MicroBeam IV system (Carl Zeiss Microscopy) was used to
isolate clusters of basal limbal epithelial cells (LEPC) and basal epithelial cells from central cornea (BCEC). From
each donor eye, 100 cryosections were dissected (50 from the superior and 50 from the inferior quadrants, respectively) yielding a total of 500 cryosections used for sample collection.
RNA isolation from these specimens was achieved using the RNeasy Micro Kit (Qiagen, Hilden, Germany)
including an on-column DNase digestion step according to the manufacturer’s instructions. Quality control
was performed on a 2100 Agilent Bioanalyzer using the RNA 6000 Pico Kit (Agilent Technologies, Santa Clara,
CA). Samples with an RNA concentration of 650–2,000 pg/µl and a RIN (RNA integrity number) of ≥7.0 were
used for further analysis. Following RNA-amplification using the MessageAmp II aRNA Amplification Kit (Life
Technologies GmbH, Darmstadt, Germany) according to the manufacturer’s protocol, aRNA (amplified RNA)
concentration was measured on a Nanodrop ND1000 spectrophotometer (Thermo Scientific, Wilmington, DE)
and quality control was again performed using Agilent technology.

Real time RT-PCR.

First-strand cDNA synthesis was performed using 5 µg of aRNA from tissue samples
or RNA from cultured cells and Superscript II reverse transcriptase (Invitrogen, Karlsruhe, Germany) as previously described32. PCR reactions were run in triplicate in 1× TaqMan Probe Mastermix (Roche Diagnostics,
Mannheim, Germany) or 1× SsoFast EvaGreen Supermix (Bio-Rad Laboratories, München, Germany), respectively, according to the manufacturers’ recommendations. Primer sequences (Eurofins, Anzing, Germany) are
given in Table 2. For normalization of gene expression levels, ratios relative to the housekeeping gene GAPDH
were calculated by the comparative CT method (ΔΔCT). Genes were considered as differentially expressed when
their expression levels exceeded a two-fold difference in all specimens analyzed.

Immunohisto- and immunocytochemistry.

Corneoscleral tissue samples obtained from 10 normal
human donor eyes (mean age, 72.3 ± 11.6 years) and 3D-cultures were embedded in optimal cutting temperature (OCT) compound and frozen in isopentane-cooled liquid nitrogen. Cryosections of 4 μm thickness were
cut from the superior or inferior quadrants, fixed in cold acetone for 10 minutes, blocked with 10% normal goat
serum, and incubated in primary antibodies (Table 1) diluted in PBS overnight at 4 °C. Antibody binding was
detected by Alexa 488-conjugated secondary antibodies (Molecular Probes, Eugene, OR) and nuclear counterstaining was performed with DAPI (Sigma-Aldrich, St. Louis, Missouri). Immunolabelled cryosections and
cultured LEPC were examined with a fluorescence microscope (Olympus BX51; Olympus, Hamburg, Germany)
or a laser scanning confocal microscope (LSM 780; Carl Zeiss Microscopy). In negative control experiments,
the primary antibodies were replaced by PBS or equimolar concentrations of an irrelevant isotypic primary
antibody.

Cell culture. LEPC clusters were isolated from 42 corneoscleral buttons (mean age, 69.2 ± 7.1 years) as
previously described32. Briefly, organ-cultured corneoscleral tissue with appropriate research consent was provided by the Erlangen Cornea Bank after corneal endothelial transplantation. After rinsing in Hanks’ balanced
salt solution, the tissues were cut into 12 one-clock-hour sectors, from which limbal segments were obtained
by incisions made at 1 mm before and beyond the anatomical limbus. Each limbal segment was enzymatically
digested with 2 mg/mL collagenase A at 37 °C for 18 hours to generate epithelial-mesenchymal stem/progenitor
cell clusters. Cell clusters were isolated from single cells by using reversible cell strainers with a pore size of 37 µm
(Stem Cell Technologies, Köln, Germany). Isolated cell clusters were further dissociated into single cells by digestion with 0.25% trypsin and 0.02% EDTA (Pan Biotech, Aidenbach, Germany) at 37 °C for 10–15 min. Single
cell suspensions were seeded into T75 flasks (Corning, Tewksbury, MA) in Keratinocyte serum free medium
(KSFM) supplemented with bovine pituitary extract, epidermal growth factor (Life Technologies) and 1×
penicillin-streptomycin-amphotericin B mix (Pan Biotech) to enrich epithelial cell population (LEPC) and the
flasks were incubated at 37 °C under 5% CO2 and 95% humidity. To enrich the associated mesenchymal stromal
cells (LMSC), single cell suspensions were seeded into T75 flasks in Mesencult media (Stem Cell Technologies)
and incubated at 37 °C under 5% CO2 and 95% humidity. The media was changed every second day. Cultivated
cells were used for real time PCR (n = 10), flow cytometry (n = 3), functional assays (adhesion: n = 4, integrin
blocking: n = 4, migration: n = 3, proliferation: n = 13) and tissue engineering (n = 5).
Flow cytometry. LEPC cluster derived and enriched mesenchymal cells (LMSC, P1) were isolated from 3
organ-cultured corneoscleral buttons (mean age, 66.5 ± 4.6 years) and characterized by flow cytometry using
anti-CD90, -CD73, -CD105, -CD44, -CD34, -CD45, -CD31 and isotype control antibodies (BD Biosciences,
Heidelberg, Germany). LEPC were characterized using anti-α3 integrin-APC, anti-α6 integrin-APC, anti-β1
integrin-FITC and anti-β4 integrin-eFluor660 antibodies (eBioscience, Frankfurt, Germany). Single cell
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Gene Symbol

Accession No.

Product Length

Probe No./SYBR

CEACAM1

NM_001024912.2

113

P79

GAPDH

NM_002046.3

72

P3

ICAM1

NM_000201.2

73

P30

Ki-67

NM_002417.4

78

P50

KIT

NM_000222.2

61

P6

KRT3

NM_057088.2

92

P74

KRT15

NM_002275.3

60

P10

LAMA1

NM_005559.3

149

SYBR

LAMA1

NM_005559.3

60

P38

LAMA2

NM_000426.3

68

P81

LAMA3

NM_198129.1

72

SYBR

LAMA3

NM_198129.1

65

P29

LAMA4

NM_001105209.1

68

P55

LAMA5

NM_005560.3

75

P44

LAMB1

NM_002291.2

72

P82

LAMB2

NM_002292.3

100

P43

LAMB3

NM_001127641.1

72

P23

LAMB4

NM_007356.2

67

P5

LAMC1

NM_002293.3

92

P66

LAMC2

NM_005562.2

96

P65

LAMC3

NM_006059.3

67

P14

SOX2

NM_003106.3

85

P65

Sequence 5′–3′
TCTTTGGGGCTAAGAGAAAGG
GAGGTACCTGAGTATAGAGAACTCCAA
CAGCAAGAGCACAAGAGGAA
GTGGTGGGGGACTGAGTGT
TTGACCTTTTGGGCTCAAGT
TGGTGTTGTGAGCCTATGGT
TTACAAGACTCGGTCCCTGAA
TTGCTGTTCTGCCTCAGTCTT
GAGTAGCTTACCAGAAGCTTCCATAG
CATAGGGACTGATGCCTTCC
CCTGTGATTGTCCAGGTGTG
ATACATCAGAGCTGTAGTGAGCATC
CATTGGCATCAGGGAAGC
TTGATGTGGAAATTGCTGCT
CTGGGACCGAGTCCTGAAC
ACACAACATCTCTCCCCAGAA
AGGATGACCTCCATTCTGACTT
CCTTACATGGGCACTGACCT
GCAAGCCACTGGAGGTTAAT
TGGGCATGATACAGGTTGAA
GCACTGATTACCCAATGCACC
ACCTGTCTGGTTTGTGTCCTG
CCAGGAATATGGGTTGCTTG
GGGAGCAGCACCAGGTAAT
GCCACACTCGTCCTTCTCTC
CCCAGGTGAAACTCTCAAGG
ATGACTCGCTCTGTGGAGGT
GGGGTTGGCTGTGTCCTA
AAGCCAGAAAGTTGCTGTGTATAG
CCTTGTTCACCTCAGCCATT
AAGGCCTACCCCAGTTCCTA
GGGTTCACACTGGTTTATTGG
GGCATGCCATTGAAACTAAGA
AGAACTAAAGGCGGGGGATA
CCCCACACCCTGTCCTTATT
ATTTTCCTGGTGGCATTTCA
GCCATTATTTTATTGTCTAGCTCCA
ATCCCTGTGTCAACCAGCAT
CACTCTGTGCCTTTCTACAACTG
CCAAGGTGGAAGTGCCTCT
CAGGACTCCTCAGCATTTCC
TTGCCATCTGCTGGAAGAG
GGGGGAATGGACCTTGTATAG
GCAAAGCTCCTACCGTACCA

Table 2. Primers used in qRT-PCR primer assays. Primers were used for Probe based (Universal Probe Library)
or SYBR Green based qRT-PCR assays with an annealing temperature of 60 °C.
suspensions (0.5–1 × 106 cells) were incubated with saturating concentrations of respective primary antibodies or conjugated antibodies in 100 µl PBS, 0.1% sodium azide and 2% fetal calf serum for 40 min. After three
washes, the cells were centrifuged at 200 × g for 5 min. Primary antibody reactions were incubated with Alexa
Fluor 488-conjugated goat anti-mouse IgG for 30 min. Cells were then washed and re-suspended in ice-cold PBS.
After addition of 5 µl of 7-amino-actinomycin D (7-AAD) to exclude dead cells, cytometry was performed on a
FACSCanto II (BD Biosciences) by using FACS Diva Software. A total of 10,000 events were acquired to determine the positivity of cell surface markers.

Cell adhesion assay. LEPC isolated from 4 organ-cultured corneoscleral buttons (mean age, 74.2 ± 5.8
years) were seeded onto 96 well-plates coated with recombinant LN-111, -211, -332, -411, -421, -511, -521
(1.0 µg/cm 2; BioLamina, Sundbyberg, Sweden) and recombinant LN-511-E8 (0.5 µg/cm 2; Nippi, Tokyo,
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Japan) as per manufacturers’ recommendations. Coating solutions were prepared in 1x DPBS (Dulbecco’s
phosphate-buffered saline) with calcium and magnesium and incubated in culture wells either for two hours
at 37 °C (fast coating) or overnight at 4 °C (slow coating) as per manufacturer’s instructions. Cells (P1-P2) were
seeded at a density of 50,000 cells/cm2 and left to adhere for 30 and 60 min at 37 °C. Standard tissue culture
treated plates were used as control. After incubation, plates were washed with DPBS using a Static Cell Adhesion
Wash Chamber (Glycotec, Maryland, USA) to remove non-adherent cells, and the adherent cells were fixed
with 4% paraformaldehyde/PBS for 15 min and stained with 0.1% crystal violet for 20 min. After three washes
with water, stained cells were extracted with 1% sodium dodecyl sulfate and quantified by measuring optical
density (OD) at 570 nm using a spectrophotometer (Multiskan Spectrum; Thermo Scientific, Waltham, USA).
All experiments (n = 4) were performed in quadruplicates. The fold change values were calculated as OD of the
LN/OD of control.
The effect of an interaction between cellular integrins and extracellular LNs on cell adhesion was evaluated by
seeding LEPC (50,000 cells/cm2) in 96-well plates coated with recombinant LN-332, -511, -521, and LN-511-E8
in the presence or absence of integrin-neutralizing antibodies, i.e., anti-α3 integrin (20 µg/ml) (Merck Millipore,
Darmstadt, Germany), anti-α6 integrin (20 µg/ml) (Merck Millipore) and anti-β1 integrin (2.5 µg/ml) (R&D
Systems Inc., Minneapolis, MN, USA). 60 minutes after seeding, the numbers of adherent cells were determined
as described above. LEPC used for integrin blocking assays were isolated from 4 organ-cultured corneoscleral
buttons (mean age, 67.7 ± 6.1 years) and all experiments were performed in quadruplicates.

Cell migration assay. To exactly measure the change in the cell-covered area over time, 2 well-culture inserts
with a defined cell-free gap were used (ibidi GmbH, Planegg, Germany). Briefly, the wells were coated with LN
isoforms as described above and seeded with 70 µl of a LEPC suspension containing 5 × 105 cells/ml. LEPC were
isolated from 3 organ-cultured corneoscleral buttons (mean age, 71.3 ± 6.1 years). After formation of a cellular
monolayer (24 hours), the silicone inserts were removed and the culture medium was supplemented with 2.5 µg/
ml of soluble LNs. Images of each well were acquired immediately following insert removal (0 hours) and after 3
and 6 hours by using an inverted microscope (CKX41, Olympus). Image analysis software Cell F (Olympus) was
used to measure areas that were free of migrating cells. All experiments (n = 3) were performed in triplicates.
Cell proliferation assays. LEPC used for cell proliferation assays were isolated from a total of 13 corneoscleral buttons after corneal endothelial transplantation (mean age, 70.0 ± 8.0 years).The effect of LNs on LEPC
proliferation was quantified using the Cell Proliferation ELISA BrdU Colorimetric Assay Kit (Roche Diagnostics).
Cells (P1-P2) were seeded into 96-well plates, coated with LN isoforms as described above, at a density of 5000
cells/well, cultured for 48 and 72 hours, and labeled with BrdU according to the manufacturer’s instructions.
Absorbance was measured at 450 nm using a spectrophotometer (Multiskan Spectrum), and fold change values
were calculated as described above. Experiments (n = 5) were performed in quadruplicates.
For immunocytochemical analysis of cell proliferation, LEPC (n = 3) were seeded at a density of 10,000 cells/
well into 4 well- glass chamber slides (LabTek; Nunc, Wiesbaden, Germany), cultured for 72 hours, and stained
with antibodies against Ki-67 (Abcam; Cambridge, UK). Ki-67 positive cells were counted in the 4 wells using
CellF image analysis software (Olympus). Ki-67 expression was also analyzed by real time PCR as described above
(n = 5).
In addition, cell numbers were counted after trypsinization of LEPC 7 days after seeding (5 × 104 cells/well) in
6-well culture plates using CASY technology (Schärfe System GmbH, Reutlingen, Germany) (n = 3).
Tissue engineering of epithelial constructs.

Scaffolds for tissue engineering and 3D-cell culture were
prepared from fibrin as previously described38. Briefly, the gels were prepared by dissolving fibrinogen and thrombin stock solutions (Tisseel; Baxter Deutschland GmbH, Unterschleißheim, Germany) in 1.1% NaCl and 1 mM
CaCl2 to a final concentration of 10 mg/ml fibrinogen and 3 IU/ml thrombin. Recombinant LN-511-E8 (10 µg/ml)
was incorporated into the gels, which were placed into 24 well-culture inserts and allowed to polymerize at 37 °C.
After washing with PBS, gels were additionally coated with LN-511-E8 (5 µg/ml) overnight. LN-511-E8 free gels
served as controls. LEPC (P1) were isolated from 5 organ-cultured corneoscleral buttons (mean age, 65.0 ± 7.5
years) and seeded onto coated and uncoated control gels at a density of 1 × 105 cells/cm2 and cultivated in KSFM
media under low calcium concentrations (0.09 mM Ca2+) for 5 to 6 days. Culture conditions were switched to
DMEM/Ham’s F12 (Hyclone; GE Health Care Life Sciences, Freiburg, Germany) supplemented with Human
Corneal Growth Supplement (Life Technologies), 10% FCS (GE Health Care Life Sciences), and high calcium
concentrations (1.2 mM Ca2+) in order to promote cell differentiation. After another 6 to 8 days of cultivation,
gels were fixed for immunohistochemistry as described above and for light and electron microscopy.
For light and electron microscopy, gels were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, dehydrated, and embedded in paraffin or epoxy resin, respectively, according to standard protocols. Paraffin sections
were stained with hematoxylin and eosin, and ultrathin sections were stained with uranyl acetate-lead citrate and
examined with an electron microscope (EM 906E; Carl Zeiss Microscopy).

Statistical analysis. Statistical analyses were performed using the GraphPad InStat statistical package for
Windows (Version 5.04; Graphpad Software Inc., La Jolla, CA). Data are expressed as mean ± standard error of
the mean from individual experiments. The Mann-Whitney U test was performed to assess statistical significance.
A p value of <0.05 was considered statistically significant.
Data availability.

Any additional data beyond those included in the main text that support the findings of
this study are also available from the corresponding author upon request.
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Purpose. The purpose of this study was to investigate the feasibility of poly lactic/glycolic acid (PLGA) as a drug delivery carrier of
Rho kinase (ROCK) inhibitor for the treatment of corneal endothelial disease. Method. ROCK inhibitor Y-27632 and PLGA were
dissolved in water with or without gelatin (W1), and a double emulsion [(W1/O)/W2] was formed with dichloromethane (O) and
polyvinyl alcohol (W2). Drug release curve was obtained by evaluating the released Y-27632 by using high performance liquid
chromatography. PLGA was injected into the anterior chamber or subconjunctiva in rabbit eyes, and ocular complication was
evaluated by slitlamp microscope and histological analysis. Results. Y-27632 incorporated PLGA microspheres with diﬀerent
molecular weights, and diﬀerent composition ratios of lactic acid and glycolic acid were fabricated. A high molecular weight and
low content of glycolic acid produced a slower and longer release. The Y-27632 released from PLGA microspheres signiﬁcantly
promoted the cell proliferation of cultured corneal endothelial cells. The injection of PLGA did not induce any evident eye
complication. Conclusions. ROCK inhibitor-incorporated PLGA microspheres were fabricated, and the microspheres achieved
the sustained release of ROCK inhibitor over 7–10 days in vitro. Our data should encourage researchers to use PLGA
microspheres for treating corneal endothelial diseases.

1. Introduction
The corneal endothelium maintains corneal transparency by
pump and leaky barrier functions [1]. The corneal endothelium is located at the anterior chamber side of the posterior
cornea at a cell density of 2000–3000 cells/mm2 in a healthy
subject. A phenotypical feature of corneal endothelial cells
(CECs) is a severely limited proliferative ability [2]. When
the corneal endothelium is impaired by any pathological conditions, trauma, or aging, the residual remaining CECs
migrate and spread out to cover the impaired area, resulting
in a cell density drop and increased polymorphism. The
remaining CECs compensate the function to maintain corneal transparency, but once cell density drops to critical level,
which is usually less than 500–1000 mm2/cells, the cornea
loses its transparency [1].
Corneal transplantation using a donor cornea is the
only therapeutic choice for treating corneal endothelial

decompensation [3]. Researchers, including our group, have
searched pharmaceutical agents such as EGF [4], PDGF [5],
FGF-2 [6], lithium [7], and Rho kinase (ROCK) inhibitor [8],
which can promote the proliferation of CECs, for the treatment of corneal endothelial diseases. Indeed, we performed
pilot clinical research and showed that ROCK inhibitor eye
drops have a potency for treating early stages of Fuchs
endothelial corneal dystrophy and severe corneal endothelial
damage induced by cataract surgery by enhancing the proliferation of residual CECs [9–11].
Poly lactic/glycolic acid (PLGA), a copolymer of poly
lactic acid (PLA) and poly glycolic acid (PGA), has been
intensively researched as a drug delivery carrier [12, 13].
During the degradation of PLGA for drug release, lactic acid
and glycolic acid are coreleased and are both biologically
removed by the surrounding cells through normal metabolic
pathways [14]. The biocompatibility, low toxicity, and drug
encapsulation capabilities of PLGA-based drug delivery
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Table 1: Summary of poly lactic/glycolic acid (PLGA) or poly lactic acid (PLA) microspheres.

Type
5005
5010
7505
0005
0020
5005 + gelatin

Molecular weight
5000
10000
5000
5000
20000
5000

Composition ratio
Lactic acid : glycolic acid
50 : 50
50 : 50
75 : 15
100 : 0
100 : 0
50 : 50

systems have attracted the attention of researchers [12, 13].
Indeed, several therapies using PLGA have recently entered
preclinical development [13, 15].
In the current study, we designed the PLGA microspheres, which incorporate ROCK inhibitor Y-27632, to
enable eﬃcient drug delivery for targeting corneal endothelium. We also evaluated the safety and stability of ROCK
inhibitor released from PLGA microspheres through
in vitro experiments. In addition, the safety of PLGA microsphere injection into the anterior chamber or subconjunctiva
was evaluated in a rabbit model.

2. Materials and Methods
2.1. Microsphere Preparation. A selective ROCK inhibitor, Y27632 (1 mg, Wako Pure Chemical Industries Ltd., Osaka,
Japan), was dissolved in double-distilled water (200 μL) with
or without gelatin (20 μg, Nitta Gelatin, Osaka, Japan) (W1)
and poured into dichloromethane (2 mL, DCM, Nacalai
Tesque, Kyoto, Japan) in which PLGA or poly (L-lactic acid)
(PLA) (90 mg) was dissolved (O). The ﬁrst inner W1/O
emulsion was prepared by agitating for 60 secs using a vortex
mixer at room temperature, followed by sonication for
300 secs using a UD-21P ultrasonic generator (Tomy Seiko
Co. Ltd., Tokyo, Japan). The ﬁrst emulsion was then poured
into 1% polyvinyl alcohol (2 mL, PVA, Japan Vam & Poval
Co. Ltd., Osaka, Japan) solution (W2), followed by vigorous
mixing using a vortex mixer for 60 sec. This procedure permitted the formation of the double emulsion [(W1/O)/W2],
in which the W1 phase was homogeneously dispersed in
the O phase. The resulting double emulsion was poured into
1 wt% PVA solution (300 mL) and continuously stirred for 3
hours at 4°C until DCM was completely evaporated. The
microspheres were washed several times with doubledistilled water by centrifugation and freeze-dried into
powdered microspheres. The microspheres with diﬀerent
composition ratios of lactic acid/glycolic acid were prepared
similarly (Table 1).
The shape and size of the microspheres was evaluated
using light microscopy (CKX41, Olympus Corp., Tokyo,
Japan) and a micro scale (OB1, 1 mm scale length, 100 divisions, 0.01 mm pitch, MeCan Imaging Inc., Saitama, Japan).
For scanning electron microscopy analysis, microspheres
were ﬁxed on an aluminum support with carbon-adhesive
glue and coated with a 10 nm thick coating of goldpalladium (30 mA, 40 sec) (JSM 6701F; JEOL, Tokyo, Japan).

Drug incorporation rate (%)

Particle size (μm)

12.5
1.38
1.17
9.33
2.11
18.1

12.63 ± 5.76
11.83 ± 6.85
14.30 ± 5.13
16.44 ± 6.09
13.94 ± 7.32
11.80 ± 7.74

The samples were observed using a scanning electron microscope (S-2380N, Hitachi Ltd., Tokyo, Japan).
2.2. Release Study. The Y-27632 release proﬁles from the
PLGA microspheres were determined in vitro. PLGA microspheres in which Y-27632 (10 mg) was incorporated were
incubated in a tube containing 1.0 mL phosphate-buﬀered
saline solution (PBS; Nissui Pharmaceutical Co. Ltd., Tokyo,
Japan) (pH: 7.4) at 37°C in a heat block (ALB-221, Scinics
Co., Tokyo, Japan). PBS including released Y-27632 was evaluated at 1, 3, and 6 hour(s) and 1 to 30 day(s) after incubation.
The concentration of Y-27632 in the samples was determined
by high performance liquid chromatography (HPLC; Prominence, Shimazu Corp., Kyoto, Japan) equipped with one
pump, an auto sampler, and an ultra violet (UV) detector. Calibration curves were prepared for Y-27632 based on the UV
absorbance peak area at 269 nm. These calibration curves were
used for the estimation of in vitro drug release. The Y-27632
release proﬁle was calculated as follows: cumulative amount
of Y‐27632 released / total incorporated Y‐27632 × 100
2.3. Cell Cultures. Eight corneas from four cynomolgus monkeys (3–5 years of age; estimated equivalent human age, 5–20
years) housed at Nissei Bilis Co. Ltd. (Otsu, Japan) were used
for the study. The corneas were harvested at the time of the
euthanization of the monkeys for other research purposes.
CECs were cultured according to a modiﬁed protocol
reported previously [16]. Brieﬂy, Descemet’s membrane
including CECs was stripped from the cornea and incubated
with 0.6 U/mL of Dispase II (Roche Applied Science, Penzberg,
Germany) for 60 minutes at 37°C. CECs were then seeded onto
a culture plate (CECs from one cornea to one well of a 12-well
culture plate) with a culture medium composed of Dulbecco’s
modiﬁed Eagle’s medium (DMEM, Life Technologies Corp.,
Carlsbad, CA) supplemented with 10% fetal bovine serum
50 U/mL penicillin, 50 μg/mL streptomycin, and 2 ng/mL
basic ﬁbroblast growth factor (bFGF; Life Technologies
Corp.). ROCK inhibitor was not added to the culture medium
when preparing CECs for experiments. When the cells reached
conﬂuence in 10 to 14 days, they were trypsinized with 0.05%
trypsin-EDTA (Life Technologies Corp.) for 5 minutes at
37°C and passaged at ratios of 1 : 2 to 4. CECs obtained after
the 4–7th passage that still maintained a hexagonal and monolayer sheet-like structure were used for the experiments.
2.4. In Vitro Assessment of Y-27632 Released from
Microspheres. To evaluate the stability and safety of Y-27632
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released from the PLGA/PLA microspheres, the eﬀect of
released Y-27632 on cell growth of CECs was evaluated.
Y-27632 incorporating PLGA microspheres (0020) were
incubated in PBS, and PBS was recovered at 3 and 7 days
after incubation. The concentration of Y-27632 was then
evaluated by HPLC, and the recovered PBS including the
released Y-27632 was added to the culture medium at a
ﬁnal concentration of Y-27632 of 10 μM. Cultured monkey
CECs were seeded at a density of 5.0 × 103 cells/cm2 per
well on a 96-well plate for 24 hours and then subjected
to serum starvation for an additional 24 hours in the presence or absence of fresh Y-27632 (10 μM) or Y-27632
released from PLGA microspheres after 3 or 7 days
(10 μM). The number of viable cells was determined by
use of the CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, Fitchburg, Wisconsin) performed in accordance
with the manufacturer’s protocol. The number of CECs at
24 hours after treatment with Y-27632 was measured
using the Veritas™ Microplate Luminometer (Promega,
Fitchburg, Wisconsin).
2.5. Safety Assessment of Microspheres in Rabbit. To evaluate
the safety of PLGA/PLA microspheres, 1 or 10 mg PLGA
microspheres (0020) suspended in 200 μL PBS were injected
into the anterior chamber and 1 mg PLGA microspheres suspended in 200 μL PBS were injected into the subconjunctiva
of the 9 right eyes of 9 rabbits (n = 3). The left eyes were used
as a control. The corneal appearance of the 9 rabbits was
examined at 1, 2, 3, 5, 7, 10, and 14 days using a slitlamp
microscope, and corneal opaciﬁcation and conjunctival
hyperemia were evaluated according to the grading system
(Supplemental Table 1 available online at https://doi.org/10.
1155/2017/1598218) modiﬁed from the previous report
[17]. Intraocular pressure was determined with a Tonovet®
(Icare Finland, Vantaa, Finland) instrument. Corneal thickness was determined through the use of an ultrasound pachymeter (SP-2000; Tomey, Nagoya, Japan).
2.6. Histological Examination of Rabbit Eyes after Poly Lactic/
Glycolic Acid (PLGA) Microsphere Injection. After 14 days of
PLGA microsphere injection, rabbits were euthanized, the
eye balls were enucleated, and sclerocorneal specimens were
prepared using ophthalmic surgical scissors. Samples were
ﬁxed in 4% formaldehyde and incubated for 30 minutes in
1% bovine serum albumin to block nonspeciﬁc binding.
The samples were then incubated overnight at 4°C with antibodies against Na+/K+-ATPase (1 : 300, Upstate Biotechnology, Lake Placid, NY), ZO-1 (1 : 300, Life Technologies
Corp.), and connexin 43 (1 : 300, Life Technologies Corp.).
Alexa Fluor® 488-conjugated goat anti-mouse (Life Technologies Corp.) was used as a secondary antibody at a 1 : 1000
dilution. Cell morphology was evaluated after actin staining
with a 1 : 400 dilution of Alexa Fluor 594-conjugated phalloidin (Life Technologies Corp.). Nuclei were stained with 4′,6diamidino-2-phenylindole (DAPI, Dojindo Laboratories,
Kumamoto, Japan). The samples were examined with a ﬂuorescence microscope (TCS SP2 AOBS; Leica Microsystems,
Wetzlar, Germany).
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2.7. Statistical Analysis. The statistical signiﬁcance (p value)
of diﬀerences in the mean values of the two-sample comparison was determined with the Student’s t-test. The statistical
signiﬁcance of comparisons of multiple sample sets was analyzed with Dunnett’s multiple-comparisons test. p < 0 05 was
considered as statistically signiﬁcant. Results were expressed
as mean ± standard error of the mean.

3. Results
3.1. Characteristics of Poly Lactic/Glycolic Acid (PLGA) or
Poly Lactic Acid (PLA) Microspheres for Y-27632 Release.
Y-27632-incorporated PLGA or PLA microspheres with
diﬀerent molecular weights and diﬀerent composition ratios
of lactic acid and glycolic acid were prepared (Table 1).
All PLGA or PLA microspheres exhibited similar morphology and size. SEM showed that representative images of
PLGA microspheres were spherical with a smooth surface
(Figure 1(a), upper panel). The inside of the microspheres
was porous core due to double emulsion, which is designed
to incorporate Y-27632 (Figure 1(a), lower panel). We ﬁrst
evaluated the eﬀect of molecular weight on the release proﬁle in PLGA or PLA microspheres. PLGA5005 had released
65.5 ± 0.9% (approximately 8.22 μg) of the Y-27632 by 1 day
and 98.7 ± 0.6% (approximately 12.4 μg) by 14 days, while
PLGA5010, which has a higher molecular size than
PLGA5005, released 40.8 ± 1.0% (approximately 0.56 μg) of
Y-27632 by 1 day and 99.1 ± 1.7% (approximately 1.37 μg)
by 14 days (p < 0 01 at 1 day). PLA0005 released 62.8 ± 0.8%
(approximately 5.86 μg) of Y-27632 by 1 day and 77.7 ± 0.5%
(approximately 7.25 μg) by 14 days, while PLA0020, which
has a higher molecular size than PLA0005, released 30.2
± 0.9% (approximately 0.64 μg) of Y-27632 by 1 day and 55.3
± 0.6% (approximately 1.16 μg) by 14 days (p < 0 01 at both 1
day and 14 days) (Figure 1(b)). These data showed that a lower
molecular weight increased the rate of drug release at a ﬁxed
composition ratio of lactic acid and glycolic acid. We next evaluated the eﬀect of the composition of lactic acid and glycolic
acid on the release proﬁle. PLGA7505 released 58.9% of
Y-27632 at 1 day and 97.4% at 14 days, and PLA0005
released 62.4% of Y-27632 at 1 day and 77.5% at 14 days.
This data showed that a smaller amount of glycolic acid
made the release slower and a smaller amount of lactic
acid made the release of Y-27632 faster (Figure 1(c)).
The mean incorporation rate of Y-27632 was 8.74%
in PLGA microspheres, though PLGA microspheres prepared with gelatin enabled a signiﬁcantly higher incorporation
of Y-27632 at 18.1%, showing that gelatin reduced the loss of
ROCK inhibitor during preparation of the PLGA microspheres (Figure 1(d)). Characteristic release curves showed
that both PLGA with or without gelatin have the potency to
release Y-27632 and that the initial burst release of Y-27632
tended to decrease for microspheres with gelatin (Figure 1(e)).
3.2. In Vitro Evaluation of Y-27632 Released from
Microspheres. The eﬀect of Y-27632 released from PLGA
microspheres on CEC proliferation was evaluated. Phase
contrast images showed that CECs cultured with a culture
medium supplemented with fresh Y-27632 (10 μM) showed
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Figure 1: Characteristics of poly lactic/glycolic acid (PLGA) or poly lactic acid (PLA) microspheres for Y-27632 release. (a) PLGA
microspheres were examined with a scanning electron microscope. The upper panel shows the surface of the microsphere, and the lower
panel shows the internal structure of the microsphere. (b) PLGA or PLA microspheres were incubated in a PBS at 37°C for 14 days, and the
amount of Y-27632 released was determined by HPLC. The eﬀect of the molecular weight on the release proﬁle for PLGA or PLA
microspheres was evaluated. The cumulative amount of released Y-27632 was plotted in the graph (n = 3). (c) PLGA or PLA microspheres
were incubated in PBS at 37°C, and the amount of Y-27632 released was determined by HPLC. The eﬀect of the composition of lactic acid
and glycolic acid on the release proﬁle was evaluated (n = 3). The PLGA5005 release curve plotted is the same as that shown in Figure 1(b).
(d) Y-27632 was dissolved in ultrapure water with or without gelatin, and PLGA5005 microspheres were prepared (n = 3). The
incorporation rate was evaluated by HPLC. ∗∗ p < 0 01. (e) PLGA5005 with or without gelatin that incorporated Y-27632 was incubated at
PBS at 37°C for 14 days, and the amount of Y-27632 released was determined by HPLC. Three independent experiments were performed.

higher numbers of cells than the control. The Y-27632
released from the PLGA microspheres was recovered after
incubation and was added to a growth medium at a ﬁnal
concentration of 10 μM. Higher numbers of CECs were
observed than those in the control after 24 hours of cultivation with those growth media that were supplemented with

Y-27632 released from PLGA microspheres (Figure 2(a)).
The cell numbers of CECs were signiﬁcantly increased by
the supplementation of fresh Y-27632 or the Y-27632
recovered from PLGA microspheres after an incubation of 3
and 7 days (118.8%, 110.6%, and 111.4%, resp.) (Figure 2(b)).
These results showed that Y-27632 incorporated in PLGA
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Figure 2: Stability and safety assessment of Y-27632 released from PLGA microspheres. (a) Y-27632 incorporating poly lactic/glycolic acid
(PLGA) microspheres was incubated in PBS, and PBS was recovered after 3 and 7 days. The amount of Y-27632 released in the PBS was added
to a culture medium as ﬁnal concentration of Y-27632 as 10 μM. Phase contrast images of corneal endothelial cells (CECs) cultured for 24
hours are shown. (b) CECs were seeded at a density of 5.0 × 103 cells/cm2 per well on a 96-well plate for 24 hours and subjected to serum
starvation for an additional 24 hours supplemented with fresh Y-27632 (10 μM) or Y-27632 released from PLGA microspheres after 3 or 7
days (10 μM). Control cells were CECs cultured for an additional 24 hours without supplementation with Y-27632. The data represent
average ± SE (n = 5). ∗∗ p < 0 01, ∗ p < 0 05. These experiments were performed in triplicate.

microspheres was released and its biological features
were maintained.
3.3. In Vivo Safety Evaluation of Microspheres. We evaluated
the feasibility of using PLGA microspheres in the eye by conducting a study using healthy rabbit eyes. Slitlamp microscopy
showed that no eye complications, such as conjunctival injection, corneal opacity, cataract formation, or severe inﬂammation, occurred in any of the groups (Figure 3(a)). Corneal
opaciﬁcation and conjunctival hyperemia scores were zero in
all of the eyes for all of the groups in which PLGA microspheres
were injected into the anterior chamber (1 mg or 10 mg) and
into the subconjunctiva (1 mg) (data not shown). Some PLGA
microspheres were visible by slitlamp microscopy examination, especially in the iris, but no aggregation of microspheres
was observed in the anterior chamber. Corneal thickness and
intraocular pressure were not altered to abnormal levels
during the 14-day observation period (Figures 3(b) and 3(c)).
Corneal endothelium of eyes in which PLGA microspheres were injected into the anterior chamber and the
subconjunctiva expressed Na+/K+-ATPase (a marker of
pump function), ZO-1 (a marker of tight junction), and
connexin 43 (a marker of gap junctions) as did the control. Phalloidin staining showed that the cell morphology

was hexagonal and monolayer in PLGA microspheretreated eyes as with the control, and no morphological
change was observed (Figure 4).

4. Discussion
Bullous keratopathy caused by cataract surgery is one of the
leading causes of corneal transplantation due to corneal endothelial decompensation [3]. The Eye Bank Association of
America reported that of the 28,394 corneal transplantations
performed in 2015, 15,707 (55.3%) were for corneal endothelial decompensation [18]. In terms of bullous keratopathy
due to severe corneal endothelial damage by cataract surgery,
8290 (29.2%) corneal transplantations were performed in the
United States [18]. Likewise, 20–40% of corneal transplantations are performed to treat bullous keratopathy caused by
cataract surgery in Asian countries [19–21].
In 2009, we reported that the ROCK inhibitor Y-27632
promoted cell proliferation of cultured CECs [8]. We subsequently demonstrated that the topical application of ROCK
inhibitor such as Y-26732 and ripasudil as a form of eye
drops enhances wound healing of the cornea endothelium
by promoting cell proliferation of CECs in rabbit and
monkey models [10, 11, 22, 23]. Based on these ﬁndings,
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Figure 3: Safety assessment of poly lactic/glycolic acid (PLGA) microspheres in a rabbit eye. (a) One or 10 mg PLGA microspheres suspended
in 200 μL phosphate buﬀer solution (PBS) was injected into the anterior chamber, and 1 mg PLGA microspheres suspended in 200 μL PBS
was injected into the subconjunctiva. Nine right eyes of 9 rabbits were used for the experiments (n = 3). Anterior segments were evaluated
by slitlamp microscopy for 14 days. (b, c) Corneal thickness and intraocular pressure were evaluated for 14 days and are shown in the
graph. The central corneal thickness was evaluated by ultrasound pachymetry. Intraocular pressure was determined with a Tonovet.

we performed pilot clinical research in which patients with
corneal decompensation were treated with Y-27632 eye
drops following to a transcorneal freezing procedure to partially remove the damaged cornea endothelium. Y-27632
eye drops showed eﬀectiveness in reducing the central corneal thickness in patients with early stage Fuchs endothelial
corneal dystrophy [9, 10]. In addition, we demonstrated that
ROCK inhibitor eye drops can enhance the wound healing of

damaged corneal endothelium caused by cataract surgery,
thus successfully avoiding the need for corneal transplantation [11]. Although further randomized clinical trials are
necessary, ROCK inhibitor currently might be one of the
most promising pharmaceutical agents that can be applied
for corneal decompensation.
Possible complications of the injection of PLGA into the
anterior chamber are direct mechanical damage to the
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Figure 4: Histological evaluation of corneal endothelium in rabbit eyes injected with poly lactic/glycolic acid (PLGA) microspheres. One or
10 mg PLGA microspheres was injected into the anterior chamber, and 1 mg PLGA microspheres was injected into the subconjunctiva. After
14 days, corneal endothelium was evaluated by immunoﬂuorescence staining and phalloidin staining. Na+/K+-ATPase (a marker of pump
function), ZO-1 (a marker of tight junction), and connexin 43 (a marker of gap junctions) were used to evaluate the functional property
of corneal endothelium. Phalloidin staining was used for morphological analysis. Nuclei were stained with DAPI. Scale bar: 50 μm.

corneal endothelium or lens, indirect damage to the corneal
endothelium by biodegradation products from PLGA, and
intraocular pressure elevation by inhibiting aqueous humor
outﬂow. We therefore conducted a safety assessment using
healthy rabbit eyes to evaluate the feasibility of applying
PLGA microspheres for intracameral injection. Here, we
showed that the injection of PLGA into the anterior chamber
or the subconjunctiva did not induce any evident complications. No inﬂammatory response was observed, in agreement
with the reported biocompatibility safety proﬁle of PLGA.
PLGA is capable of encapsulating a wide range of drugs of
almost any molecular size [12]. Our in vitro study consistently showed that ROCK inhibitor released from PLGA promoted the proliferation of CECs in the same manner as
unencapsulated ROCK inhibitor, suggesting that ROCK
inhibitor was incorporated into and released from PLGA

without damage to the molecular properties of the inhibitor.
Further study is needed, but it is suggested that PLGA
might be applicable as a drug carrier that is injected into
the anterior chamber.
In our clinical research, we suggested that a ROCK
inhibitor has the potency to promote the cell proliferation
of residual relatively healthy CECs [9–11] and that there is
a “golden time” for a ROCK inhibitor, when the wounded
space has not yet been covered by the migration and spreading of residual CECs associated with a cell density drop [24].
We showed that ROCK inhibitor eye drops restored corneal
clarity within one week in patients with Fuchs endothelial
corneal dystrophy following a transcorneal freezing procedure and within 1-2 months in patients with severe corneal
endothelial damage due to cataract surgery. Therefore, in this
study, we aimed to fabricate a PLGA system that would
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release Y-27632 for 7 to 10 days to improve the therapeutic
eﬃcacy during this window of opportunity; however, the
release time should be optimized by further studies. The drug
release from PLGA with degradation is inﬂuenced by various
factors such as the initial molecular weight, the monomer
composition rate of PLA and PGA, the drug type, and the
pH of the surrounding circumstances [12, 25]. Among these
factors, the molecular weight and the composition rate of
PLA and PGA are recognized as important and are also easily
controlled during fabrication [12]. Here, we showed that
PLGA5010 exhibited a slower release than PLGA5005 and
that PLA0020 exhibited slower release than PLA 0005, showing that PLGA or PLA microspheres with a high molecular
weight produce slower and more prolonged Y-27632 release.
This may be because polymers with lower molecular weights
are less hydrophobic, which increases the rate of water
absorption, consequent hydrolysis, and erosion [26]. The
composition of PLA and PGA in PLGA is also an important
factor inﬂuencing polymer degradation. In this study,
PLGA7505 showed a slower release of Y-27632 than
PLGA5005, and PLA0005 showed the slowest and longest
release, although it exhibited an initial burst in release. This
suggests that a lower content of GA in PLGA results in a
slower and longer-term drug release from the PLGA microspheres. It has been demonstrated that the PGA : PLA ratio
of 50 : 50 make PLGA the most hydrophilic and amorphous
when compared to other ratios, resulting in faster degradation and drug release [12].
Although the further optimization of the release proﬁle
of the ROCK inhibitor is needed before clinical application,
our results oﬀers fundamental information for modifying
the molecular weights and composition rates of PLA and
PGA. Various mathematical, computational, and theoretical
models may be applicable for the optimization of the release
proﬁle [27–29]. However, drug release from microspheres
diﬀers in the in vitro versus in vivo conditions, in part due
to immunological responses and the plasticizing eﬀects of
biological substances [12]. For instance, the release of thymosin alpha 1 from PLGA was slightly faster in an in vivo
assay than in an in vitro assay [30]. Conversely, other
researchers have shown that PLGA degradation was slower
in vivo than in vitro [31]. Therefore, pharmacokinetics
studies are needed on the release of ROCK inhibitor in the
anterior chamber. The drawback of this study is the lack of
in vivo experiments that show an enhancement of corneal
endothelial wound healing by ROCK inhibitor incorporated
into PLGA. The fate of the PLGA injected into the anterior
chamber is also not well characterized, and further in vivo
experiments are needed prior to initiating clinical applications. In the clinical setting, however, the treatment of corneal endothelial damage induced by cataract surgery would
seem to be an important target for this PLGA therapy.
In conclusion, we fabricated ROCK inhibitor-incorporated
PLGA microspheres, and those microspheres act as carrier
for the sustained release of the ROCK inhibitor over 7–10
days. In addition, the PLGA microspheres did not exhibit
any evident complication in the eyes of a rabbit model.
Although further optimization of the release proﬁle of PLGA
and in vivo experiments for safety and eﬀectiveness
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assessment are required, PLGA microspheres would appear
to represent a promising drug delivery carrier for ROCK
inhibitor.
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Purpose: To develop analysis software for cultured human corneal
endothelial cells (HCECs).

Methods: Software was designed to recognize cell borders and to
provide parameters such as cell density, coefﬁcient of variation, and
polygonality of cultured HCECs based on phase contrast images.
Cultured HCECs with high or low cell density were incubated with
Ca2+-free and Mg2+-free phosphate-buffered saline for 10 minutes
to reveal the cell borders and were then analyzed with software
(n = 50).
Results: Phase contrast images showed that cell borders were not
distinctly outlined, but these borders became more distinctly
outlined after phosphate-buffered saline treatment and were
recognized by cell analysis software. The cell density value
provided by software was similar to that obtained using manual
cell counting by an experienced researcher. Morphometric parameters, such as the coefﬁcient of variation and polygonality, were
also produced by software, and these values were signiﬁcantly
correlated with cell density (Pearson correlation coefﬁcients 20.62
and 0.63, respectively).
Conclusions: The software described here provides morphometric
information from phase contrast images, and it enables subjective
and noninvasive quality assessment for tissue engineering therapy of
the corneal endothelium.
Key Words: corneal endothelium, cell density, software
(Cornea 2017;36:1387–1394)

T

he corneal endothelium counteracts water imbibition into
stroma by the functioning of an ion transport system.
Consequently, dysfunction of the corneal endothelium in-
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duces corneal edema due to excessive inﬂux of water, which
results in vision loss. Corneal transplantation is typically the
only therapeutic choice for treatment of corneal endothelial
dysfunction. However, associated problems, such as shortage
of donor corneas, surgical difﬁculty and invasiveness, and
transplant rejection, have prompted researchers to seek new
therapeutic modalities using tissue engineering technology.1
For instance, several research groups, including ours, have
successfully cultured corneal endothelial cells (CECs) on
substrates such as amniotic membrane,2 collagen sheets,3,4
and sliced human corneal stroma,5 and have successfully
regenerated transparent corneas in animal models by transplanting these cultured CECs. Mimura et al also reported
that injection of cultured CECs in the form of a sphere into
the anterior chamber results in regeneration of the corneal
endothelium in a rabbit model.6 We also demonstrated that
injection of CECs in combination with a Rho kinase
inhibitor into the anterior chamber regenerates the corneal
endothelium in rabbit and monkey corneal endothelial
dysfunction models.7,8 We have since initiated clinical
research into CEC injection therapy in humans at the
Kyoto Prefectural University of Medicine (Clinical trial
registration: UMIN000012534).
Several reports of successful human corneal endothelial
cell (HCEC) cultivation have been published,9–12 but providing sufﬁcient numbers of cells with guaranteed quality for
clinical application has proven surprisingly difﬁcult.13 During
cell cultivation, HCECs tend to undergo cell death, and even
if they survive, they transform into a ﬁbroblastic phenotype,
in which the vital pump and barrier functions are lost; these
cells also exhibit a senescent phenotype.13,14 Consequently,
establishment of cell cultivation protocols has been recognized as a pivotal issue for tissue engineering of the corneal
endothelium for therapeutic purposes. Several reports have
aimed at improving cultivation protocols by optimizing the
culture medium,15,16 enhancing cell proliferation,17–19 suppressing ﬁbroblast transformation,14 and coating the culture
plates with speciﬁc substrates.20 These recent developments
in culture techniques have allowed culture of cells in
sufﬁcient quantities for clinical use, and we have initiated
culturing of HCECs of Good Manufacturing Practice grade
at the Kyoto Prefectural University of Medicine for
clinical purposes.
One remaining limitation of our culture protocol is the
lack of a quality control protocol for these cells to ensure
patient safety and a good prognosis after therapy. In this
article, we describe software that we have designed for the
www.corneajrnl.com |
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FIGURE 1. Cell analysis software for
cultured HCECs. A, Cultured HCECs
were incubated with PBS for 10 minutes and then imaged using
a phase contrast microscope. The
phase contrast image obtained after
PBS treatment was analyzed with
CECA. Images obtained by analyzing
the phase contrast image after PBS
treatment were shown by each step;
that is, denoising, closing, and skeletonizing. Scale bar: 100 mm. B, The
cell borders of HCECs before and
after PBS cultivation were analyzed
with CECA. The red line was recognized as a cell border by cell analysis
software. The analyzed image of
HCECs before PBS treatment
showed that cell borders were not
properly recognized (arrowhead),
whereas the border of the HCECs
treated with PBS were more likely to
be recognized. Scale bar: 10 mm.

Human donor corneas were obtained from SightLife
(Seattle, WA) for research purposes. Sixteen human donor
corneas (from persons older than 40 years) were used for
cultivation of HCECs using the protocol described previously.20 Brieﬂy, Descemet membranes containing HCECs
were stripped from donor corneas, and the membranes were
digested with 1 mg/mL collagenase A (Roche Applied
Science, Penzberg, Germany) at 37°C for 12 hours. The
HCECs were seeded in 1 well of a 48-well plate coated with
laminin E8 fragments (iMatrix-511; Nippi, Inc, Tokyo,
Japan).20 The culture medium was prepared according to
published protocols.16 First, bone marrow mesenchymal stem
cells were plated at a density of 1.3 · 104 cells/cm2 and
cultured for 24 hours in Dulbecco’s Modiﬁed Eagle’s
Medium (Life Technologies Corp, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 mg/mL streptomycin. The culture medium
was then replaced with OptiMEM-I (Life Technologies Corp)
containing 8% FBS, 5 ng/mL epidermal growth factor

(Sigma-Aldrich Co, St. Louis, MO), 20 mg/mL ascorbic acid
(Sigma-Aldrich Co), 200 mg/L calcium chloride, 0.08%
chondroitin sulfate (Wako Pure Chemical Industries, Ltd,
Osaka, Japan), 50 mg/mL gentamicin, and 10 mM SB431542
(Merck Millipore, Billerica, MA),14 and bone marrow
mesenchymal stem cells were cultured for an additional 24
hours to condition this medium. The conditioned medium was
then collected for use as the culture medium for HCECs. The
HCECs were cultured at 37°C in a humidiﬁed atmosphere
containing 5% CO2, and the culture medium was changed
every 2 days. Cells were examined with a phase contrast
microscope (DMI4000 B; Leica Microsystems, Wetzlar,
Germany). Phase contrast images of conﬂuent cultured
HCECs (2–8 passages) were prepared and separated by
a single experimenter (K.K.) into the following 2 groups:
a high cell density group, in which the cell density was
maintained high during cultivation, and a low cell density
group, in which the cell density was spontaneously reduced
under the culture conditions. Fifty phase contrast images of
HCECs treated with phosphate-buffered saline (PBS) were
randomly selected from each group.
Cell analysis software for analyzing cultured HCECs
[hereafter referred to as the corneal endothelial cell analyzer
(CECA)] was developed at Doshisha University with programming by Python (Python Software Foundation, https://
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evaluation of cell density, polymegathism, and polymorphism
of cultured HCECs, and we provide an evaluation of the
feasibility of its use for the analysis of HCECs.
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FIGURE 2. Analysis of the cultured corneal
endothelial cell density using CECA. A, The
algorithm of the center method using KSS400EB software is shown. 1) The researcher
plots the cell center manually, 2) the cell centers of surrounding cells are defined, and 3) the
cell boundary is estimated as a perpendicular
line that crosses the midpoint of the cell center
and the cell centers of the surrounding cells. B,
A representative analysis image obtained using
KSS-400EB software is shown. C, For ImageJ
analysis, the external borders were defined by
CECA (the outside of the external border is
shown in black, the inside of the external border is shown in gray). Manual cell counting was
then conducted by plotting the centers of the
cells manually, and the cell density was obtained by calculating the cell numbers/area
using ImageJ software. A representative analysis
image by ImageJ software is shown. The same
phase contrast image was analyzed and is
shown in (B and C). ImageJ software analyzed
the whole area of the phase contrast image,
whereas KSS-400EB software magnified a specific area and analyzed a smaller number of
cells. D and E, Phase contrast images of HCECs
with high and low cell density were analyzed
by the following 3 methods. First, the centers
of the cells were plotted manually, and cell
density was analyzed by the center method
using KSS-400EB software. Second, the centers
of the cells were plotted manually, and cell
density was obtained by calculating the cell
numbers/area using ImageJ software. Third, the
cell density was automatically analyzed by
CECA. The cell centers were plotted by 2
independent researchers for the center method
using KSS-400EB software and for manual
analysis by ImageJ software. Representative
data obtained by a single researcher are shown.
The horizontal lines in the boxes indicate medians, the bottom of each box indicates the
25th percentile, and the top of each box indicates the 75th percentile. The horizontal lines
outside the boxes indicate the range of CEC
density.

www.python.org/, Beaverton, OR). Python was used in
Eclipse (Eclipse Foundation, http://www.eclipse.org/, Ontario,
Canada) with a PyDev (PyDev, http://www.pydev.org/) plugin. First, HCECs were incubated in Ca2+-free and Mg2+-free
PBS, and phase contrast images were obtained. These images
were converted to a binary image that represented the cell
boundary and the cell regions. The number of cells, cell areas,
and numbers of surrounding neighbor cells were then
obtained based on the binary images. The external borders
of the cells used for the analysis were deﬁned to eliminate
cells that were on the edge of the phase contrast images. In
addition, CECA was programmed to provide clinical parameters for the corneal endothelium; that is, the coefﬁcient of
variation (CV) and numbers of surrounding neighbor cells. As
a control, the cell density was also evaluated by the center
Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.

method using KSS-400EB software (Konan Medical, Inc,
Hyogo, Japan) or by ImageJ software after manual counting
by experienced researchers. For ImageJ analysis, the external
borders were deﬁned by CECA (ie, precisely the same area
was evaluated by both ImageJ and CECA), and the cell
density was then calculated as cell number/area. The algorithm of the center method includes the following steps: 1) the
researcher plots the cell center manually using KSS-400EB
software; 2) the cell center of the surrounding cells is deﬁned
[ie, the length between the cell center and the cell center of
surrounding cells is selected to be 2.5 to 3.5 times the Dmin
(where Dmin is the minimum length between plotted cell
centers)]; and 3) the cell boundary is estimated as the
perpendicular line that crosses the midpoint of the cell center
and the cell centers of the surrounding cells. For the ImageJ
www.corneajrnl.com |
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FIGURE 3. Effect of temporal treatment of
HCECs with PBS. A, Images were obtained by
phase contrast microscopy before PBS treatment, after incubation with PBS for 10 minutes, and after reincubation with the culture
medium for 30 minutes. Scale bar: 100 mm. B,
HCECs, obtained before and after PBS treatment, were stained with Annexin V and propidium iodide to evaluate apoptosis or cell
death. Nuclei were stained with DAPI. Scale
bar: 100 mm.

software analysis, cell centers were plotted manually using
ImageJ software, and the cell density was then acquired (ie,
the area divided by the number of cells).
Cell apoptosis was evaluated by incubating HCECs in
a medium supplemented with Annexin V (Medical & Biological Laboratories Co, Ltd, Aichi, Japan) and propidium iodide
(Medical & Biological Laboratories Co, Ltd) for 15 minutes,
followed by ﬁxation with 4% paraformaldehyde for 10 minutes.
Excess paraformaldehyde was removed, and samples were
washed with PBS. Nuclei were stained with 49,6-diamidino-2phenylindole (DAPI) (Vector Laboratories, Burlingame, CA).
As a positive control for apoptosis, HCECs were stimulated in
a culture medium supplemented with hydrogen peroxide (1000
mM) for 24 hours. Cells on slides were examined with
a ﬂuorescence microscope (DM 2500; Leica Microsystems).
The Pearson x2 test was performed for the study of the
association between cell density and polymegathism, and
cell density and polymorphism. P , 0.05 indicated
statistical signiﬁcance.

Phase contrast images showed indistinct cell border
outlines for HCECs that had reached conﬂuency (Fig. 1A).
By contrast, distinct cell borders were observed after

cultivation of HCECs in PBS for 10 minutes (Figs. 1A, 2).
The images obtained by CECA designed for the HCECs
analysis were processed through several steps; that is,
denoising, closing, and skeletonizing. The denoising image
was obtained by extreme emphasis of the cell boundaries of
the PBS-treated HCEC image (Figs. 1A, 3). Unnecessary
lines that appeared after the denoising process were removed
by the closing process, and the cell boundaries represented as
black lines were left (Figs. 1A, 4). A skeletonized image was
then obtained by thinning the black line through the
skeletonizing process (Figs. 1A, 5). Figure 1B shows
representative images for software recognition of the cell
border of HCECs before and after PBS cultivation. The red
line was recognized as a cell border by CECA. The analyzed
image of HCECs before PBS treatment showed poor
recognition of the cell borders (arrowhead), whereas the
image of HCECs treated with PBS showed greater numbers
of correctly recognized cell borders (Fig. 1B).
We then evaluated the feasibility of CECA as a clinical
instrument. Phase contrast images of the high cell density
group and the low cell density group of HCECs (n = 50)
treated with PBS were analyzed by the following 3 methods.
First, the centers of the cells were plotted manually, and cell
density was analyzed by the center method by using KSS400EB software; the center method is a standard method for
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FIGURE 4. Color map and histogram of the cell
area of HCECs. A and B, Representative color map
and histogram of the cell areas of HCECs with high
and low cell density, as provided by CECA, are
shown. C, Correlation between the CV, which is
clinically used as an indicator of polymegathism,
and the cell density was plotted and analyzed by
the Pearson x2 test (n = 200).

evaluating corneal endothelial cell density in the clinic using
specular microscopy (Figs. 2A, B). Second, the centers of the
cells were plotted manually, and the cell density was obtained
by calculating the cell numbers/area using ImageJ software
(Fig. 2C). Third, the cell density was automatically analyzed
by CECA. In the high cell density group, the mean cell
density analyzed by the center method was 2318 6 585 cells/
mm2. ImageJ software gave a mean cell density of 1648 6
148 cells/mm2, which suggests that the center method is not
accurate for cultured HCECs. By contrast, cell analysis
software developed for this study showed a value (1489 6
130 cells/mm2) almost identical to that obtained by the
experienced researcher’s manual plotting and calculation with
ImageJ (Fig. 2D). In the low cell density group, all 3 methods
showed similar values for mean cell density, but the values
for the center method had a larger deviation when compared
with those obtained with ImageJ and CECA methods (Fig.
2E). KSS-400EB software was originally developed for
evaluating the patient corneal endothelium in clinical settings,
and the software design allows for analysis of smaller numbers
Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.

of cells from a magniﬁed image than is possible with ImageJ
software and CECA. We then analyzed the same magniﬁed
phase contrast images used for KSS-400EB software by ImageJ
to evaluate the effect of magniﬁcation of the original images.
The cell density was higher when analyzed by the center
method than by ImageJ (see Figure, Supplemental Digital
Content, http://links.lww.com/ICO/A544), similar to the results
shown in Figure 2D. The cell centers, determined by the center
method and KSS-400EB software and by manual analysis using
ImageJ software, were plotted by 2 independent researchers and
similar results were obtained.
We conducted a study to evaluate the effect of
temporal treatment of HCECs with PBS. Phase contrast
images showed that incubation with PBS resulted in a more
distinctive cell border outline, and the cells recovered their
original morphology within 20 to 30 minutes after reincubation with the culture medium (Fig. 3A). HCECs incubated
in PBS did not show positive staining for either Annexin V
or propidium iodide, whereas positive control cells treated
with hydrogen peroxide showed positive staining, which
www.corneajrnl.com |
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FIGURE 5. Color map and histogram of the
number of surrounded HCECs. A and B, Representative color map and histogram of the number
of surrounded HCECs with high and low cell
density provided by CECA are shown. C, Correlation between percentage of cells surrounded by 6
neighboring cells and cell density was plotted and
analyzed by the Pearson x2 test. D, Correlation
between the percentage of cells surrounded by
5, 6, or 7 neighboring cells and cell density
was plotted and analyzed by the Pearson x2 test
(n = 200).

suggests that PBS incubation did not induce apoptosis and
cell death (Fig. 3B).
CECA was programmed to provide color maps and
histograms of the cell areas. Representative color maps and
histograms visually demonstrated a smaller and less variable cell area for the high cell density cells than for the low
cell density cells (Figs. 4A, B). The CV, which is clinically
used as an indicator of polymegathism, highly correlated
with cell density (Pearson correlation coefﬁcient 20.62,
P , 0.01, n = 200) (Fig. 4C). Polygonality was also
provided as a color map and histogram by the software to
evaluate polymorphism. Representative color maps and
histograms showed that cells surrounded by 3 or 4
neighboring cells were more frequently observed in low
cell density cell cultures than in high cell density cell
cultures (Figs. 5A, B). The percentage of cells surrounded
by 6 neighboring cells that were recognized as hexagonal
cells by the software is clinically used as an indicator of
polymorphism, but this feature was not correlated with the
cell density. By contrast, the percentage of cells surrounded
by 5, 6, or 7 neighboring cells was correlated with the cell

density (Pearson correlation coefﬁcient 0.63, P , 0.01, n =
200) (Figs. 5C, D).
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DISCUSSION
In 2013, we initiated clinical research in Japan to
explore tissue engineering therapy for corneal endothelial
dysfunction. In this clinical research, we isolated HCECs
from human donor corneas, expanded HCECs in vitro, and
injected them, in combination with a Rho kinase inhibitor,
into the anterior chamber (unpublished data). Cells for
clinical use need to be manufactured to meet governmental
requirements, and they need to go through a variety of
safety and functional examinations to guarantee patient
safety. This requires the ability to examine and evaluate
cell cultures to determine the suitability for use in human
therapies. Images of the human corneal endothelium
are usually obtained clinically by specular microscopy.
However, software used clinically with specular microscopy to examine parameters of the corneal endothelium
cannot detect the outlines of cultured cells. Therefore,
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we initiated this study to improve the imaging of
cultured HCECs.
Cultured CECs in the conﬂuent state form a single layer
sheet, with cells in continuous contact with their neighboring
adjacent cells. Cell–cell junctions form from the apical
junction, which consists of adherence junctions and tight
junctions.21–24 The adherence junction forms from an adhesion molecule, N-cadherin binding to an anchoring protein,
and catenin binding to itself. Likewise, adhesion molecules,
such as claudins and occludin, bind to anchoring proteins,
such as zonula occludens and catenins, to form tight
junctions. Cadherin, claudin, and occludin require calcium
for apical junction formation; therefore, treatment of HCECs
with calcium-free PBS weakens the apical junction.22–24 In
this study, we demonstrated that the distinctive outline of
HCECs was obtained after treatment with calcium-free PBS,
and that this phenomenon can be reversed without damage to
the cells. Treatment with calcium-free PBS after the analysis
of cell morphological parameters using CECA is not destructive, so our data indicate that HCECs for which morphological data were analyzed by this current method can have
clinical uses in cell-based therapy.
A single layer of CECs exhibiting polygonal shape
forms the corneal endothelium. The cell density is approximately 3000 cells/mm2 in humans aged 10 to 20 years, and
it decreases at 0.3% to 0.6% per year throughout the
lifetime.25,26 The proliferative ability is severely limited,27
so any damage to the corneal endothelium requires that
neighboring cells cover the defect area, which in turn results
in a decrease in cell density of the corneal endothelium. If
the cell density drops below a critical level, the cornea
exhibits edema due to endothelial dysfunction. Hence, cell
density is widely used as an indicator of corneal endothelial
health in clinical settings.
The cell density of cultured HCECs tended to decline,
probably because of cellular senescence triggered by culture
stress, especially during serial passage culture.13 We recently
demonstrated that the corneal endothelium was regenerated in
the rabbit model after injection of either high or low cell
density rabbit CECs, but the cell density of the regenerated
corneal endothelium was higher in the eyes injected with high
cell density CECs than with low cell density CECs. This
suggested that the cell density of cultured CECs is a critical
indicator for the prognosis of corneal endothelial tissue
engineering therapy.13 In our early stage clinical research,
we assessed cell density manually using both KSS-400EB
software and ImageJ software. In this study, we showed that
CECA provided almost the same value as manual counting,
whereas larger values (especially for high cell density cells)
with larger variations were obtained with the center method
than with manual counting. This suggests that the center
method, which is the standard procedure used in current
clinical settings, does not always provide an accurate value
for cultured CECs. Therefore, CECA might be more suitable for providing a subjective evaluation, as a quality
control for HCECs.
Similar to cell density, the uniformity of the cells is an
indicator of corneal endothelial health.28 The CV for the mean
cell area (SD of mean cell area/mean cell area) is often used
Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.
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clinically, and its increase is termed polymegathism.28 In the
current study, the CV for HCECs with a cell density of
approximately 2000 cells/mm2 was 0.2 to 0.4, which is
similar to or slightly higher than that of healthy young
individuals (0.25) and healthy older subjects (0.3). Hexagonality is another parameter of uniformity, and it is 70% to 80%
in healthy young individuals and 60% in healthy older
subjects. Here, we showed that the percentage of cells
surrounded by 6 neighboring cells, which we referred to as
hexagonal cells, was 20% to 35% in culture, and it was not
correlated with cell density. By contrast, the percentage of
cells surrounded by 5, 6, or 7 cells was 70% to 80% for
HCECs with a cell density of approximately 2000 cells/mm2,
and it correlated with cell density. Therefore, the percentage
of pentagonal, hexagonal, or heptagonal cells might be an
applicable parameter for determining the polygonality of
cultured HCECs.
One drawback of this study is the lack of exact values
for the cell density, CV, and hexagonality needed for HCECs
for clinical use. Feedback is needed from clinical data to show
which parameters are relevant to the prognosis of patients to
determine the exact criteria that should be assessed for quality
control purposes.
In conclusion, our designed software, CECA, provided
morphometric information from phase contrast images. We
showed that several parameters related to cell density,
polymegathism, and polymorphism of cultured HCECs were
obtained by the software with values similar to those
obtained by experienced researchers. This software could
therefore enable subjective and noninvasive quality assessment for tissue engineering therapy for treatment of corneal
endothelium disorders.
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ABSTRACT
Aims To investigate the safety of anterior chamber (AC)
paracentesis using a 30-gauge needle integrated with a
specially designed disposable pipette.
Methods In this retrospective observational case-series
study, AC paracentesis was performed on 301 eyes of
301 patients between September 2009 and August
2016 at the Department of Ophthalmology, Kyoto
Prefectural University of Medicine and the Baptist Eye
Institute, Kyoto, Japan. AC paracentesis was performed
with the patient placed in the supine position using a
30-gauge needle integrated with a disposable pipette
with one hand, and the safety post procedure was then
evaluated.
Results The indications for AC paracentesis were virus
detection (ie, corneal endotheliitis, anterior infectious
uveitis, cytomegalovirus retinitis and acute retinal
necrosis) in 264 eyes, bacterial detection (ie,
endophthalmitis) in 8 eyes and malignancy (ie, primary
intraocular lymphoma, leukaemia and retinoblastoma) in
29 eyes. No serious complications such as infection,
hyphema, lens trauma or severe inﬂammation including
hypopyon and AC ﬁbrin formation were observed.
Conclusions Our ﬁndings show that AC paracentesis
with a disposable pipette is safe with no severe
complications.
INTRODUCTION
Anterior chamber (AC) paracentesis is widely performed for the diagnosis of infectious uveitis1 2
and involves a comprehensive PCR being performed on an aqueous humour sample obtained to
detect infectious antigen DNA and to assist with
the diagnosis of infectious ocular diseases.3 4
AC paracentesis using a 27 gauge (G) or 30 G
needle on a tuberculin syringe is commonly performed. However, it requires that strict attention be
paid to the length of the needle and the insertion
angle in order to avoid touching the iris or lens.
Various AC paracentesis-related complications have
been reported, including trauma to the cornea, iris
and lens, as well as hyphema,1 corneal abscess5 and
endophthalmitis.6
In this study, we investigated the safety of AC
paracentesis using a 30 G needle integrated with a
specially designed disposable pipette.

METHODS
Subjects
This retrospective, observational case series was conducted at the Department of Ophthalmology, Kyoto
Prefectural University of Medicine and the Baptist

Eye Institute, Kyoto, Japan, and was approved by the
Institutional Review Board of Kyoto Prefectural
University of Medicine. All study procedures were
conducted in accordance with the tenets of the
Declaration of Helsinki, and informed consent was
obtained from all patients post detailed explanation
of the study protocols. Clinical trial registration was
obtained from UMIN (UMIN000021877; http://
www.umin.ac.jp/english/).
This study involved patients who visited the
Kyoto Prefectural University of Medicine or Baptist
Eye Institute between September 2009 and August
2016. The recorded patient-related characteristics,
including gender, age, pupil status, lens status and
indications for AC paracentesis, were examined
(table 1).

AC paracentesis procedure
All procedures were performed under a microscope
in an outpatient clinic and involved the use of a
commercially available 30 G needle integrated with
a specially designed disposable pipette (Nipro,
Osaka, Japan) (ﬁgure 1A). The length of the
exposed part of the needle is 4 mm. After topical
anaesthesia, each patient was placed in a supine
position on the bed in the outpatient clinic and the
ocular surface was rinsed with povidone-iodine and
sterile saline solution. All of the procedures were
carefully undertaken using aseptic techniques to
avoid any contamination. The paracentesis was
inserted into the AC through the corneal limbus at
a horizontal angle on the temporal side, paying
attention to avoid contact with the patient’s eyelashes, lens or iris when squeezing the bulb under a
microscope. A 50–150 mL volume of aqueous
humour was then spontaneously and slowly aspirated into the pipette when pressure was released
from the bulb. The maximum of bulb volume to be
aspirated was appropriately designed to be
<300 mL to avoid the AC collapse (ﬁgure 1B). At
the end of the procedure, the povidone-iodine was
rinsed
out
with
sterile
saline
solution.
Complications secondary to paracentesis were evaluated within 3 months postoperative.

RESULTS
A total of 301 eyes of 301 patients (169 males, 132
females; mean age: 61.4±16.7 years) were
enrolled. At AC paracentesis, 173 of the 301
patients had dilated pupils. Indications for AC paracentesis were virus detection for anterior or posterior uveitis (264 eyes), bacteria detection for
endophthalmitis (8 eyes) and malignancy (29 eyes)
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Gender, n (%)
Male
Female
Mean age (SD)
Pupil status, n (%)
Dilated pupil
Constricted pupil
Lens status, n (%)
Phakia
Pseudophakia
Indication for paracentesis, n (%)
Virus detection
Bacteria detection
Malignancy
Complication, n (%)
Endophthalmitis
Corneal abscess
Lens trauma
Hyphema
AC fibrin formation
Hypopyon

169 (56.1)
132 (43.9)
61.4±16.7
173 (57.5)
128 (42.5)
188 (62.7)
113 (37.3)
264 (87.7)
8 (2.7)
29 (9.6)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)

AC, anterior chamber.

Figure 1 Image showing the anterior chamber (AC) paracentesis
procedure. (A) Comparison of needle length and pipette design. The
length of 30-gauge (G) needle with the disposable pipette (4 mm) is
shorter than that of the 27 G and 30 G needles (19 mm), and the total
length of the disposable pipette is less than half of that of a tuberculin
syringe (top). The 30 G needle integrated with the disposable pipette
(middle). A 30 G needle attached to a tuberculin syringe (bottom). A
27 G needle attached to a tuberculin syringe. (B) The AC paracentesis
was inserted into the AC through the corneal limbus at a horizontal
angle, paying strict attention to avoid contact with the patient’s
eyelashes, lens and iris while squeezing the bulb at the head of the
device.

(table 1). Anterior or posterior uveitis included corneal endotheliitis (122 eyes) and iridocyclitis (108 eyes) due to human
simplex virus (HSV), varicella zoster virus (VZV), cytomegalovirus retinitis (25 eyes) and acute retinal necrosis (9 eyes).
Malignancy included primary intraocular lymphoma (27 eyes),
leukaemia (1 eye) and retinoblastoma (1 eye).

Analysis of safety post AC paracentesis
No serious postoperative complications such as endophthalmitis,
corneal abscess, hyphema, lens trauma and severe inﬂammation
including AC ﬁbrin formation and hypopyon were noted (table 1).

allowing the aqueous humour sample to be drawn from the
patient using one hand. Potential risks after AC paracentesis
include infection, hyphema, cataract formation and severe
intraocular inﬂammation including AC ﬁbrin formation and
hypopyon; however, none of the 301 patients had serious postoperative complications. O’Rourke developed an aqueous
pipette consisting of a short 30 G needle mounted inside plastic
tubing,7 and Wertheim also reported the ‘minim’ technique for
diagnosing AC paracentesis.8 Compared with a conventional
syringe, the O’Rourke pipette and the minim technique, our
pipette is designed with a shorter needle and is easier to
control, and this modiﬁcation decreases the risks of lens trauma
and hyphema. Our pipette integrated with a needle offers the
advantage of producing no dead space, which allows for the
aqueous humour to be obtained efﬁciently, even in cases with a
shallow AC. In fact, in the case of a tumour biopsy, although it
could increase the risk of metastases due to the potential for
tumour-cell transference to other tissues, AC paracentesis using
this pipette was performed safely and was able to detect nonmetastatic retinoblastoma tumour cells, thus leading to the
judgement of enucleation.9
Recent developments in imaging technologies, such as optical
coherence tomography, have enabled ophthalmologists to make
more precise disease diagnoses.10 11 However, the diagnosis of
tumour and uveitis often require an AC paracentesis to be performed to detect the causative pathogen. For patients with
uveitis of unknown origin, multiplex PCR is known to be useful
for obtaining a correct diagnosis, as it can detect a small amount
of virus and bacteria from the aqueous humour via DNA ampliﬁcation.4 12 13 Using PCR analysis of aqueous humour samples,
we previously discovered that cytomegalovirus was the causative
pathogen in patients with repeated corneal endotheliitis.14 15
Thus, those ﬁndings indicate that AC paracentesis is a useful
diagnostic tool.
In conclusion, our ﬁndings show that a short 30 G needle
integrated with a disposable pipette is a safe device for obtaining
aqueous humour without complications.
We hope that aqueous humour examinations will become
widely performed in the future to improve the diagnosis and
the understanding of pathophysiology in patients according to
the detection virus/bacteria DNA or tumour cells and also the
prognostic and predictive biomarkers of diseases.
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Corneal transparency is maintained by the corneal endothelium through its pump and barrier function. Severe corneal endothelial damage results in dysregulation of water flow and
eventually causes corneal haziness and deterioration of visual function. In 2013, we initiated
clinical research of cell-based therapy for treating corneal decompensation. In that study,
we removed an 8-mm diameter section of damaged corneal endothelium without removing
Descemet’s membrane (the basement membrane of the corneal endothelium) and then
injected cultured human corneal endothelial cells (CECs) into the anterior chamber. However, Descemet’s membrane exhibits clinically abnormal structural features [i.e., multiple
collagenous excrescences (guttae) and thickening] in patients with Fuchs endothelial corneal dystrophy (FECD) and the advanced cornea guttae adversely affects the quality of
vision, even in patients without corneal edema. The turnover time of cornea guttae is also
not certain. Therefore, we used a rabbit model to evaluate the feasibility of Descemet’s
membrane removal in the optical zone only, by performing a small 4-mm diameter descemetorhexis prior to CEC injection. We showed that the corneal endothelium is regenerated
both on the corneal stroma (the area of Descemet’s membrane removal) and on the intact
peripheral Descemet’s membrane, based on the expression of function-related markers and
the restoration of corneal transparency. Recovery of the corneal transparency and central
corneal thickness was delayed in areas of Descemet’s membrane removal, but the cell density of the regenerated corneal endothelium and the thickness of the central corneal did not
differ between the areas with and without residual Descemet’s membrane at 14 days after
CEC injection. Here, we demonstrate that removal of a pathological Descemet’s membrane
by a small descemetorhexis is a feasible procedure for use in combination with cell-based
therapy. The current strategy might be beneficial for improving visual quality after CEC injection as a treatment for FECD.
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Introduction
The cornea, a transparent tissue located at the front of the eye, allows light to enter the eye.
Corneal transparency is maintained by the corneal endothelium through a pump and barrier
function. The corneal endothelium, which is a monolayer cell sheet located at the anterior
chamber aspect of the cornea, regulates the amount of water in the corneal stroma [1]. Therefore, severe corneal endothelial damage results in dysregulation of water flow and eventually
leads to corneal haziness.
The only therapeutic option for treating this corneal endothelial decompensation is corneal
transplantation using donor corneas [2]. The use of penetrating keratoplasty, in which a full
thickness cornea is replaced by a donor cornea, was first documented in 1906, and this procedure has been widely performed [3]. Strategies for the replacement of damaged corneal endothelium that do not involve a full-thickness corneal transplantation, such as Descemet’s
stripping endothelial keratoplasty (DSEK) and Descemet’s membrane endothelial keratoplasty
(DMEK), were introduced in 2000s, and these two have gained worldwide prevalence [4–8].
However, surgical challenges, long-term cell loss after transplantation, and a shortage of donor
cornea tissue still represent major problems associated with corneal transplantation [2, 9].
Accordingly, many researchers have devoted their efforts to the development of alternative
techniques of regenerative medicine to overcome those problems [10–14]. Our group has
found that inhibition of Rho kinase (ROCK) signaling enhances corneal endothelial cell (CEC)
adhesion to a substrate [15], and we reported the usefulness of ROCK inhibitor in cell-based
therapy with CECs [16, 17]. In rabbit and monkey corneal endothelial dysfunction models,
injection of cultured CECs in combination with a ROCK inhibitor resulted in corneal endothelium regeneration [16, 17]. In 2013, we initiated clinical research into cell-based therapy at
the Kyoto Prefectural University of Medicine (Clinical trial registration: UMIN000012534)
[18]. In that clinical study, we removed an 8-mm diameter portion of the damaged corneal
endothelium without removing Descemet’s membrane (the basement membrane of the corneal endothelium), and then injected cultured human CECs, in combination with a ROCK
inhibitor, into the anterior chamber. Our assumption was that the remaining basement membrane would provide ideal conditions for CEC adhesion and survival.
Corneal endothelial cell ablation without removal of Descemet’s membrane has, however,
both advantages and disadvantages in the clinical setting. Although the presence of a basement
membrane may support efficient adhesion of injected cultured CECs and may provide ideal
conditions for cell fate and viability, Descemet’s membrane of patients with Fuchs endothelial
corneal dystrophy (FECD) exhibits a clinically abnormal structure, including multiple collagenous excrescences (guttae) and thickening [19, 20]. Recent clinical studies have showed that
guttae affect the quality of vision, even in patients without corneal edema, although guttae have
been previously assumed not to affect visual quality [21]. Wacker and colleagues reported that
anterior and posterior corneal high-order aberrations (HOAs) and backscatter are higher even
in early stages of FECD than in non-FECD subjects [22]. They suggested that increased posterior HOAs due to guttae are responsible for decreased vision, even in the absence of clinically
detectable corneal edema [22]. Watanabe and colleagues also showed that the presence of guttae
negatively correlates with clinical parameters for quality of vision, such as corrected distance
visual acuity, letter contrast sensitivity, and stray light [23]. They assumed that guttae induce
irregularity and posterior corneal opacity, resulting in an increase in forward light scatter [23].
Thus, we were motivated to modify our surgical protocol for cultured CEC injection by
removing the pathological Descemet’s membrane in patients with FECD during surgery. In
this study, we used a rabbit model to evaluate the feasibility of Descemet’s membrane removal
in the optical zone prior to CEC injection.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191306 January 16, 2018

2 / 14

Feasibility of cell-based therapy combined with descemetorhexis for Fuchs dystrophy in rabbit model

Materials and methods
Ethics statement
Human corneas were handled in accordance with the tenets set forth in the Declaration of Helsinki. Experiments using human tissue samples were approved by the Institutional Review
Board of the Medical Faculty of the University of Erlangen-Nürnberg (No. 4218-CH).
Informed verbal consent was acquired from the donors or their relatives. The rabbit experiments were performed at Doshisha University (Kyoto, Japan), according to the protocol
approved by Doshisha University Animal Experiment Committee (Approval No. A17066).

Human corneal specimens
Corneal specimens for histopathologic examination were obtained during penetrating keratoplasty, performed in 1995, from patients with FECD with aquiring verval informed consent
(n = 5, mean age 73.3 ± 7.9 years). Corneal specimens from normal donor eyes (n = 5, mean
age 74.5 ± 5.7 years) with no history of ocular disease but deemed unsuitable for transplantation, were procured from the Erlangen Cornea Bank. Donor corneas were fixed within 15
hours after death in 4% paraformaldehyde/1% glutaraldehyde in 0.1M phosphate buffer (pH
7.4) and processed for light and transmission electron microscopy according to standard
protocols.

Rabbit Corneal Endothelial Cell (RCEC) culture
Ten rabbit eyes were purchased from the Funakoshi Co., Ltd. (Tokyo, Japan). The rabbit corneal endothelial cells (RCECs) were cultivated as described previously [16, 24]. Briefly, Descemet’s membrane with RCECs was stripped and incubated in 0.6 U/mL of Dispase II (Roche
Applied Science, Penzberg, Germany). The RCECs isolated from the Descemet’s membrane
were seeded in one well of a 6-well plate coated with FNC Coating Mix1 (Athena Environmental Sciences, Inc., Baltimore, MD). The RCECs were cultured in a growth medium composed of Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies Corp., Carlsbad,
CA) supplemented with 10% fetal bovine serum (FBS), 50 U/mL penicillin, 50 μg/mL streptomycin, and 2 ng/mL fibroblast growth factor 2 (Life Technologies Corp.). Cultivated RCECs
were used at passages 2 through 3 for all experiments.

Injection of RCECs into a corneal endothelial dysfunction model with or
without descemetorhexis
Eighteen rabbits were used in this experiment. One eye of each rabbit was used for the experiments to avoid blindness in both eyes. The rabbit corneal endothelial dysfunction model was
created as described previously [16, 24]. Briefly, the lens was removed to deepen the anterior
chamber. One week after this lens removal, the corneal endothelium was mechanically scraped
from Descemet’s membrane with a 20-gauge silicone needle (Soft Tapered Needle; Inami &
Co., Ltd., Tokyo, Japan). Total removal of corneal endothelium was confirmed by 0.2% trypan
blue (Sigma-Aldrich, St. Louis, MO, USA) staining. A 4 mm diameter continuous circular descemetorhexis (CCD) was performed in 6 eyes (CCD (+) group). A total of 5.0×105 RCECs, suspended in 200 μl DMEM supplemented with 100 μM Y-27632 ROCK inhibitor (Wako Pure
Chemical Industries, Ltd.), was injected into the anterior chamber of the corneal endothelial
dysfunction model and the animals were kept in the face-down position for 3 hours under general anesthesia. RCECs were injected into 6 eyes of the CCD (+) group (the corneal endothelium was totally removed and a 4 mm CCD was performed) and 6 eyes of the CCD (-) group
(corneal endothelium was totally removed and CCD was not performed). As a control for the
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corneal endothelial dysfunction model, 6 eyes had the corneal endothelium was totally
removed, but CCD was not performed and no RCECs were injected.
The anterior segments of the eyes were evaluated by slit-lamp microscopy and with a Pentacam1 (OCULUS Optikgeräte GmbH, Wetzlar, Germany) instrument for 2 weeks. Central corneal
thickness was determined with an ultrasound pachymeter (SP-2000; Tomey, Nagoya, Japan), and
the mean of 10 measured values was calculated (up to a maximum thickness of 1200 μm, the instrument’s maximum reading). The corneal endothelium was evaluated by contact specular microscopy (Konan scanning slit specular microscope, Konan Medical, Nishinomiya, Japan). Intraocular
pressure was determined with a Tonovet1 (icare Finland, Vantaa, Finland) instrument.

Periodic acid-Schiff (PAS) staining and immunocytochemistry
Corneas were fixed in 4% buffered paraformaldehyde and processed for paraffin embedding.
Sections cut 5 μm thick were stained with PAS according to standard protocols. Rabbit corneal
specimens were fixed in 4% formaldehyde and incubated for 30 minutes in 1% bovine serum
albumin (BSA) to block nonspecific binding. Corneas were examined by actin staining performed with a 1:400 dilution of Alexa Fluor1 546-conjugated phalloidin (Life Technologies
Corp.). For immunohistochemical analyses, specimens were incubated overnight at 4˚C with
primary antibodies against Na+/K+-ATPase (1:300, Upstate Biotechnology, Lake Placid, NY),
ZO-1 (1:300, Life Technologies Corp.), and N-cadherin (1:300, BD Biosciences, San Jose, CA).
The specimens were then incubated for 2 hours at 4˚C with secondary antibody, Alexa Fluor1
488-conjugated goat anti-mouse (1:1000, Life Technologies Corp.). Nuclei were stained with
DAPI (Vector Laboratories, Burlingame, CA). The slides were examined with a fluorescence
microscope (TCS SP2 AOBS; Leica Microsystems, Wetzlar, Germany).

Transmission electron microscopy
For transmission electron microscopy, cornea specimens were fixed in 4% paraformaldehyde/1%
glutaraldehyde in 0.1M phosphate buffer, postfixed in 2% buffered osmium tetroxide, dehydrated
in graded alcohol concentrations, and embedded in epoxy resin according to standard protocols.
Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope (EM 906E; Carl Zeiss NTS GmbH, Oberkochen, Germany).
Alternatively, corneal buttons were washed in 0.1M Sorensen phosphate buffer, processed
through 0.5% uranyl acetate en bloc staining, and then dehydrated using an ascending ethanol
series. Samples were transferred to propylene oxide and were embedded in Araldite CY212
resin. Ultrathin sections were collected on uncoated G300 copper grids and stained with 1%
aqueous phosphotungstic acid and uranyl acetate. Sections were examined with a transmission
electron microscope (JEOL 1010; JEOL, Tokyo, Japan) equipped with a charge-coupled device
camera (Orius SC1000; Gatan, Pleasanton, CA).

Statistical analysis
The statistical significance (P-value) for mean values in two-sample comparisons was determined
with the Student’s t-test. The statistical significance of comparisons of multiple sample sets was
analyzed with the Dunnett’s multiple-comparisons test. Results were expressed as mean ± SEM.

Results
Histology of Descemet’s membrane of FECD patients
PAS staining showed the presence of abnormal excrescences, which are clinically called guttae,
on the posterior aspect of Descemet’s membrane in patients with FECD (Fig 1A, right). No
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similar excrescences were observed in non-FECD donor corneas (Fig 1A, left). Descemet’s
membrane was also thicker in corneas from patients with FECD in non-FECD donor corneas,
which is consistent with previous reports on abnormal extracellular matrix accumulation by
pathological CECs [25, 26]. TEM further showed that attenuated CECs adhered to the outer
aspect of the excrescences on Descemet’s membrane in FECD eyes (Fig 1B, right), while CECs
formed a sheet-like monolayer on a smooth surface of Descemet’s membrane in non-FECD
eyes (Fig 1B, left).

RCEC injection in the rabbit corneal endothelial dysfunction model with
removal of Descemet’s membrane
In our previous rabbit corneal endothelial dysfunction model, we removed the entire corneal
endothelium by mechanical scraping, leaving Descemet’s membrane intact (the CCD- model
in the present study) (Fig 2A, left). In the current study, our intention was to use a rabbit
model to evaluate the feasibility of removing Descemet’s membrane in the central cornea only
and to couple this with cell-based therapy as a treatment for FECD. For this purpose, we
removed a 4-mm diameter of Descemet’s membrane in the optical zone by CCD following

Fig 1. Histology of excrescences of Descemet’s membrane in patients with FECD. (A) Representative
PAS staining images of a healthy donor cornea (left).Representative PAS staining images of a cornea
obtained from a patient with FECD. Excrescences, which are clinically called guttae”, were observed on
Descemet’s membrane of the patient with FECD. Scale bar: 50 μm (right). (B) Ultra structural analysis of
Descemet’s membrane of non-FECD donor cornea was observed using TEM. Scale bar: 3 μm (left).
Ultrastructural TEM analysis of Descemet’s membrane of a cornea obtained from a patient with FECD.
Flattened CECs adhered to the excrescences on Descemet’s membrane. Scale bar: 6 μm (right).
https://doi.org/10.1371/journal.pone.0191306.g001
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Fig 2. Rabbit corneal endothelium cell (RCEC) injection in the rabbit corneal endothelial dysfunction
model with removal of a small central part of Descemet’s membrane. (A) The corneal endothelium was
totally scraped from the Descemet’s membrane with a 20-gauge silicone needle, leaving the remaining
Descemet’s membrane intact. These eyes were used as the circular descemetorhexis (CCD) (-) group (left).
As the CCD (+) group, a 4-mm diameter of Descemet’s membrane was removed by CCD following total
corneal endothelium removal. The gray area indicates the area where the corneal endothelium was removed.
The green area indicates the area where Descemet’s membrane was removed. (B) A total of 5.0×105 RCECs,
suspended in 200 μl of medium supplemented with 100 μM Y-27632 ROCK inhibitor, was injected into the
anterior chamber of the (CCD (-) and CCD (+) groups) (n = 6). Six eyes from which the corneal endothelium
was totally removed and Descemet’s membrane remained intact were used as controls. Corneal
transparency was restored by intracameral injection of RCECs both in CCD (-) and CCD (+) groups, while
control eyes exhibited hazy corneas due to corneal endothelial dysfunction.
https://doi.org/10.1371/journal.pone.0191306.g002

total corneal endothelium ablation (the CCD+ model) (Fig 2A, right). Slitlamp microscopy
showed that corneal transparency was restored two days after injection of cultured RCECs in
the CCD (-) model and the cornea was completely transparent after 7 days (Fig 2B, upper
panel). In the CCD (+) model, corneal transparency recovered equally well as in the CCD (-)
model 14 days after cultured RCEC injection. However, the time to restore corneal clarity was
longer in the CCD (+) model than in the CCD (-) model (Fig 2B, middle panel). By contrast,
control eyes without injection of cultured RCECs showed corneal haze due to corneal endothelial dysfunction throughout the entire 14-day experimental period (Fig 2B, lower panel).
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Fig 3. Evaluation of restored corneal endothelium by contact specular microscopy. Restored
corneal endothelium was evaluated using contact specular microscopy 14 days after rabbit corneal
endothelium cells (RCECs) injection. A representative image showed that monolayer corneal endothelium
was restored in the eyes without circular descemetorhexis (CCD) (-) model) (upper panel). In the eyes with
circular descemetorhexis (CCD (+) model), hexagonal monolayer corneal endothelium was observed
throughout the center to the periphery. The edge of the CCD was observed, and cell density and morphology
were similar for the regenerated RCECs directly on the corneal stroma and on Descemet’s membrane. Cell
density is likely to be similar regardless the area (middle panel). No corneal endothelial image was observed
in the control eyes, which were not injected RCECs (Fig 3, lower panel).
https://doi.org/10.1371/journal.pone.0191306.g003

We next examined the restored corneal endothelium using contact specular microscopy 14
days after RCEC injection. Representative specular microscopic images of the CCD (-) model
showed a regular monolayer of corneal endothelium with a homogenous cell density (Fig 3,
upper panel). The CCD (+) model showed a monolayer of hexagonal corneal endothelial cells
extending from the center to periphery, across the edge of the CCD. The cell density and morphology of the regenerated RCECs were similar in the central corneal stroma and on the
peripheral Descemet’s membrane (Fig 3, middle panel). No corneal endothelial image could
be obtained in control eyes that had not undergone RCEC injection (Fig 3, lower panel).

Histological analysis of restored corneal endothelium
Immunofluorescence staining demonstrated the presence of the barrier function-related
markers (N-cadherin and ZO-1) and pump function-related marker Na+/K+-ATPase along
the cell-cell borders in the CCD (-) model. The expression patterns of these markers were similar in both the central and peripheral areas. Actin staining showed that the restored corneal
endothelium exhibited a polygonal, contact-inhibited phenotype in both the central and
peripheral areas (Fig 4, 1st to 2nd lines). In the CCD (+) model, N-cadherin, ZO-1, and Na+/
K+-ATPase were also expressed along the cell-cell borders. Notably, the expression patterns of
these markers were comparable in the central regions lacking Descemet’s membrane and in
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Fig 4. Histological assessment of corneal endothelium regenerated by injection of rabbit corneal
endothelium cells (RCECs). Regenerated corneal endothelium was evaluated by immunofluorescent staining 2
weeks after RCECs injection. The eyes without circular descemetorhexis ((CCD) (-) model) showed barrier functionrelated markers (N-cadherin and ZO-1) and the pump function-related marker Na+/K+-ATPase at the cell-cell border.
Expression patterns of those markers were similar in both the central and the peripheral areas. Actin staining showed
that restored corneal endothelium had a polygonal contact-inhibited phenotypic pattern in both the central and
peripheral areas (1st to 2nd lines). In the eyes with circular descemetorhexis (CCD (+) group), N-cadherin, ZO-1, and
Na+/K+-ATPase were expressed at the cell-cell border. The expression patterns of these markers in the center, where
Descemet’s membrane was removed, was almost the same as in the peripheral area where Descemet’s membrane
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was not removed. Actin staining showed that the restored corneal endothelium was morphologically similar in both
the central and peripheral areas (3rd to 4th lines). In the control eyes, which were not injected with RCECs, almost no
cells were observed on Descemet’s membrane (5th to 6th lines). Scale bar: 50 μm.
https://doi.org/10.1371/journal.pone.0191306.g004

the peripheral regions that retained intact Descemet’s membrane. Actin staining demonstrated
that the restored corneal endothelium was morphologically similar in both the center and the
periphery (Fig 4, 3rd to 4th lines). In the control eyes without RCEC injection, almost no cells
were observed on the Descemet’s membrane without inflammatory cells (Fig 4, 5th to 6th
lines).

Evaluation of the effect of CCD on clinical parameters
Scheimpflug images obtained with a PentacamTM instrument demonstrated anatomically normal corneas both in CCD (-) and CCD (+) models. Control eyes showed corneal edema due to
corneal endothelial dysfunction (Fig 5A). A color map of corneal thickness showed that corneal thickness was obviously thinner in both the CCD (-) and CCD (+) models compared to
the controls. The corneal volume for 3, 5, 7, and 10 mm diameters was similar for both the
CCD (-) and CCD (+) models (Fig 5B). The central corneal thickness, evaluated with an ultrasound pachymeter, was significantly reduced in both the CCD (-) and CCD (+) models, when
compared to controls, at 7, 10, and 14 days. The CCD (-) and CCD (+) models also showed
recovery of the central corneal thickness to almost the normal range, whereas no recovery was
observed in the controls. However, this recovery of corneal thickness was slower in the CCD
(+) model than in the CCD (-) model (Fig 5C). The average cell density of restored corneal
endothelium in the central area was 1602±241 cells/mm2 in the CCD (-) model and 1435±202
cells/mm2 in the CCD (+) model 14 days after surgery. In the peripheral area, the average cell
density was 1625±302 cells/mm2 in the CCD (-) model and 1718±114 cells/mm2 in the CCD
(+) model 14 days after surgery. These differences in cell density were not statistically significant (Fig 5D). Furthermore, no IOP elevation was observed in any of the groups (Fig 5E).

Discussion
The prevalence of FECD in the United States is thought to be 4% of the population aged over
40 years [27], and this high prevalence makes FECD a leading cause of corneal transplantation.
Indeed, the Eye Bank Association of America reported that FECD was the most common indication for corneal transplantation (49.2% the of corneal endothelial keratoplasty and 3.0% of
penetrating keratoplasty procedures) utilizing corneas provided by U.S. eye banks [28]. Likewise, Gain et al., who performed a global survey of corneal transplantation by a systematic
review of published literature, reported that the top indication of corneal transplantation was
FECD (39% of all corneal transplantations) [29]. Given that FECD is a leading cause of corneal
transplantation, it will be the most common cause for use of cell-based therapy when cultured
human CECs are approved by the authorities in various countries in the future.
We obtained approval from the Japanese Ministry of Health, Labour, and Welfare to initiate
clinical research into cell-based therapy for treating corneal endothelial decompensation. The
inclusion criteria for this clinical research were: 1) the patient is diagnosed with corneal endothelial decompensation, 2) the best spectacle-corrected visual acuity is under 20/40, 3) the central corneal thickness is greater than 630 μm with corneal epithelial edema, and 4) corneal
endothelial cell density is unmeasurable or lower than 500 cells/mm2 (Clinical trial registration: UMIN000012534, https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr.cgi?function=
brows&action=brows&type=summary&recptno=R000014592&language=E) [18]. Any types
of original diagnoses resulting in corneal decompensation, such as FECD, corneal endothelial
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Fig 5. Assessment of the effect of circular descemetorhexis (CCD) on clinical parameters. (A)
Scheimpflug images showed the restoration of an anatomically normal cornea in both the CCD (-) and CCD
(+) models at 14 days after surgery. Control eyes showed corneal edema due to corneal endothelial
dysfunction. A color map of corneal thickness showed that corneal thickness was thinner in both the CCD (-)
and CCD (+) models when compared to the control. (B) The corneal volume was similar, when measured with
a PentacamTM instrument at 3, 5, 7, and 10 mm diameters, in both the CCD (-) and CCD (+) models (n = 6).
The corneal volume of the control group is not shown, as it was not evaluated with the PentacamTM instrument
due to severe corneal edema. N.S. indicates no statistical significance. (C) The central corneal thickness was
evaluated with an ultrasound pachymeter for 2 weeks after rabbit corneal endothelium cell (RCEC) injection.
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The eyes of the CCD (-) and CCD (+) models showed recovery of the central corneal thickness to an almost
normal range, whereas this thickness did not recover in the controls. However, recovery of corneal thickness
was slower in the CCD (+) model than in the CCD (-) model (n = 6). **P < 0.01, *P < 0.05. (D) Cell density of
the regenerated corneal endothelium was determined by analyzing immunofluorescence staining images
using ImageJ software. The average cell density of the restored corneal endothelium was similar for the CCD
(-) and CCD (+) models in both the central and peripheral areas (n = 6). N.S. indicates no statistical
significance. (E) Intraocular pressure (IOP) was evaluated with a Tonovet® instrument, and no abnormal IOP
elevation was observed in any of the groups (n = 6).
https://doi.org/10.1371/journal.pone.0191306.g005

damage by various intraocular surgery, or eye trauma, are included in this clinical research.
Although we are currently collecting clinical data, we have preliminary evidence that confirms
that injection of cultured human CECs, only the removal of the pathological corneal endothelium but not Descemet’s membrane, results in regeneration of the corneal endothelium and
restoration of a transparent cornea, regardless of the original diagnosis, including FECD (manuscript in preparation).
Descemet’s membrane is the basement membrane of the corneal endothelium. Basement
membranes are cell-adherent extracellular scaffolds located at the basal side of every epithelium and endothelium [30]. They are anchored to the cytoskeleton through receptors, and
they also act as a signaling platform for various essential cell phenomena [30–33]. In various
cell types, components of the basement membrane bind to their corresponding integrins to
initiate signaling from the outside to the inside of the cells by recruiting cytoplasmic adaptor
proteins, phosphorylating binding proteins, and binding adaptor proteins to the actin cytoskeleton [31–33]. Descemet’s membrane is composed of type VI, VIII, XII, XVII collagens, glycoproteins (fibronectin, laminin, and osteonectin), and proteoglycans (versican and agrin)
[20, 25, 34]. We have demonstrated that laminin-511 and 521 are expressed in Descemet’s
membrane and play an imporatant role in CEC adhesion and proliferation and in the maintenance of functions though binding to integrins α3β1 and α6β1 [35]. Accumulating evidence
now indicates an essential role for the basement membrane in cell fate, leading to the assumption that Descemet’s membrane will enhance engraftment of injected CECs in cell-based
therapy.
Prior to initiating our clinical research, we performed numerous experiments using animal
models to evaluate therapeutic effect and safety [16, 17, 24]. In terms of the method for removing the pathological corneal endothelium, we tried two methods: 1) remove only the corneal
endothelium but not Descemet’s membrane and 2) remove the corneal endothelium with Descemet’s membrane by descemetorhexis. In rabbit and monkey corneal endothelial dysfunction
models, we confirmed that the corneal endothelium was always restored when Descemet’s
membrane was not removed [16, 17, 24]. By contrast, the success rate of restoration of a transparent cornea was reduced, the healing time to exhibit a transparent cornea was lengthened,
and the cell density of regenerated corneal endothelium was lower in the animal models with
Descemet’s membrane removal than in those without Descemet’s membrane removal (data
not shown).
In the current study, we evaluated the feasibility of performing a small descemetorhexis of
the optical zone. Our thinking was that removal of Descemet’s membrane in the optical zone
is important for visual quality, while the remaining Descemet’s membrane might improve the
fate of injected CECs. We showed that the corneal endothelium is regenerated directly onto
the corneal stroma (the area of Descemet’s membrane removal) and corneal transparency was
restored. However, recovery of central corneal thickness was slower when Descemet’s membrane was removed. We speculated that removal of Descemet’s membrane induced a greater
severity of stromal edema than occurred when Descemet’s membrane was not removed, if the
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cell adhesion and the regeneration of corneal endothelium were similar in both the Descemet’s
membrane removal model and the Descemet’s membrane non-removal model. Another possible explanation is that the corneal stroma is not an ideal substrate for adhesion of injected
CECs or for recovery of CEC function when compared to the basement membrane. Even
though the recovery time was longer, the final cell density and central corneal thickness, which
are widely accepted as the most important clinical parameters of the corneal endothelium,
were as good in the rabbit model with Descemet’s membrane removal as in the model without
Descemet’s membrane removal at 14 days after surgery. Our study provides preclinical data
showing that a small descemetorhexis of the optical zone may be a surgical option for cell
based-therapy for the treatment of FECD.
In conclusion, we have demonstrated that a small descemetorhexis, in combination with
cell-based therapy, is feasible to further improve visual quality after cultured CEC injection.
Future randomized clinical trials of cell-based therapy for FECD, conducted with or without
small descemetorhexisis, will be necessary to optimize the surgical protocol.
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S1 File. Data set of Fig 5B–5E.
(XLSX)
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Abstract
Purpose This study investigates the possible role of the filtration bleb in the continuous decrease in corneal endothelial cell
(CEC) density observed following trabeculectomy.
Methods This study involved 51 eyes of 37 glaucoma patients who underwent trabeculectomy. The CEC density was determined
by contact specular microscopy in three areas: (1) the cornea center, (2) near the trabeculectomy filtration bleb, and (3) the
opposite side of the bleb. The eyes were grouped according to post-surgical follow-up years: 0–1 (Group 1), 1–2 (Group 2), 2–3
(Group 3), 3–4, (Group 4), and 4+ years (Group 5).
Results The mean CEC densities at the opposite side of the bleb, in the cornea center, and near the bleb were 2210 ± 487, 1930 ±
528, and 1519 ± 507 cells/mm2, respectively, in all eyes. The CEC density was significantly lower near the bleb than at the other
two sites. The coefficient of variation was significantly higher near the bleb than at the other two sites. The CEC densities at the
cornea center and at the opposite side of the bleb showed no significant differences. However, the CEC densities near the bleb
showed time-dependent decreases to 1790, 1601, 1407, 1339, and 1224 cells/mm2 for Groups 1, 2, 3, 4, and 5, respectively.
Conclusions CEC density following trabeculectomy decreased near the bleb, but not at the cornea center, suggesting that the
involvement of the filtration bleb in CEC density loss should be further examined to elucidate the pathology of CEC loss
following trabeculectomy.
Keywords Trabeculectomy . Corneal endothelial cell . Specular microscopy

Introduction
The general aim of glaucoma treatment is to lower intraocular
pressure (IOP) to a level that can suppress the progression of
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glaucomatous optic neuropathy. A frequent first-line treatment
for IOP control is the topical administration of anti-glaucoma
drugs. However, the insufficient control of IOP or the progression of perimetric damage, even with medical treatment and
laser trabeculoplasty, sometimes requires that patients undergo surgical treatments.
Trabeculectomy is still the most commonly used glaucoma
surgery in the world, even despite the introduction of glaucoma drainage implants (e.g., EX-PRESS filtration devices,
Baerveldt glaucoma implants, and Ahmed valves) into clinical
settings. However, the trabeculectomy procedure has associated problems, such as collapse of the anterior chamber, hypotony, choroidal detachment, and hypotony maculopathy
[1]. A particularly devastating postoperative complication is
corneal decompensation, a continuous loss of corneal endothelial cells (CECs) that occurs by an as yet unknown mechanism [2–5]. The aim of the present study was to use slitscanning wide-field contact specular microscopy to
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investigate whether different areas of the cornea show differences in post-trabeculectomy CEC loss.

Materials and methods
This study was conducted in accordance with a protocol approved by the Institutional Review Board of Kyoto Prefectural
University of Medicine, Kyoto, Japan. Clinical trial registration was obtained at UMIN UMIN000021264 (http://www.
umin.ac.jp/english/). The study protocol followed the tenets
set forth in the Declaration of Helsinki and written informed
consent was obtained from all subjects prior to their
involvement in the study.
We examined the corneal endothelium of consecutive
trabeculectomy patients who had follow-up visits at the
Kyoto Prefectural University of Medicine between July and
August 2015. Patients who had undergone penetrating keratoplasty or shunt surgery and who were diagnosed with corneal endothelial dystrophies or active uveitis were excluded.

Patients with cataract underwent combined cataract surgery
during the trabeculectomy. The phacoemulsification was performed through the scleral tunnel as a one-site procedure, and
a foldable posterior chamber intraocular lens was inserted. All
trabeculectomies were performed by the same surgeon
(K.M.).

Statistical analysis
The data are presented as mean ± standard deviation (SD). The
statistical significance (P-value) of differences between the
mean values in two-sample comparisons was determined with
Student’s t-test. Multiple sample sets were analyzed using
Dunnett’s multiple-comparison test. The decrease in corneal
endothelial cell density was analyzed with the JonckheereTerpstra trend test. P < 0.05 indicated statistical significance.

Results
Characteristics of trabeculectomy patients

Contact specular microscopy examination
The corneal endothelium was evaluated with a prototype
KSSP slit-scanning wide-field contact specular microscope
(Konan Medical, Inc., Hyogo, Japan), as previously described
[6]. Briefly, the wide-field contact specular microscope had a
1/2 in. camera including a 400,000-pixel charge-coupleddevice sensor with 9.9× magnification, and a 40× magnification contact cone lens made from fluorite with numerous slits
on both sides. Images of the corneal endothelium were obtained for three areas: (1) the cornea center, (2) the area near the
trabeculectomy filtration bleb (approximately 5 mm from the
corneal center), and (3) the opposite side of the bleb (5 mm
from the corneal center). The images were obtained as movie
files (MPEG-2 files) at the rate of 60 frames per second, and
representative images were extracted from the MPEG-2 files.

Trabeculectomy surgical procedure
Sub-Tenon’s capsule anesthesia was first performed. A fornixbased conjunctival flap and square 3 × 3 mm and 2.8 ×
2.8 mm outer and inner scleral flaps of 1/2 and 4/5 thicknesses, respectively, were made. Mitomycin C (MMC,
0.4 mg/ml) was applied subconjunctivally around the scleral
flap for 5 min using surgical sponges for all patients, and then
was washed out with saline solution. The inner scleral flap
was then dissected together with the trabecular meshwork.
Peripheral iridectomy was performed, and the outer scleral
flap was closed with interrupted 10–0 nylon sutures. The conjunctival flap was then tightly sutured with two interrupted
10–0 nylon wing sutures and a blocking mattress suture to
form the filtration bleb, without leakage of aqueous humor.

Analysis of the CEC density in patients who had undergone
trabeculectomy was conducted on 51 eyes of 37 glaucoma
patients (17 males and 20 females; age range 47–86 years)
who had undergone trabeculectomy at Kyoto Prefectural
University of Medicine from 2004 to 2015. The eyes were
divided into five groups based on the number of follow-up
years after surgery: less than 1 year (Group 1: n = 19), at least
1 year but less than 2 years (Group 2: n = 6), at least 2 years
but less than 3 years (Group 3: n = 6), at least 3 years but less
than 4 years (Group 4: n = 8), and at least 4 years (Group 5:
n = 12). The mean postoperative periods for Groups 1, 2, 3, 4,
and 5 were 2.8 ± 1.6, 17.3 ± 3.1, 29.8 ± 1.3, 43.0 ± 3.0, 89.0 ±
23.3 months, respectively. The patient mean ages in the
groups were similar, at 73.7 ± 9.0, 70.5 ± 10.2, 75.7 ± 5.9,
72.1 ± 9.2, and 69.2 ± 9.1 years, respectively (Table 1).
Demographic data for glaucoma, such as duration of glaucoma, maximum intraocular pressure during observation time,
and visual field loss (evaluated by Anderson’s criteria) are
shown in supplemental Table 1 [7].

CEC density of trabeculectomy patients
The mean CEC densities of all eyes at the opposite side of the
bleb, at the cornea center, and near the bleb, as evaluated by
slit-scanning wide-field contact specular microscopy
(Fig. 1a), were 2210, 1930, and 1519 cells/mm2, respectively,
indicating a significantly lower CEC density near the bleb
than at the other two sites (Fig. 1b). Consistently, the coefficient of variation (a value clinically used as an indicator of
polymegathism) near the bleb was 0.38, and this value was
significantly higher than at the center and at the opposite side
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Table 1

Characteristics of the patients who underwent trabeculectomy

No. of eyes

Group 1 (0-1Y)

2 (1-2Y)

3 (2-3Y)

4 (3-4Y)

5 (4Y<)

Group 1–5

19

6

6

8

12

51

9 (47.4)
10 (52.6)

1 (17.7)
5 (83.3)

3 (50.0)
3 (50.0)

4 (50.0)
4 (50.0)

5 (41.7)
7 (58.3)

22 (43.1)
29 (56.9)

73.7 ± 9.0
47 to 86

70.5 ± 10.2
54 to 85

75.7 ± 5.9
71 to 84

72.1 ± 9.2
57 to 80

69.2 ± 9.1
51 to 80

71.7 ± 9.7
40 to 86

Gender, no. (%)
Male
Female
Age
Mean ± SD, year
Range
Postoperative period
Mean ± SD, month
Range

2.8 ± 1.6

17.3 ± 3.1

29.8 ± 1.3

43.0 ± 3.0

89.0 ± 23.3

55.5 ± 68.8

1 to 7

13 to 23

28 to 31

39 to 48

49 to 120

1 to 120

Cataract surgery, no. (%)
Combined (one-site)

15 (78.9)

3 (50.0)

2 (33.3)

2 (25.0)

7 (58.3)

29 (56.9)

Trabeculectomy only

4 (21.1)

3 (50.0)

4 (66.7)

6 (75.0)

5 (41.7)

22 (43.1)

of the bleb sites (0.32 and 0.33, respectively) (Fig. 1c). The
percentage of hexagonal cells (used clinically as an indicator
of polymorphism) was significantly lower near the bleb than
at the center (54.9 and 60.4%, respectively) (Fig. 1d). We
provided baseline data of the clinical parameters of the corneal
endothelium by evaluating 12 non-glaucoma subjects using
slit-scanning wide-field contact specular microscopy; these
results are shown in supplemental Fig. 1.
The CEC density of patients with trabeculectomy varied
depending on follow-up duration. Representative slitscanning wide-field contact specular microscopy images revealed a similar density and morphology for the CECs in all
three areas in Group 1. By contrast, patients in Group 3 had
similar CEC densities and morphology at the opposite side of
the bleb and cornea center sites, but showed a decreased CEC
density and a greater variation in cell size near the bleb. The
decrease in density near the bleb area was even more evident
in Group 5 and a density decrease was also observed in the
cornea center in this group. Cell size was increased even at the
opposite side of the bleb in Group 5 (Fig. 2).
The CEC densities at the cornea center were 2067, 2169,
1719, 2039, and 1626 cells/mm2 in Groups 1, 2, 3, 4, and 5,
respectively (Fig. 3a). Likewise, the CEC densities at the opposite side of the bleb were 2229, 2300, 1923, 2313, and 1995
cells/mm2, respectively (Fig. 3b). We analyzed these data statistically using the Jonckheere-Terpstra test to evaluate whether a trend existed between the CEC density drop and the time
after trabeculectomy. The CEC densities showed no significant decreases in the cornea center and the peripheral area at
the opposite side of the bleb in any of the 5 groups (p = 0.077
and p = 0.148, respectively). However, the CEC densities near
the bleb were 1790 ± 435, 1601 ± 184, 1407 ± 425, 1339 ±
572, and 1224 ± 543 cells/mm2, respectively, indicating a
time-dependent decrease in CEC density in this area only
(p = 0.001) (Fig. 3c). We also evaluated the effect of combined

one-site cataract surgery with trabeculectomy on the CEC
densities. The mean CEC densities for eyes that underwent
combined cataract surgery with trabeculectomy and eyes that
underwent trabeculectomy alone were, respectively: 2125 ±
467 vs. 2204 ± 521 cells/mm2 at the opposite side (p = 0.57),
1902 ± 577 vs. 1966 ± 467 cells/mm2 at the center (p = 0.67),
and 1545 ± 567 vs. 1483 ± 424 cells/mm2 near the bleb area
(p = 0.70), indicating that combined cataract surgery did not
induce a significant CEC density drop (supplemental Table 2).

Discussion
CECs maintain corneal transparency by regulating the amount
of water in the corneal stroma by pump-and-leak barrier functions [8]. Phenotypical features of CECs in the clinical setting
include their limited proliferative ability [9, 10]. Damage to
CECs for any reason, such as from Fuchs endothelial corneal
dystrophy, cataract surgery, endothelialitis, and trauma, triggers the remaining CECs to cover the damaged area by migration and cell enlargement, which results in a decrease in the
overall CEC density. A critical CEC density decrease (usually
to less than 500–1000 cells/mm2) induces corneal decompensation [11].
Trabeculectomy is the most widely performed filtration
surgery for glaucoma, but it has a high complication rate.
For instance, one study of 1240 eyes with trabeculectomy
revealed that 47% of the patients exhibited early postoperative
complications, such as hyphema (24.6%), shallow anterior
chamber (23.9%), hypotony (24.3%), and leakage from the
bleb (17.6%). Although 4.4% of the patients had irreversible
loss of visual acuity, most of these early complications were
resolved within a few weeks [1]. By contrast, corneal endothelial damage is a devastating complication, which appears in
both the early and late postoperative periods. For instance,
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Fig. 1 Corneal endothelial cell
(CEC) density of the patients who
underwent trabeculectomy. a
Images of the area where CEC
was evaluated by slit-scanning
wide-field contact specular microscopy. White dotted circles indicate the areas evaluated by
contact specular microscopy. b
Cell density at the opposite side of
the bleb, at the cornea center, and
near the bleb of all eyes of the
patients who underwent
trabeculectomy. The black symbols indicate the mean value, the
horizontal lines in the boxes indicate medians, the bottom of each
box indicates the 25th percentile,
and the top of each box indicates
the 75th percentile. The horizontal lines outside the boxes indicate
the range of CEC density. Values
beyond 1.5 times the interquartile
range were considered outliers
(circles). **p < 0.01. c
Comparison of the coefficients of
variation of all eyes of the patients
who underwent trabeculectomy,
obtained from slit-scanning widefield contact specular microscopy
images taken at the opposite side
of the bleb, at the cornea center,
and near the bleb. **p < 0.01. d
Percentage of hexagonal cells of
all eyes of the patients who
underwent trabeculectomy, obtained from slit-scanning widefield contact specular microscopy
images taken at the opposite side
of the bleb, at the cornea center,
and near the bleb. *p < 0.05

Arnavielle and colleagues reported a cell loss of 7.0% at
3 months and 9.6% at 12 months after trabeculectomy without
antimetabolites [3]. In cases of MMC augmented
trabeculectomy, Storr-Paulsen and colleagues reported cell
losses of 9.5% at 3 months and 10.0% at 12 months, and
suggested that active cellular enlargement and realignment
occurred even at the chronic phase [4]. A recent prospective
study on CEC loss after trabeculectomy and Ahmed glaucoma
valve implantation showed a reduction in CEC density of
1.9% at 6 months and 3.2% at 12 months after trabeculectomy
with the use of MMC [5].
Multiple studies have shown that CEC density drops after
trabeculectomy, but the CECs in these studies were evaluated
using noncontact specular microscopy, which only visualizes
the corneal endothelium at the corneal center. Interestingly,
Arnavielle and colleagues, who evaluated the central and

superior cornea of patients after trabeculectomy using noncontact specular microscopy, showed CEC densities of 2096 cells/
mm2 centrally and 2369 cells/mm2 superiorly at the preoperative stage, 1950 cells/mm2 centrally and 2117 cells/mm2 superiorly at 3 months, and 1894 cells/mm2 centrally and 2087
cells/mm2 superiorly at 12 months. Although the differences
were not statistically significant, they suggested that the CEC
density tended to decrease more slowly in the central cornea
than in the upper cornea [3]. However, their evaluation of the
upper cornea by noncontact specular microscopy (SP-2000P,
TOPCON Corp., Tokyo, Japan) was thought to reflect the
paracentral area, which is approximately 3 mm from the center, due to the features of noncontact specular microscopy.
In the current study, we utilized a prototype slit-scanning
wide-field contact specular microscope that visualizes the corneal endothelium from the center to the periphery
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Fig. 2 Representative corneal
endothelial cell (CEC) images
obtained at different times in the
postoperative period.
Representative CEC images obtained by slit-scanning wide-field
contact specular microscopy. The
patients of group 1 had CECs of
similar density and morphology
in all areas. The patients of group
3 had CECs of similar density and
morphology at the opposite side
of the bleb and in the cornea center, but the CEC density was
lower and the cell size was more
variable. The patients of group 5
showed a more evident density
decrease near the bleb area and
the density also declined in the
center, while the cell size increased at the opposite side of the
bleb. Scale bar: 50μm

(approximately 5 mm from the center) [6]. Consistent with the
suggestion by Arnavielle and colleagues [3], we demonstrated
a significantly lower CEC density near the bleb than at the
opposite side of the bleb and at the cornea center. The higher
coefficient of variation and lower percentages of hexagonal
cells at the area near the bleb than at the center also support
impairment of the CECs in the area close to the filtration bleb.
We showed that cell density significantly decreases throughout the 5 years of follow-up, but only in the area near the bleb
and not in the center or at the opposite side of the bleb. Our
results indicate that CEC loss continued over at least 5 years,
that damage to the CECs was initiated in the bleb area, and
that the damage might spread to the center and to the opposite
side of the bleb by a compensating migration of residual
CECs.
Several mechanisms of CEC loss after trabeculectomy
have been postulated, such as direct damage to CECs by high
IOP, cytotoxicity of glaucoma eye drops, intraoperative damage, hypoxic damage by impaired aqueous humor flow, and
the intraoperative use of MMC [2, 12–14]. Among these proposed mechanisms, intraoperative use of MMC is consistent
with our findings that CECs close to the bleb were continuously damaged over the long term, as MMC theoretically has
the potential to damage CECs in both at short and long terms
[15, 16]. Though the concentration and duration of intraoperative MMC varies from report to report [17], we applied
0.4 mg/ml MMC subconjunctivally for 5 min in the present
study. If MMC is toxic to the corneal endothelium, analyzing

the CEC density close to the bleb might be beneficial for
optimization of MMC use during trabeculectomy (i.e., the
concentration of MMC, duration of MMC treatment, and the
positioning of the MMC soaked surgical sponge). Gagnon and
colleagues showed that the corneal endothelial cell density is
lower in the patients with glaucoma than in patients without
glaucoma, and they proposed that high IOP, congenital alteration of corneal endothelium of glaucoma patients, and cytotoxicity of glaucoma eye drops are the mechanisms of cell loss
[14]. However, other researchers have reported no cell density
drop [18, 19]. Therefore, the involvement of these mechanisms in the cell loss after trabeculectomy cannot be
discounted. Other possible explanations are that CECs were
damaged by chronic inflammation induced by the bleb, jet
flow of aqueous humor, and peripheral CEC migration from
the cut edge of the cornea/trabeculum into the bleb, followed
by subsequent cell death, but further study is needed.
The limitations of the current study include its crosssectional study design, the inclusion of both eyes from some
patients, and the potential for variation between the groups in
the baseline characteristics of the patients. Another concern is
the effect of combined cataract surgery conducted as one-site
surgery on the density of superior CEC, although no significant difference was detected between patients who underwent
trabeculectomy alone and patients who underwent
trabeculectomy combined with cataract surgery. A prospective
study is needed for a better evaluation of the role of the bleb in
CEC loss after trabeculectomy.
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Fig. 3 Effect of the postoperative
period on the corneal endothelial
cell (CEC) density. a Effect of
postoperative period on the CEC
density at the corneal center. The
black symbols indicate the mean
value, the horizontal lines in the
boxes indicate medians, the bottom of each box indicates the 25th
percentile, and the top of each box
indicates the 75th percentile. The
horizontal lines outside the boxes
indicate the range of CEC density.
Values beyond 1.5 times the interquartile range were considered
outliers (circles). b Effect of
postoperative period on the CEC
density at the opposite side of the
bleb. c Effect of postoperative
period on the CEC density in the
bleb

In conclusion, we found that CEC density close to the
filtration bleb decreased following trabeculectomy, even
though the density at the cornea center did not decrease.
Involvement of the filtration bleb in CEC density loss should
be further examined to elucidate the pathology of CEC loss
following trabeculectomy.
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BASIC INVESTIGATION

Involvement of Nectin–Afadin in the Adherens Junctions of
the Corneal Endothelium
Naoki Okumura, MD, PhD, Takato Kagami, BS, Keita Fujii, BS, MS,
Makiko Nakahara, PhD, and Noriko Koizumi, MD, PhD
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Purpose: The cell–cell adhesion molecules, cadherins and nectins,
are involved in the formation of adherens junctions. However,
involvement of nectins in the corneal endothelium has not yet been
established. This study investigated the involvement of nectins in
adherens junctions of the corneal endothelium.

Methods: Nectin and cadherin expression in the corneal endothelium was evaluated by real-time polymerase chain reaction. Colocalization and direct binding of nectin-1 and N-cadherin to anchoring
proteins (afadin and b-catenin, respectively) were determined by
immunostaining and immunoprecipitation. The effect of afadin
and N-cadherin knockdown on apical junctions was evaluated
by immunostaining.
Results: Real-time polymerase chain reaction conﬁrmed nectin-1,
nectin-2, nectin-3, nectin-4, and afadin expression in the corneal
endothelium. Immunoﬂuorescence staining showed colocalization of
nectin and afadin at the basal side of the tight junction (where
adherens junctions typically locate) and immunoprecipitation conﬁrmed direct binding of nectin to afadin. N-cadherin, P-cadherin,
VE-cadherin, and OB-cadherin messenger RNAs were expressed in
the corneal endothelium. N-cadherin and b-catenin colocalized at the
cell–cell border, where they directly bound and formed a cell–cell
adhesion complex. N-cadherin knockdown disrupted the normal
expression pattern of zonula occludens protein-1 and afadin, but
afadin knockdown had no effect on the expression pattern of zonula
occludens protein-1 and N-cadherin.
Conclusions: We believe this to be the ﬁrst report of conservation
of the nectin–afadin system in the corneal endothelium and its
involvement in the formation of adherens junctions. N-cadherin, as
a member of the cadherin family, is also essential for the formation
and maintenance of cell–cell adhesion mediated by nectins and tight
junctions in the corneal endothelium.
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T

he corneal endothelium regulates the amount of water in
the corneal stroma, thereby maintaining corneal transparency. The cornea is an avascular tissue, so aqueous humor
movement from the anterior chamber to the stroma, and from
the stroma to the anterior chamber, is necessary for nutrition
of the stroma. The essential roles of corneal endothelial cells
(CECs) are their pump and “leaky barrier” functions, which
balance the inﬂow of aqueous humor into the corneal stroma
and its outﬂow to the anterior chamber.1
The apical junction, comprising adherens junctions and
tight junctions, acts as a paracellular barrier, ensures cell
polarity, and serves as a scaffold for signaling.2 The tight
junctions, located at the apical–lateral border, provide a barrier function for the epithelial cells by inhibiting the transport
of large molecules. Adherens junctions are typically located
on the basal side of tight junctions in mammalian epithelial
cells.3 They promote the formation of tight junctions and
stabilize the barrier function.4
The formation of adherens junctions depends on cell–
cell adhesion molecules, such as those of the cadherin
superfamily, which includes over 70 proteins in mammals.
Cadherins are Ca2+-dependent molecules and exclusively
regulate the intercellular junctions between cells that express
the same types of cadherin.2 Among the members of
this superfamily, classical cadherins such as E-, N-, and
P-cadherins have been extensively studied. N-cadherin is
found in neurons and is detected in cells of neural and
mesodermal origin. In the corneal epithelium, the nature of
the cadherin members that regulate adherens junctions
remains to be established, but N-cadherin is believed to play
an important role.5,6
Another family of cell–cell adhesion molecules associated with adherens junctions is the nectins, which include 4
members: nectin-1, nectin-2, nectin-3, and nectin-4.7,8 Unlike
the cadherins, nectins are not dependent on Ca2+, and they
interact with both same and different nectin members.7–9
Nectin is involved in cell–cell adhesion in various cell types,
such as synapses in the hippocampus,10 axons, and ﬂoor plate
cells in the neural tube,11 and Sertoli cells and germ cells in
the testis.12 However, to the best of our knowledge,
involvement of nectin in the corneal endothelium has not
been previously reported. In this study, we conducted
www.corneajrnl.com |
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experiments to provide additional knowledge about apical
junctions and especially to examine whether nectins and
afadin (nectin-anchoring protein that bind to the actin
cytoskeleton8,13,14) are involved in the formation of adherens
junctions in the corneal endothelium.

MATERIALS AND METHODS
Ethics Statement
Human tissue used in this study was handled in
accordance with the tenets set forth in the Declaration of
Helsinki. Human donor corneas were obtained from SightLife
(Seattle, WA). Informed written consent was obtained from
the next of kin of all deceased donors for eye donation for
research. All tissues were recovered under the tenets of the
Uniform Anatomical Gift Act (UAGA) of the particular state
in which the donor consent was obtained and the tissue was
recovered. The cynomolgus monkey corneas used in this
study were handled in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.
The protocols for general welfare of the monkeys and the
procedures for isolation of the corneas were approved by the
institutional animal care and use committee of Nissei Bilis
Co, Ltd.

Reverse Transcription Polymerase
Chain Reaction
Corneal endothelium and epithelium were scraped from
4 independent human donor corneas and 1 monkey donor
cornea. Total RNA was extracted using the RNeasy Mini kit
(Qiagen, Hilden, Germany) and the quality of the extracted
RNA was measured with a NanoDrop spectrophotometer
(Thermo Fisher Scientiﬁc Inc, Waltham, MA). First-strand
complementary DNA was synthesized with 1 mg of total RNA
using a ReverTra Ace reverse transcriptase kit (Toyobo
Corporation, Osaka, Japan). The primers used for polymerase
chain reaction (PCR) are listed in Supplemental Digital
Content 1 (see Table, http://links.lww.com/ICO/A623). PCR
reactions were performed with Extaq DNA polymerase
(Takara Bio Inc, Otsu, Japan) under the following conditions:
denaturation at 94°C for 30 seconds, 32 to 35 cycles of
annealing at 54 to 60°C for 30 seconds, and elongation at
72°C for 30 seconds. The PCR products were separated by
electrophoresis on 1.5% agarose gels in Tris-acetate buffer,
stained with ethidium bromide, and analyzed with an
LAS4000S luminescence imager (Fuji Film, Tokyo, Japan).
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Biosciences, San Jose, CA), E-cadherin (1:200; BD Biosciences), b-catenin (1:200; Santa Cruz Biotechnology,
Santa Cruz, CA), and zonula occludens (ZO) protein-1
(1:300; Life Technologies Corp, Carlsbad, CA). Alexa Fluor
488-conjugated goat anti-mouse (Life Technologies) was
used as a secondary antibody at a 1:1000 dilution. Cell
morphology was evaluated after actin staining with a 1:400
dilution of Alexa Fluor 594-conjugated phalloidin (Life
Technologies). Nuclei were stained with 49,6-diamidino-2phenylindole (Dojindo Laboratories, Kumamoto, Japan).
The samples were viewed with a ﬂuorescence microscope
(TCS SP2 AOBS; Leica Microsystems, Wetzlar, Germany).
For confocal z-axis stacks, 40 images separated by 0.27 mm
along the z-axis were acquired. The Manders colocalization
coefﬁcients were determined with ImageJ and the VolumeJ
plugin for ImageJ.

Immunoblotting
The MCECs were washed with ice-cold phosphatebuffered saline, lysed with ice-cold radioimmunoprecipitation
assay buffer containing phosphatase inhibitor cocktail 2
(Sigma-Aldrich Co) and protease inhibitor cocktail (Roche
Applied Science, Penzberg, Germany), and then centrifuged.
The supernatant containing the total protein was collected and
an equal amount of protein was fractionated by sodium
dodecyl sulfate-poly acrylamide gel electrophoresis and
blotted onto polyvinylidene ﬂuoride membranes. The polyvinylidene ﬂuoride membranes were blocked with 3% nonfat
dry milk, followed by an overnight incubation at 4°C with the
following primary antibodies: afadin (1:1000; Sigma-Aldrich
Co), nectin-1 (1:1000; Thermo Fisher Scientiﬁc Inc), N-cadherin
(1:1000; BD Biosciences), b-catenin (1:1000; Santa Cruz
Biotechnology), ZO-1 (1:500; Life Technologies Corp),
rabbit IgG (1:1000; Cell Signaling Technology Inc, Danvers, MA), and GAPDH (1:3000; Medical & Biological
Laboratories Co, Ltd, Nagoya, Japan). The blots were
washed and incubated with horseradish peroxidase–
conjugated secondary antibodies (1:5000; Cell Signaling
Technology). The blots were developed with luminal for
enhanced chemiluminescence using the Chemi-Lumi One
Ultra (Nacalai Tesque, Kyoto, Japan), and documented
using an LAS4000S luminescence imager (Fuji Film).

Immunoprecipitation Assays

The monkey corneal endothelial cells (MCECs) were
cultured as described previously.15 Human corneal specimens
and cultured MCECs were ﬁxed in 0.5% formaldehyde and
incubated in 2% bovine serum albumin for 30 minutes at room
temperature to block nonspeciﬁc binding. Samples were
incubated overnight at 4°C with antibodies against nectin-1
(1:300; Abcam, Cambridge, United Kingdom), afadin (1:300;
Sigma-Aldrich Co, St. Louis, MO), N-cadherin (1:300; BD

The MCECs were washed with ice-cold phosphatebuffered saline, lysed with ice-cold radioimmunoprecipitation
assay buffer containing protease inhibitor cocktail, centrifuged, and the supernatant representing total proteins was
collected. The protein was incubated at 4°C for 1 hour with
primary antibodies: 5 mg N-cadherin antibody (BD Biosciences), 5 mg nectin antibody (Life Technologies Corp), 5 mg
afadin antibody (Sigma-Aldrich Co), and 1 mg normal rabbit
IgG (Santa Cruz Biotechnology). The samples were then
incubated at 4°C for 1 hour with 50% (vol/vol) ProteinG
Sepharose (GE Healthcare, Piscataway, NJ). Samples were
then used in immunoblotting assays.
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Knockdown of Genes by Small
Interfering RNA
The MCECs were seeded into a 24-well plate (Corning,
NY) and cultured until they reached 50% to 70% conﬂuence.
The MCECs were then incubated with RNAi duplex (CDH2,
TJP1, and MLLT4) and Lipofectamine RNAiMAX (Life
Technologies Corp), according to the manufacturer’s protocol. Random RNAi low guanine-cytosine (GC) was used as
a control, and real-time polymerase chain reaction (RT-PCR)
was performed to assess the knockdown of CDH2, TJP1,
and MLLT4.

Statistical Analysis
Statistical analysis was performed with the Excel software
program (Microsoft Corporation, Redmond, WA). Statistical
signiﬁcance (P value) of mean values of the 2-sample comparison
was determined with the Student t test. P , 0.05 was considered
statistically signiﬁcant. Values shown represent mean 6 SEM.

RESULTS
Expression of Nectins and Afadin in the
Corneal Endothelium
Our evaluation of the expression of nectins and afadin in
corneal endothelium by RT-PCR showed that PVRL1, PVRL2,
PVRL3, PVRL4, and MLLT4 (which encode nectin-1, nectin-2,
necton-3, nectin-4, and afadin, respectively) were expressed
in corneal endothelium derived from a human donor cornea
(Fig. 1A). The corneal epithelium, which was used as a positive
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control, also expressed PVRL1, PVRL2, PVRL3, PVRL4, and
MLLT4. We also conﬁrmed the expression of PVRL1, PVRL2,
PVRL3, PVRL4, and MLLT4 in corneal endothelium obtained
from 3 additional independent donors (Fig. 1B). Immunoﬂuorescence staining showed that nectin-1 and afadin were
colocalized at the cell–cell junction in both corneal endothelium and the corneal epithelium (Fig. 1C). Nectins are known
to bind directly to afadin, which is an F-actin-binding protein in
other kinds of cells. Our immunoprecipitation experiments
showed that nectin-1 and afadin were coimmunoprecipitated in
cultured MCECs (Fig. 1D).

Expression of Cadherins and Catenins in the
Corneal Endothelium
RT-PCR showed that CDH2, CDH3, CDH5, and CDH11
(which encode N-cadherin, P-cadherin, VE-cadherin, and OBcadherin, respectively) were expressed in the corneal endothelium, whereas CDH1, CDH4, CDH6, and CDH7 (which encode
E-cadherin, R-cadherin, K-cadherin, and CDH7, respectively)
were not expressed (Fig. 2A). The expression pattern of the
cadherin types differed between the corneal epithelium and
endothelium; notably, E-cadherin was expressed in the corneal
epithelium but not in the corneal endothelium.
Catenins are a family of proteins found in cell–cell
adhesion complexes, and adherens junctions typically include
at least a-catenin and b-catenin. We conﬁrmed the expression
of catenin family proteins, and showed that CTNNA1,
CTNNB1, JUP, and CTNND1 (which encode a-catenin,
b-catenin, g-catenin, and p120-catenin, respectively) were

FIGURE 1. Expression of nectin and afadin in the
corneal endothelium. A, Expression of 4 nectin
members and afadin in the corneal endothelium
obtained from human donor corneas was evaluated
by RT-PCR. PVRL1, PVRL2, PVRL3, PVRL4, and MLLT4,
which encode nectin-1, nectin-2, nectin-3, nectin-4,
and afadin, respectively, were expressed at the
mRNA level. PVRL1, PVRL2, PVRL3, PVRL4, and MLLT4
were detected in corneal epithelium used as a positive control. B, Expression of PVRL1, PVRL2, PVRL3,
PVRL4, and MLLT4 was further confirmed in corneal
endothelium obtained from 3 additional independent donors. C, Expression of nectin-1 and afadin in
human donor corneas was evaluated by immunofluorescence staining. Expression of nectin and afadin
was observed at the cell–cell border in both corneal
endothelium and epithelium. Representative images
from 3 independent donor corneas are shown. Scale
bar: 50 mm. D, Direct binding of nectin and afadin
was evaluated by immunoprecipitation assays by the
use of cultured MCECs. Nectin-1 and afadin were
coimmunoprecipitated, which suggests that nectin-1
and afadin were directly bound in the corneal
endothelium. Experiments were performed in
triplicate.
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. Expression of cadherins and catenins in
the corneal endothelium. A, Expression of various
types of cadherin and catenin in the human corneal endothelium obtained from donor corneas
was evaluated by RT-PCR. CDH2, CDH5, and
CDH11 were expressed in the corneal endothelium, whereas CDH1, CDH3, CDH4, CDH6, and
CDH7 were not expressed at the mRNA level. B,
Expression of various types of catenins was evaluated by RT-PCR. CTNNA1, CTNNB1, JUP, and
CTNND1 were expressed in the corneal endothelium, as well as in the corneal epithelium, which
was used for the control. The experiment was
performed in triplicate. C and D, Expression of
N-cadherin and E-cadherin in human corneal
endothelium was evaluated by immunofluorescence staining. N-cadherin and b-catenin were
expressed at the cell–cell border and the merge
image showed that they are colocalized, but
E-cadherin was not detected. Scale bar: 100 mm.
E, Direct binding between N-cadherin and
b-catenin was evaluated by immunoprecipitation.
N-cadherin and b-catenin were coimmunoprecipitated in cultured MCECs. The experiment was
performed in triplicate.
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FIGURE 3. Localization of nectin and afadin in cell–cell adhesions. A, Human donor corneas were evaluated by immunofluorescence
staining. Flat mount images showed that nectin-1 expression at the cell borders and colocalization with N-cadherin and ZO-1. Scale bar:
25 mm. B, For confocal z-axis stacks, 40 images separated by 0.27 mm along the z-axis were acquired. A sectional image obtained from
confocal z-axis stacks showed that nectin-1 was widely costained with N-cadherin; however, nectin-1 was less costained with ZO-1 and
tended to distribute beneath the ZO-1. C, Costaining of nectin-1/ZO-1 and nectin-1/N-cadherin was evaluated with ImageJ software.
The Manders correlation coefficient was significantly lower for nectin-1 and ZO-1 than for nectin-1 and N-cadherin (0.74 and 0.99,
respectively). Three images from 3 independent donor corneas were used for the analysis. The statistical analysis was performed using
the Student t test. *P , 0.01. D, Flat mount images of human donor corneas showed that afadin expression at the cell borders and
colocalization with N-cadherin and ZO-1. Scale bar: 25 mm. E, Sectional image obtained from confocal z-axis stack showed that afadin
was widely costained with N-cadherin; however, afadin was less costained with ZO-1 and tended to distribute beneath the ZO-1.
F, Costaining of afadin/ZO-1 and afadin/N-cadherin was evaluated by ImageJ software. The Manders correlation coefficient was significantly lower for afadin and ZO-1 than for afadin and N-cadherin (0.76 and 0.93, respectively). Three images from 3 independent
donor corneas were used for the analysis. The statistical analysis was performed using the Student t test. **P , 0.05.

expressed in the corneal endothelium, as well as in the corneal
epithelium (Fig. 2B).
Beta-catenin is a subunit of the cadherin protein
complex, so we evaluated the distribution of N-cadherin
and b-catenin in the human corneal endothelium. Immunoﬂuorescence staining showed that N-cadherin and b-catenin
were colocalized at the cell–cell junction, whereas E-cadherin
was not expressed at either the messenger RNA (mRNA) or
the protein level (Figs. 2C, D). The immunoprecipitation
experiment with cultured MCECs then conﬁrmed that
N-cadherin and b-catenin were directly bound to form the
cell–cell adhesion complex (Fig. 2E).
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

Localization of Nectin and Afadin in
Apical Junctions
Immunoﬂuorescence staining conﬁrmed the expression of nectin-1 at cell–cell junctions and its colocalization
with N-cadherin and ZO-1 in human donor corneas (Fig.
3A). Images obtained from confocal z-axis stacks showed
that nectin-1 was widely costained with N-cadherin; however, nectin-1 was stained at the basal side of ZO-1 staining
(Figs. 3B, C). Similarly, ﬂat mount images showed that
afadin was expressed at the cell–cell junction and colocalized with N-cadherin and ZO-1 (Fig. 3D). Confocal z-axis
www.corneajrnl.com |
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FIGURE 4. Effect of cellular stress on adherens junctions. Expression patterns and levels of ZO-1, Ncadherin, and afadin were evaluated in MCECs by
immunofluorescence staining after knockdown of
ZO-1, N-cadherin, and afadin. Knockdown of ZO-1
did not affect the formation of N-cadherin and afadin, and N-cadherin and afadin were expressed at
the cell–cell border. The expression pattern of ZO-1
and N-cadherin was not altered in the afadin
knockdown cells. However, knockdown of N-cadherin cause wide, but not complete, disruption of the
normal expression pattern of ZO-1 and afadin. Representative images from 3 independent experiments
are shown. Scale bar: 25 mm.

stacks showed that afadin was widely costained with
N-cadherin, whereas afadin was observed at the basal side
of ZO-1 (Figs. 3E, F).

Role of the Nectin–Afadin Complex in the
Formation of Apical Junctions

ZO-1 by small interfering RNA did not affect the formation of
N-cadherin and afadin, because N-cadherin and afadin were
expressed at the cell–cell junction. Likewise, the expression
pattern of ZO-1 and N-cadherin was not altered in the afadin
knockdown cells. Conversely, knockdown of N-cadherin
caused a wide but not complete disruption of the normal
expression pattern of ZO-1 and afadin (Fig. 4).

We conducted experiments to evaluate the role of the
nectin–afadin complex in the formation of adherens junctions and
tight junctions using small interfering RNA (see Figure, Supplemental Digital Content 2, http://links.lww.com/ICO/A624).
Immunoﬂuorescence staining showed that knockdown of

Nectins are members of adherens junction, but their
involvement in corneal endothelium has not yet been

DISCUSSION

FIGURE 5. Schematic image of apical junction of corneal endothelium. A schematic image of the cell–cell adhesion in corneal
endothelium taking into account the results of this study and previous studies by other researchers is shown. The nectin–afadin
complex is involved in the formation of adherens junctions and N-cadherin-b-catenin complexes. The adherens junction is located
at the basal side of a tight junction, as in other cell types. In tight junctions, adhesion molecules, such as claudins, occludin, and
junctional adhesion molecules, bind to anchoring proteins, such as the ZO.
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elucidated. In this study, we showed the expression of 4 types
of nectins (PVRL1, PVRL2, PVRL3, and PVRL4, which
encode nectin-1, nectin-2, nectin-3, and nectin-4, respectively) in human corneal endothelium. Adhesion molecules,
such as cadherins and nectins, bind to anchoring proteins,
such as catenins and afadin.8,13,14 The functional modules
comprising adhesion molecules and anchoring proteins then
bind to the actin cytoskeleton.16 We demonstrated that afadin
(the anchoring protein for nectins) is expressed in CECs, and
nectin binds directly to this afadin to form functional
modules. Confocal z-axis stacks showed that nectin and
afadin were distributed at the basal side of the tight junction,
with N-cadherin. Taken together, our data suggest that the
nectin–afadin system is conserved and is involved in the
adherens junction of the corneal endothelium. Our schematic
images showing the cell–cell adhesion in CECs take into
account the results of this study, as well as previous studies
by other researchers17–19 (Fig. 5).
In addition to regulating cell–cell adhesion, nectins also
regulate numerous other cellular functions, such as polarization, differentiation, proliferation, and cell movement in
several cell types.7–9 For example, the apicobasal cell polarity
is initially decided by nectins. Cell–cell contact between
Madin-Darby Canine Kidney cells is initiated by nectin at the
protruding margin of the cells, followed by recruited
clustering of E-cadherin to the nectin-based cell adhesion
site.20 Once the adherens junction has formed, tight junction
modules are recruited and form tight junctions at the apical
side of the adherens junction.21 Nectins also play additional
roles, apart from cell–cell adhesion, in cell differentiation. For
example, nectin-12/2 mice show downregulated expression
of the differentiation marker, loricrin, and have shiny and
reddish skin, which suggests that nectin mediates differentiation during development.22
Nectin participation in broad and essential cell functions also extends to involvement in human diseases. For
instance, Zlotogora-Ogur syndrome is induced by a mutation
in PVRL1,23,24 and an ectodermal dysplasia syndactyly
syndrome is induced by a mutation in PVRL4.25 Genomewide association studies have revealed that a singlenucleotide polymorphism in PVRL2 is associated with
Alzheimer disease.26,27 In the ﬁeld of eye research, Lachke
et al28 have reported that nectin is connected to human ocular
disease, as a mutation in PVRL3 is associated with an
disrupted mammalian lens and ciliary body development
and induces severe bilateral congenital cataracts. In addition,
nectins were originally identiﬁed as virus receptors, and they
mediate virus entry.7,8 Indeed, nectin-1 and nectin-2 can act
as mediators of herpes simplex virus type 1 and 2 in ocular
herpes.29,30 At present, no diseases of the corneal endothelium have been linked to any abnormality in nectin, but
involvement of nectins in maintaining homeostasis and their
roles in pathological conditions or diseases are worthy of
further investigation.
To the best of our knowledge, this is the ﬁrst
description of conservation of the nectin–afadin system in
the corneal endothelium, and its involvement in the formation
of the adherens junction. Because nectins cover broad and
essential cell functions, further studies may be helpful for
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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understanding the physiology and pathophysiology of the
corneal endothelium.
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BACKGROUND

Corneal endothelial cell (CEC) disorders, such as Fuchs’s endothelial corneal dystrophy, induce abnormal corneal hydration and result in corneal haziness and
vision loss known as bullous keratopathy. We investigated whether injection of
cultured human CECs supplemented with a rho-associated protein kinase (ROCK)
inhibitor into the anterior chamber could increase CEC density.
METHODS

We performed an uncontrolled, single-group study involving 11 persons who had
received a diagnosis of bullous keratopathy and had no detectable CECs. Human
CECs were cultured from a donor cornea; a total of 1×106 passaged cells were
supplemented with a ROCK inhibitor (final volume, 300 μl) and injected into the
anterior chamber of the eye that was selected for treatment. After the procedure,
patients were placed in a prone position for 3 hours. The primary outcome was
restoration of corneal transparency, with a CEC density of more than 500 cells per
square millimeter at the central cornea at 24 weeks after cell injection. Secondary
outcomes were a corneal thickness of less than 630 μm and an improvement in
best corrected visual acuity equivalent to two lines or more on a Landolt C eye
chart at 24 weeks after cell injection.
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RESULTS

At 24 weeks after cell injection, we recorded a CEC density of more than 500 cells
per square millimeter (range, 947 to 2833) in 11 of the 11 treated eyes (100%; 95%
confidence interval [CI], 72 to 100), of which 10 had a CEC density exceeding 1000
cells per square millimeter. A corneal thickness of less than 630 μm (range, 489
to 640) was attained in 10 of the 11 treated eyes (91%; 95% CI, 59 to 100), and an
improvement in best corrected visual acuity of two lines or more was recorded in
9 of the 11 treated eyes (82%; 95% CI, 48 to 98).
CONCLUSIONS

Injection of human CECs supplemented with a ROCK inhibitor was followed by an
increase in CEC density after 24 weeks in 11 persons with bullous keratopathy.
(Funded by the Japan Agency for Medical Research and Development and others;
UMIN number, UMIN000012534.)
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he corneal endothelium is a single
layer of cells that line the posterior surface of the cornea. This cell layer maintains corneal transparency by regulating the flow
of water from the aqueous humor into the cornea.1 Corneal endothelial damage or disorder
and subsequent loss of corneal endothelial cells
(CECs) owing to pathologic conditions such as
Fuchs’s endothelial corneal dystrophy is compensated by the natural spread of the remaining
CECs.1 However, when CEC density, which typically exceeds 2000 cells per square millimeter
in healthy persons, diminishes to fewer than
400 cells per square millimeter, corneal endothelial dysfunction and abnormal corneal hydration occur, resulting in corneal thickening and
haziness known as bullous keratopathy2; this
condition can ultimately lead to loss of vision.
The current treatments for bullous keratopathy
include penetrating keratoplasty, Descemet’s stripping automated endothelial keratoplasty, and Descemet’s membrane endothelial keratoplasty, all of
which involve the use of a donor cornea.3-9 Although these surgical procedures are widely used,
they are invasive, and their long-term clinical results remain unclear. Visual acuity after corneal
transplantation is sometimes unsatisfactory because of a surgery-induced irregularity of the
corneal structure. A surgical procedure that results in a healthy cornea with a normal shape and
function that permit good visual acuity is therefore desired. Two procedures — one that involved
the simple peeling of the Descemet’s membrane
from the central cornea10 and one that involved
the removal of localized corneal endothelium by
freezing combined with the topical application of
a rho-associated protein kinase (ROCK) inhibitor11
— were reported to be effective in the treatment
of early-stage corneal endothelial dysfunction but
not in the treatment of advanced-stage diffuse
corneal endothelial dysfunction.11
Successful procedures for culturing CECs have
been reported in studies in humans and in nonhuman primates.12-23 Taking into account this
line of research, we developed an approach to
treat severe corneal endothelial dysfunction
through injection of cultured human CECs combined with a ROCK inhibitor into the anterior
chamber. Although the ROCK inhibitor was
used as an adjunctive drug to promote engraftment of CECs, we could not rule out the possibility that the ROCK inhibitor would have a
therapeutic effect through its action on cells in
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situ.23 In previous studies in rabbits and monkeys, we reported that CECs supplemented with a
ROCK inhibitor, when injected into the anterior
chamber, repopulated and self-organized24,25 on
the posterior surface of the cornea, had the
functional properties of healthy corneal endothelium, and produced a normal cornea with no
structural alteration.26,27 Through this work, we
determined that human CEC cultures comprise
a plurality of subpopulations, some of which are
unsuitable and unsafe for injection into human
eyes.28,29 We therefore devised a method30 to consistently produce differentiated cultured functional human CECs. Here we report a case series
of 11 consecutive patients with bullous keratopathy who were treated successfully by injection of human CECs supplemented with a ROCK
inhibitor.

Me thods
Study Design and Oversight

We conducted a nonrandomized, single-group
study involving a small number of participants.
The protocol and amendments (available with
the full text of this article at NEJM.org) and
other relevant study documentation of this clinical trial were reviewed for compliance with the
guidelines on clinical research with human stem
cells in Japan and were approved by the institutional review board at Kyoto Prefectural University of Medicine and by the Special Committee
of the Japanese Ministry of Health, Labor, and
Welfare. The authors vouch for the accuracy and
completeness of the data and analyses and the
reporting of adverse events and for the fidelity of
the study to the protocol.
Patients

Eligible patients had received a diagnosis of bullous keratopathy; were between 20 and 90 years
of age; and had an eye with no detectable CECs
on specular microscopy (Fig. S1 in the Supplementary Appendix, available at NEJM.org), a
corneal thickness greater than 630 μm and the
presence of corneal epithelial edema, and a best
corrected visual acuity below 0.5 (decimal visual
acuity). Decimal visual acuity, which is widely
used in Japan and Europe, is an alternative system to Snellen visual acuity and logMAR (logarithm of the minimum angle of resolution) visual acuity.31 A decimal visual acuity of 0.5
corresponds to 20/40 (Snellen) and 0.30 (logMAR);
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a decimal visual acuity of 0.1 corresponds to prophylaxis against infection in accordance with
20/200 (Snellen) and 1.00 (logMAR). All the pa- the drug regimen we use in our regular corneal
tients provided written informed consent.
transplantation procedures (Table S2 in the Supplementary Appendix).
Human CEC Culture and Quality Control

Corneas from deceased donors (range of age at
death, 7 to 29 years) were used for the in vitro subculture material; the donor corneas were provided
by SightLife. Human CECs were cultured at the Cell
Processing Center of Kyoto Prefectural University
of Medicine with the use of a standard operating
procedure that conformed to the guidelines of
Good Manufacturing Practices. Details of the
culture procedure are described in the Supplementary Appendix. Cell lots for clinical application
were examined to verify that they met criteria
for surgical use (Table S1 in the Supplementary
Appendix), and enzyme-linked immunosorbent
assay or fluorescence-activated cell-sorting analysis (or both) was performed to elucidate the biologic characteristics of the cells. The cells were
recovered by means of enzyme treatment with
TrypLE Reagent (Thermo Fisher Scientific) and
were washed with modified Opti-MEM I Reduced
Serum Media (Thermo Fisher Scientific). The human CECs were then dispensed into a Proteosave
container (Sumitomo Bakelite) to block nonspecific absorption of protein (1.5×106 cultured human CECs were distributed per 450 μl of modified Opti-MEM I supplemented with the ROCK
inhibitor Y-27632 [Wako Pure Chemical Industries] at a final cell concentration of 100 μM).
Surgical Procedure and Follow-up

All surgical procedures were performed under
local anesthesia. After a 1.6-mm incision was
made at the corneal limbus, a silicone needle
(Inami) was used to remove the abnormal extracellular matrix on the patient’s Descemet’s membrane or the degenerated CECs in an 8-mmdiameter area of the central cornea (or both).
After this procedure, a 26-gauge needle was
used to inject 1×106 (Patients 2 to 11) or 5×105
(Patient 1) cultured human CECs suspended in
300 μl of modified Opti-MEM I medium containing the ROCK inhibitor Y-27632 into the anterior
chamber. The patients were then immediately
placed in a prone position for 3 hours to enhance the adhesion of the injected cells (Fig. 1).
After cell injection, all patients were administered
systemic and topical glucocorticoids to inhibit
acute inflammation or immunologic reaction,
and antimicrobial agents were administered as
n engl j med 378;11

Primary, Secondary, and Exploratory
Outcomes

The primary outcome was restoration of corneal
transparency with a CEC density of more than
500 cells per square millimeter at the central
cornea at 24 weeks after cell injection. The secondary outcomes were a corneal thickness of
less than 630 μm at 24 weeks after cell injection
(with a decrease in corneal thickness from the
preoperative [baseline] measurement) and an improvement in best corrected visual acuity of two
lines or more on a Landolt C eye chart (a measure of decimal visual acuity) at 24 weeks after
cell injection. We converted decimal visual acuity
to logMAR visual acuity to facilitate statistical
analysis. A decrease of at least 0.2 in logMAR
visual acuity corresponds to an improvement of
two lines or more on a Landolt C eye chart, and
an increase of at least 0.2 in logMAR visual acuity corresponds to a deterioration of two lines or
more. For decimal visual acuity, a higher value
indicates better visual acuity, whereas for logMAR
visual acuity, a lower value indicates better visual
acuity. The primary and secondary outcomes were
also assessed as exploratory outcomes at 2 years
after cell injection. We assessed the safety of the
treatment by monitoring the treated eyes and the
patients for adverse events (Table S3 in the Supplementary Appendix).
Statistical Analysis

We calculated the percentage (with 95% confidence intervals) of treated eyes that met the
primary and secondary outcomes. The exploratory
outcomes were assessed as the change from the
baseline measurement to 2 years (see the Supplementary Appendix). We also recorded intraocular pressure as a safety measure and assessed
this outcome as the change from the baseline
measurement to 2 years.

R e sult s
Patient Characteristics

We enrolled patients between December 10, 2013,
and December 16, 2014. We injected human
CECs supplemented with the ROCK inhibitor into
11 eyes, in 11 consecutive patients, during the
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period from December 2013 through February
2014 (3 eyes) and September 2014 through December 2014 (8 eyes). The mean age of the patients
was 64.4 years (range, 49 to 82), and 5 of the 11
patients (45%) were male. All the patients had
pseudophakic bullous keratopathy (i.e., bullous
keratopathy that develops after intraocular lens
implantation in cataract surgery), with the following subtypes: Fuchs’s endothelial corneal dystrophy (7 eyes), argon-laser iridotomy–induced bullous
keratopathy (2 eyes), pseudoexfoliation syndrome–
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103
104
CD44 Cell Count

105

related bullous keratopathy (1 eye), and intraocular
surgery–related bullous keratopathy (1 eye) (Table 1). The mean corneal thickness at baseline was
743 μm (range, 637 to 964). (Additional details are
provided in the Supplementary Appendix.)
Features of the Cultured Human CECs

We used seven lots of cultured human CECs
(passaged two or three times). Each lot was derived from an independent donor. At the request
of the Special Committee, for safety reasons we
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Figure 1 (facing page). Preparation of Cultured Human
Corneal Endothelial Cells.
Panel A shows the schema of cell-injection therapy, in
which cultured human corneal endothelial cells (CECs)
supplemented with a rho-associated protein kinase
(ROCK) inhibitor are injected into the anterior chamber.
After human CECs were removed from the Descemet’s
membrane of a cornea obtained from a young deceased
donor, isolated human CECs free of any contamination
were cultured and subcultured. A few hours before cell
injection, the cells were recovered, suspended to obtain
the appropriate number and density, and supplemented
with the ROCK inhibitor. After mechanical removal of
the abnormal extracellular matrix on the patient’s Descemet’s membrane or the degenerated CECs (or both),
the cultured human CECs supplemented with the ROCK
inhibitor were injected into the anterior chamber of one
of the eyes of each participant. After the procedure, the
patients were placed in a prone position for 3 hours.
Panel B shows the cultured human CECs for clinical
use. Panel C shows the expression of sodium–potassium
ATPase by the cultured human CECs. Panel D shows
the expression of ZO-1 by the cultured human CECs.
Panel E shows the karyotype analysis of lot 5 of cultured
human CECs. Panel F shows a representative result of
the expression of CD44 and CD105 in the cultured human CECs using flow cytometry. The full vertical line
indicates the boundary between the CD44-negative
population and the CD44-positive population. The full
horizontal line indicates the boundary between the
CD105-negative population and the CD105-positive
population. Rectangles 1, 2, and 3 indicate subpopulations of the cultured human CECs. The percentages of
a negative to low level of CD44 expression (rectangle 1),
a medium level of CD44 expression (rectangle 2), and a
high level of CD44 expression (rectangle 3) were 76.3%,
21.1%, and 0.7%, respectively.

pression was below 10%. The viral antigens of
herpes simplex virus type 1 and type 2, varicella–
zoster virus, cytomegalovirus, Epstein–Barr virus,
and parvovirus B19, as measured by polymerasechain-reaction assay and standard bacterial testing, were found to be negative in the cultured
cells and supernatant of all seven lots.
Primary Outcome

At 24 weeks after cell injection, contact specular
microscopic examination (Fig. S2 in the Supplementary Appendix) revealed that the primary outcome (i.e., restoration of corneal transparency
with a CEC density of >500 cells per square
millimeter) was met in 11 of the 11 treated eyes
(100%; 95% confidence interval [CI], 72 to 100).
CEC density ranged from 947 to 2833 cells per
square millimeter in the 11 eyes (mean density,
1924 cells per square millimeter [95% CI, 1537
to 2312]) and exceeded 1000 cells per square
millimeter in 10 eyes and 2000 cells per square
millimeter in 6 eyes (Table 1, and Table S4 in the
Supplementary Appendix).
Secondary Outcomes

At 24 weeks after cell injection, a corneal thickness of less than 630 μm was attained in 10 of
the 11 treated eyes (91%; 95% CI, 59 to 100), with
a mean corneal thickness of 549 μm (95% CI,
515 to 583). A significant improvement in best
corrected visual acuity of two lines or more was
attained at 24 weeks in 9 of the 11 treated eyes
used one lot per patient in the first three pa- (82%; 95% CI, 48 to 98) (Table 1, and Table S5
tients (a total of three lots) and one lot for every in the Supplementary Appendix).
two patients for the following eight patients (a
total of four lots). All cultured human CECs were Exploratory Outcomes
small, hexagonally shaped cells (no epithelial-to- At 2 years after cell injection, corneal thickness
mesenchymal transition–like cells) expressing was less than 600 μm in 10 eyes, and the cornea
ZO-1 and sodium–potassium ATPase. CEC den- was thinner than the baseline measure in all 11
sity ranged from 1835 to 2530 cells per square eyes (Table 1). There was a rapid decrease in
millimeter. All seven lots used in this study met corneal thickness within 4 weeks after cell injecthe prespecified quality-control requirements tion, followed by a more gradual decrease over
(Fig. 1, and Table S1 in the Supplementary Ap- the next 5 months (Fig. 2A). The mean best corpendix), and no chromosomal abnormalities were rected logMAR visual acuity decreased from 0.88
observed. Enzyme-linked immunosorbent assay at baseline to 0.04, indicating an improvement
of the culture supernatant was performed at the (Fig. 2B). (Additional details are provided in Tafinal culture stage and revealed a type I colla- ble S5 in the Supplementary Appendix.)
gen level lower than 15 ng per milliliter (lots 1
At 2 years after cell injection, each of the 11
through 3) and an interleukin-8 level lower than eyes maintained corneal transparency (mean
500 pg per milliliter and a platelet-derived growth CEC density, 1534 cells per square millimeter
factor BB level higher than 30 pg per milliliter [95% CI, 1213 to 1855]) (Fig. 3). The duration of
(lots 4 through 7). In lots 2 through 7, the per- corneal clearing (i.e., the amount of time that it
centage of CECs with high levels of CD44 ex- took for the cornea to clear) differed slightly
n engl j med 378;11
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*	BK denotes bullous keratopathy, BCVA best corrected visual acuity, CEC corneal endothelial cell, and logMAR logarithm of the minimum angle of resolution.
†	Before cell injection, CEC density was below the detection limit of the specular microscope in all 11 patients.
‡	Decimal visual acuity is widely used in Japan and Europe as an alternative system to Snellen visual acuity and logMAR visual acuity.31 For decimal visual acuity, higher values indicate
better visual acuity, whereas for logMAR visual acuity, lower numbers indicate better visual acuity: logMAR visual acuity = −log(decimal visual acuity).
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Figure 2. Corneal Thickness, Best Corrected Visual
Acuity, and Intraocular Pressure.
Measures of corneal thickness (Panel A), best corrected
visual acuity (BCVA) (Panel B), and intraocular pressure
(Panel C) are provided in box plots. The results with
respect to the secondary outcomes of a corneal thickness of less than 630 μm and an improvement in BCVA
of two lines or more on a Landolt C eye chart (a measure
of decimal visual acuity) at 24 weeks, as compared with
baseline, were significant (Table S5 in the Supplementary Appendix). BCVA is expressed as logMAR visual
acuity, which was converted from decimal visual acuity
to facilitate statistical analysis (a decrease of at least
0.2 in logMAR BCVA corresponds to an improvement
of two lines or more on a Landolt C eye chart). There
was no significant increase in intraocular pressure during each evaluation period. The horizontal line in the
boxes represents the median, and the bottom and top
of the boxes represent the lower and upper quartiles,
respectively. I bars indicate 1.5 times the lower and
upper quartiles, and the dots represent outliers.
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We did not observe anterior uveitis, intraocular
infection, or immunologic reaction in any of the
patients after cell injection. The postoperative
time course of intraocular pressure is shown in
Figure 2C. In 10 of the 11 eyes, there was no increase in intraocular pressure during the 2-year
period of evaluation. The treated eye in Patient 8
showed an increase in intraocular pressure (to
27 mm Hg) at 8 months after cell injection; the
pressure resolved after trabeculotomy without
the use of antiglaucoma eyedrop medication. At
2 years after cell injection, intraocular pressure
was within the normal range in each of the 11
eyes. No abnormal findings from general health
evaluations or blood tests were observed at 4, 12,
and 24 weeks after cell injection. (Additional
details are provided in Tables S5 and S6 in the
Supplementary Appendix.)

Discussion

1.0

BCVA (logMAR)

Safety

1.5

0.5

0.0

C Intraocular Pressure
30

Intraocular Pressure (mm Hg)

from patient to patient owing to variations in
the quality of the injected cells and in the subtype of disease. (Additional details are provided
in Table S4 and Figs. S3 through S5 in the Supplementary Appendix.)

Our findings showed that injection of human
CECs supplemented with a ROCK inhibitor in
patients with bullous keratopathy was followed
by corneal restoration, with attainment of normal corneal thickness and resolution of corneal
n engl j med 378;11
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Figure 3. Slit-Lamp Microscopic Images of the Treated Eyes.
Slit-lamp microscopic photographs of all 11 treated eyes were obtained at baseline (before cell injection) and at 2 years after the injection
of CECs supplemented with a ROCK inhibitor.

epithelial edema. Within the limits of this small,
single-group study involving 11 patients who were
followed for 2 years, the procedure was safe. We
propose that injection of cultured human CECs
supplemented with the ROCK inhibitor into the
anterior chamber resulted in the repopulation of
CECs on the Descemet’s membrane and on the
bare posterior surface of the corneal stroma. An
alternative explanation is that the ROCK inhibitor or a factor released from the injected cells
stimulated the CECs in the recipient to replicate;
however, we consider this explanation to be unlikely because most of the eyes showed a high
CEC density at 24 weeks after cell injection that
mimics what would have been seen with ordinary corneal transplantation at 4 weeks.
1002
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We speculate that most of the injected CECs
that did not attach to the cornea entered an adjacent vein through the trabecular meshwork and
died or entered the systemic circulation. Because
of the risk of ectopic tumor formation, we were
particularly interested in the results of the blood
tests and general health evaluations obtained
from the participants after treatment; the normal findings were consistent with those from
preclinical studies,27 but we cannot rule out some
potential for tumor formation over time or in
future trials of this experimental intervention.
Elevated intraocular pressure occurred in one
patient, in whom we diagnosed glucocorticoidinduced glaucoma, given the timing of presentation and the fact that there were no abnormal
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findings associated with the trabecular meshwork.
However, because of this observation, we plan to
reevaluate the number and density of cells used in
the injection in the event that further clinical trials
are performed. Owing to the study design, we
could not discern the extent to which the use of
human CECs, the use of the ROCK inhibitor, and
the decision to place patients in a prone position
contributed to the clinical outcome. We observed
no immune response to the human CECs during
the follow-up period (the patients received topical
glucocorticoids after the procedure), and previous studies have indicated induction of immune
tolerance in the eye32 and the anterior chamber–
associated immune deviation of the eye.33
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Abstract
Purpose To assess corneal endothelial cell loss after penetrating keratoplasty (PK) treatment for laser iridotomy (LI)-induced
bullous keratopathy (BK).
Methods A retrospective study conducted on consecutive patients who underwent PK between March 2000 and December
2011. Patients who had undergone more than 24 months of follow-up were included. Patients who underwent PK were
subcategorized into two groups based on their diagnosis of BK prior to PK; PK was performed to treat either LI-BK or non
LI-BK. The cell density of the central corneal endothelium and the graft survival were evaluated during follow-up.
Results Corneal endothelial cell density decreased in a similar fashion in both the LI-BK and non LI-BK patients, though the
cell density decreased significantly faster in the LI-BK group than in the non LI-BK group throughout the 108 months of the
study (p = 0.026). The mean cell loss at 36 months for the LI-BK group was 57.7% vs. 63.2% for the non LI-BK, 76.9% vs.
70.1% at 72 months, and 85.6% vs. 72.0% at 108 months. No eye among 21 eyes in the LI-BK group (0%) had failed grafts,
whereas 4 of 25 eyes in the non LI-BK group (16.0%) had failed grafts at 60 months (p = 0.114).
Conclusions The outcome of PK for BK secondary to LI was no worse than the outcome of PK for other types of BK. However, our long-term follow-up after PK showed that cell density decreased faster in the LI-BK group than in the non LI-BK,
suggesting that cell loss might be involved in the existence of LI prior to PK.
Keywords Penetrating keratoplasty · Trabeculectomy · Corneal endothelial cell density
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Laser iridotomy (LI) is established as the first-line therapy
for angle closure [1]. It is preferred over surgical iridectomy,
as it requires no incisional invasion [2]. Some complications
are reported, such as bleeding into the anterior chamber,
unexpected laser burns to the cornea, cataract formation,
and development of posterior synechiae, but LI has been
confirmed as a relatively safe procedure that has no severe
sight-threatening complications [3].
Despite the apparent safety of LI, several researchers
report severe corneal endothelial cell loss and the induction of bullous keratopathy (BK) following LI, mainly in
Asian populations (i.e., Japan, Singapore, and Korea) [3–8].
A nationwide questionnaire survey conducted in Japan
revealed that 12.9% of the facilities reported the occurrence
of BK caused by prophylactic LI, although the overall incidence was low [9]. Moreover, LI-induced BK is a frequent
indication for corneal transplantation in Japan. A Japanese
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national survey identified cataract surgery as the most common cause of BK (44.4%), with LI as the second most common cause (23.4%) between 1999 and 2001 [10]. This differs
from the indication for corneal transplantation in Caucasian
countries, where Fuchs endothelial corneal dystrophy is the
leading cause [11].
The mechanisms by which LI causes corneal endothelial dysfunction are still unclear [2]. The currently proposed
mechanisms include: (1) direct laser injury to the focal corneal endothelium, (2) mechanical shock waves generated
by the laser, (3) thermal damage by a temperature rise of
the aqueous humor, or (4) corneal endothelial burning by
high temperature debris from the iris [3, 4, 6, 7]. These
potential causes suggest the occurrence of acute damage to
the corneal endothelium during or immediately after the LI
procedure. A combination of mechanisms may also cause
continuous damage to the corneal endothelium in the chronic
phase [12–14].
These observations motivated the present evaluation of
long-term outcomes of corneal transplantation performed
to treat LI-induced BK. The aim of this study was to assess
the extent of corneal endothelial cell loss following corneal
transplantation for LI-induced BK.

Materials and methods
This study was performed according to a protocol approved
by the Institutional Review Board of the Baptist Eye Institute, Kyoto, Japan and was conducted in accordance with
the principles of the Declaration of Helsinki. The study was
registered with UMIN (UMIN000021104) (http://www.
umin.ac.jp/english/).
The medical records of consecutive patients who underwent penetrating keratoplasty (PK) at the Baptist Eye Institute between March 2000 and December 2011 were retrospectively investigated. Patients who had been followed
up for more than 24 months were included. Patients who
underwent trabeculectomy, pars plana vitrectomy, or goniosynechialysis, or who underwent PK for cosmetic purposes,
were excluded. The patients with PK were subcategorized
into two groups based on a diagnosis of BK prior to PK; PK
was performed due to LI-BK or non LI-BK (Fig. 1). Anterior segments were evaluated by slit-lamp microscopy at the
follow-up visit. The cell density of the corneal endothelium
was analyzed with a non-contact specular microscope (EM3000, Tomey Corporation).
PK was performed either under general anesthesia or
retrobulbar anesthesia, according to each patient’s status.
Methylprednisolone was administered by an intravenous
injection before PK for both LI-BK and non LI-BK patients
who were preoperatively predicted to have a severe inflammatory response. The anterior chamber was replaced with
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Fig. 1  Flow chart showing study participant inclusion. Abbreviations:
PK, penetrating keratoplasty; LI-BK, argon laser iridotomy-induced
bullous keratopathy; TLE, trabeculectomy; PPV, pars plana vitrectomy; and GSL, goniosynechialysis

HealonTM ophthalmic viscoelastic substance (Abbott Laboratories), and the cornea was excised with curved corneal
scissors. The donor corneas were trephined by the BarronTM
vacuum donor cornea punch (7.5 mm diameter). The corneal
graft was sutured to the recipient with 4–8 interrupted and
continuous running 10-0 nylon sutures. Topical antibiotics
and corticosteroid drops were applied after PK and tapered
down gradually. A single surgeon (S.K.) performed all PK
procedures.
Statistical analysis was performed with R statistical package (version 3.4.1 for Windows). Student’s t-test was applied
to detect differences between two groups of donor age, donor
size, and donor endothelial cell density data. The chi-square
test was used to analyse the gender data and graft survival
data. The slopes of cell loss of two groups were analyzed
by a statistical test of the assumption of homogeneity of
regression coefficients. To detect differences in cell density between the two groups, we applied Welch’s t-test, and
Bonferroni correction was used for a multiple-comparison
correction. P-value of < 0.05 was considered statistically significant, but P-value of < 0.005 was considered statistically
significant for the analyses to which Bonferroni correction
was applied. Donor and recipient characteristics’ data are
presented as mean ± standard deviation (SD). The mean cell
loss data are presented as mean ± standard error (SE).

Results
A total of 187 eyes of 186 patients underwent PK during the
study period. Of these, 52 eyes of 52 patients were identified as meeting the inclusion criteria. Twenty-one eyes were
included in the LI-BK group and 31 eyes were included in
the non LI-BK group. The mean patient age was 60.4 ± 9.2
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(range 33 to 75) years in the LI-BK group and 60.5 ± 12.0
(range 19 to 75) years in the non LI-BK group. In the 21
LI-BK patients, PK was combined with cataract surgery
in 20 patients (IOL implantation in the capsular bag in 19
patients and IOL ciliary fixation in 1 patient) and PK alone
was performed in one patient. In the 31 non LI-BK patients,
PK was combined with cataract surgery in 14 patients (IOL
implantation in the capsular bag in 10 patients and IOL ciliary fixation in 6 patients) and PK alone was performed in
17 patients. Baseline characteristics, such as age and gender,
were similar between the groups, except for the indications
for corneal transplantation. All LI-BK patients underwent
LI prior to the diagnosis of BK, and other BK related pathological conditions, such as pseudophakic bullous keratopathy (PBK), aphakic bullous keratopathy (ABK), and
Fuchs endothelial corneal dystrophy, were excluded. LI-BK
patients who underwent pars plana vitrectomy before or after
PK were also excluded. Donor characteristics between both
groups were similar (Table 1).
Corneal endothelial cell density was determined from
the patients whose corneal endothelial image was obtained
Table 1  Characteristics of the donor and recipient eyes
LI BK (n = 21) Non LI BK (n = 31) p value
Donor characteristics
Age
Mean ± SD, yrs
Range
Size
Mean ± SD, mm
Range
Endothelial cell
density
Mean ± SD, cells/
mm2
Recipient characteristics
Age
Mean ± SD, yrs
Range
Gender, no. (%)
Male
Female
Diagnosis, no. (%)
LI BK
PBK
Glaucoma related
ABK
Fuchs dystrophy
Others
a
b

60.4 ± 9.2
33 to 75

60.5 ± 12.0
19 to 75

7.7 ± 0.1
7.25 to 7.75

7.7 ± 0.2
7.25 to 7.75

2968 ± 445

2886 ± 333

70.4 ± 6.2
55 to 82

65.4 ± 12.7
38 to 84

7 (33.3%)
14 (66.7%)

17 (54.8%)
14 (45.2%)

21 (100.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

0 (0.0%)
10 (32.2%)
8 (25.8%)
6 (19.4%)
4 (12.9%)
3 (9.7%)

P-value of Student’s t-test
P-value of Chi-square test

0.98a

0.50a

by non-contact specular microscope. Though this density
decreased in a similar fashion in both the LI-BK and non
LI-BK groups, a statistical test of the assumption of homogeneity of regression coefficients revealed that cell density
decreased significantly faster in the LI-BK group than in the
non LI-BK group (p = 0.026) (Fig. 2). The mean cell loss
in the LI-BK group increased from 25.6% at 12 months to
85.6% at 108 months (Supplementary Table 1). The mean
cell loss in the non LI-BK group increased from 32.9% at
12 months to 72.0% at 108 months (Supplemental Table 1).
The mean cell loss was not significantly higher for the
LI-BK patients than for the non LI-BK patients throughout the observation time (Table 2). No graft failure (0%)
occurred in any of the 21 eyes in the LI-BK group, while
grafts failed in 4 of 25 eyes (16.0%) in the non LI-BK group
during the 60 months after PK (p = 0.114).

Discussion
A national survey of BK in Japan revealed a mean interval
from LI to the development of BK of 6.8 years, with a range
between 2 months and 20 years [10]. Ang et al. similarly
report a mean duration of 6.9 years and a range from 0.2 to
16 years in a Japanese population [7], whereas Lim et al.
report a mean duration of 5.5 ± 2.8 years in a Chinese cohort
in Singapore [6]. Thus, the mean duration for acute corneal endothelial damage is relatively long and some patients
exhibit BK even 20 years after LI, which suggests the possibility of a combined mechanism that damages the corneal
endothelium at the chronic phase.
Several potent causes of chronic corneal endothelial
damage have been hypothesized. For example, Kaji and

0.46a

0.11a

0.21b

Fig. 2  Comparison of corneal endothelial cell loss after penetrating
keratoplasty in the LI-BK and non LI-BK groups. The mean corneal
endothelial cell densities of the patients who underwent penetrating
keratoplasty for LI-BK and non LI-BK are plotted. Cell density continuously decreased in a similar fashion in both groups
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0.012
0.011
0.021
0.051

4. P-value for Fisher’s exact test (clear + clear without CE image vs. failed)

3. Accumulated numbers of patients with failed graft

2. Clear graft, but CE image was not obtained by non-contact specular microscope

1. Clear graft with corneal endothelium (CE) image was obtained by non-contact specular microscope

0.114
1.00
1.00
1.00
1.00

1.00

19 (12,0,7)
20 (12,1,7)
20 (14,0,6)
24 (15,4,5)
25 (21,0,4)
28 (25,2,1)
29 (27,1,1)
31 (31,0,0)
31 (31,0,0)

31 (29,2,0)

11 (9,2,0)
16 (14,2,0)
18 (17,1,0)
21 (19,2,0)
21 (21,0,0)
21 (21,0,0)
21 (21,0,0)
21 (21,0,0)
21 (21,0,0)
21 (21,0,0)

LI BK
Total patient number
(clear1, clear without
CE image2, failed3)
Non LI BK
Total patient number
(clear1, clear without
CE image2, failed3)
P-value4

24
12
0
Time (month)

Table 2  Numbers of graft failures in the LI BK and non LI BK groups

36

48

60

72

84

96

108
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colleagues used a virtual model of LI to show that under certain conditions, such as a small diameter of the iris hole and
a short distance between the iris hole and corneal endothelium, shear stress could cause time-dependent damage to
the corneal endothelium [12]. Likewise, the monitoring of
the aqueous flow by injection of silicone particles into the
anterior chamber in rabbits revealed a faster aqueous humor
stream (i.e., stronger shear) against the corneal endothelium
following LI [13]. Higashihara and colleagues demonstrated
a disruption of the blood-aqueous barrier in patients’ eyes
following prophylactic LI and suggest chronic postsurgical
breakdown as a reason for corneal endothelial decompensation, possibly due to the humoral transport of substances
such as prostaglandins and cytokines [14].
Recent developments in corneal endothelial transplantation have enabled the treatment of LI-induced BK with
a success rate comparable to that for other types of BK
[15–17]. Observations for 6 months and 3 years in independent facilities revealed that Descemet’s stripping automated endothelial keratoplasty (DSAEK) for LI-induced
BK showed equivalent corneal endothelial cell loss to that
obtained for Fuchs endothelial corneal dystrophy and PBK
[18, 19]. These data suggest that the existence of LI prior
to corneal transplantation does not harm the donor corneal
endothelium. In addition, these data may suggest that corneal endothelial damage by LI may arise predominantly due
to acute injury occurring during or immediately following
the procedure. In line with these findings, we showed that
graft survival of PK was as good in the eyes with LI as in
the eyes without LI. However, our study, which included
108 months long-term follow up, shows that the cell loss
slope was significantly faster in the PK graft used to treat LIinduced BK than in grafts used to treat BK caused for other
reasons. Since existence of LI prior to PK did not induce
corneal endothelial decompensation after PK whereas it did
induce corneal endothelial decompensation before PK, acute
corneal endothelial injury by LI seems to plays an important
role in inducing BK. However, our current results also support the existence of previously proposed chronic damage
due to LI including shear stress or disruption of the bloodaqueous barrier [12–14].
LI has been performed using a few different laser types,
including argon, neodymium-doped yttrium aluminum garnet (Nd:YAG), and argon Nd:YAG sequential lasers. Early
research suggested that, in dark brown irises, the use of the
Nd:YAG laser alone was less effective when compared to
the argon laser [2]. In the 1990s, when researchers noticed
the increasing incidence of LI-induced BK, procedures using
argon lasers alone or argon Nd:YAG sequential procedures
were preferred, perhaps due to their high effectiveness in
dark Japanese irises [7, 9, 10]. However, the Nd:YAG laser
enabled iridotomy under lower power than with the argon
laser, because Nd:YAG has a high energy but a spot profile
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with fewer and shorter duration laser flashes [7, 20]. One
possible explanation why BK damage is more frequent in
Asian countries could be the preference for argon lasers’
use for dark irises [9, 10]. In line with this explanation, our
data show that LI caused BK, but did not increase the graft
failure after PK. As our study is a prospective study and
many patients were referred to our hospital for the purpose
of corneal transplantation, we were unable to obtain sufficient information about which laser was used for LI. Further
study that will include information about the LI procedure
will be beneficial for a better understanding of cell loss after
PK for treating LI-BK.
In conclusion, we showed that the outcome of PK was
no worse for BK secondary to LI than for other types of
BK. However, our long-term observation showed that the
corneal endothelial cell density exhibited a more rapid
decrease in the LI-BK eyes than in the non LI-BK eyes after
PK. These findings suggest that acute corneal endothelial
injury by LI seems to be a necessary factor to induce BK,
but the combined mechanisms of chronic injury cannot be
excluded from the pathophysiology of corneal endothelial
damage after LI.
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Corneal Transplantation
Downloaded from https://journals.lww.com/corneajrnl by ec8b3BY4yMfhuurYD4Qcn0Jrbg/MEBgKyzDckXV2SSubJeJqkrtAGzqLn52MTUQVx5nsnHCEY9E5oImGbNAnPTcqTFqZ5ukovqwRg+IhBJhM33BA/dhMONLGWnNeWeLB on 03/25/2019

Naoki Okumura, MD, PhD,* Ryota Inoue, BS, MS,* Shinichiro Nakano, BS, MS,* Hirofumi Imai, BS,*
Daiki Matsumoto, BS,* Kanae Kayukawa, MD,† Koichi Wakimasu, MD,† Koji Kitazawa, MD, PhD,†
Noriko Koizumi, MD, PhD,* and Shigeru Kinoshita, MD, PhD†‡

Purpose: The aim of this study was to investigate the existence of
presumed immune cells observed by contact specular microscopy in
patients who underwent penetrating keratoplasty (PK) and Descemet
stripping automated endothelial keratoplasty (DSAEK).

Methods: This cross-sectional study was conducted on consecutive patients who underwent follow-up visits between January
and March 2015 for previously performed PK or DSAEK.
Presumed immune cell–suspected “cell-like white dots” were
evaluated by scanning slit contact specular microscopy. The
association between the grading of presumed immune cells with
clinical parameters, such as corneal endothelial cell density, time
after surgery, and the titer of steroid administration, was
also investigated.
Results: A total of 54 eyes of 54 patients who underwent PK (32
eyes/32 patients) and DSAEK (22 eyes/22 patients) were evaluated,
and suspected immune cells were observed in all patients. In the PK
and DSAEK groups, the number of patients in the presumed
immune cell grades 1, 2, 3, and 4 were 19, 10, 2, and 1 and 10, 8, 2,
and 2, respectively (P = 0.663). No statistically signiﬁcant
association was found between the immune cell grades and the
clinical parameters.
Conclusions: Immune cells were observed on the corneal endothelial grafts in all 54 patients who underwent PK or DSAEK.
Although the number of immune cells varied between patients and
showed no correlation with clinical parameters, it would be
beneﬁcial to conduct a future prospective study to analyze the effect
of immune cells on postoperative corneal endothelial cell loss.
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or more than a century, penetrating keratoplasty (PK) has
been performed, and over the past decade, corneal endothelial transplantations such as Descemet stripping automated
endothelial keratoplasty (DSAEK) and Descemet membrane
endothelial keratoplasty (DMEK) have become widespread
standard procedures for treatment of corneal endothelial decompensation.1 Those corneal transplantation methods are now
generally accepted as standard procedures; however, graft failure
remains a long-term postoperative threat for patients who
undergo surgery. Graft failure can be broken down into 3 main
causes: 1) primary graft failure, 2) immunological rejection, and
3) late endothelial failure.2 Although primary graft failure is
mainly iatrogenic and the mechanism of immunological rejection has been intensively investigated, the primary mechanism
of late endothelial failure has yet to be elucidated.
We recently reported the observance of “cell-like white
dots” on the endothelium of the transplanted corneal graft via the
use of scanning slit contact specular microscopy in patients who
exhibited no characteristic features of graft rejection.3 In addition,
using rabbit models subjected to syngeneic or allogeneic corneal
transplantation, we showed that “cell-like white dots” were
evident only in the allogeneic corneal graft and that they were
immune cells composed of, and at the least, T lymphocytes, B
lymphocytes, macrophages, and neutrophils. We speculated that
these immune cells observed on the corneal endothelium can
play a role in the underlying pathophysiology of late endothelial
failure and that these phenomena are worth investigation.3
In this current study, we used scanning slit contact
specular microscopy to investigate the existence of “cell-like
white dots” in patients who underwent PK and DSAEK. We
also evaluated whether the numbers of the “cell-like white
dots” (as presumed immune cells) were associated with
clinical parameters such as corneal endothelial cell (CEC)
density, the time at which they appeared after surgery, and the
use of steroids.

MATERIALS AND METHODS
All clinical data were obtained in accordance with the
tenets set forth in the Declaration of Helsinki. The study
www.corneajrnl.com |
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TABLE 1. Characteristics of the Patients Who Underwent PK
or DSAEK
Age
Mean 6 SD, yrs
Range
Sex, no. (%)
Male
Female

PK (n = 32)

DSAEK (n = 22)

Total (n = 54)

63.2 6 20.0
21–84

73.5 6 7.0
62–86

67.4 6 16.7
21–86

14 (43.8%)
18 (56.2%)

7 (31.8%)
15 (68.2%)

21 (38.9%)
33 (61.1%)

protocol was approved by the Kyoto Ethics Review Committee, Kyoto, Japan (Approval #1604) (UMIN000024891).
In this study, we recruited consecutive patients who had
undergone PK or DSAEK by a single surgeon (S.K.) and who
underwent follow-up examination at the Baptist Eye Institute
between January and March 2015. In the patients who
underwent bilateral PK or DSAEK, the right eye data were
used for the study. All patients were examined only once for
this current research. Exclusion criteria included patients who
had undergone DSAEK because of a failed PK graft and
shunt surgery or who had been diagnosed with corneal

endothelial dystrophies or active uveitis. The titer of steroid
administration was scored as follows: 1) score 1: 0.1% betamethasone eye drops administered once daily and 2) score 0.1: 0.1%
ﬂuorometholone eye drops administered once daily. None of the
patients in this study underwent systemic steroid treatment.
Anterior segments were evaluated by slit-lamp microscopy, and the corneal endothelium was analyzed with a prototype KSSP slit-scanning wide-ﬁeld contact specular
microscope (Konan Medical, Inc, Nishinomiya, Japan), as
previously described.4 The specular microscope had a ½-inch
camera including a 400,000-pixel charge-coupled device
sensor with ·9.9 magniﬁcation and a ·40 magniﬁcation
contact cone lens. Corneal endothelial images were obtained
as movie ﬁles (ie, MPEG-2 ﬁles) at the rate of 60 frames per
second. The images, 5-mm in diameter, were obtained at the
corneal center, and representative images were extracted from
the MPEG-2 ﬁles. We graded the existence of presumed
immune cells, represented as “white dots,” as follows: grade
0 (no white dot observed in all images obtained by contact
specular microscopy), grade 1 (white dot observed at the
average number of 1 per ﬁeld), grade 2 (white dots observed
at the average number of 1–2 per ﬁeld), grade 3 (white dots
observed at the average number of 2–3 per ﬁeld), and grade 4

FIGURE 1. Slit-lamp and contact specular
microscopy images of patients with immune cell–
suspected “cell-like white dots” on their corneal
endothelium. A, Slit-lamp microscopy image of
a 44-year-old man who had undergone PK 6 years
previously. No clinical features suggesting graft
rejection were observed. B, Contact specular
microscopy image showing the existence of “celllike white dots” on the transplanted corneal
endothelial graft. C, Slit-lamp microscopy image
of an 86-year-old man who had undergone
DSAEK 3 years previously. D, “Cell-like white
dots” can be seen on the DSAEK corneal endothelial graft. E, Slit-lamp microscopy image of
a 70-year-old man diagnosed with CMV corneal
endotheliitis 2 months after undergoing DSAEK. F,
“Cell-like white dots”, which are suspected to be
immune cells, were observed at the site of the
damaged corneal endothelium by contact specular microscopy.
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FIGURE 2. Grading of immune cell–
suspected “cell-like white dots” evaluated by contact specular microscopy.
A, Representative image of grade 1
(white dot observed at the average
number of less than 1 per field). Note
that although no white dot exists on
the representative image, white dots
were observed in the other areas in this
patient. B, Representative image of
grade 2 (white dot observed at the
average number of 1–2 per field). C,
Representative image of grade 3
(white dots observed at the average
number of 2–3 per field). D, Representative image of grade 4 (white dots
observed at the average number of
more than 3 per field).

(white dots observed at the average number of more than 3
per ﬁeld) (see Supplemental Table 1, Supplemental Digital
Content 1, http://links.lww.com/ICO/A688).
Statistical analysis was performed with IBM SPSS
Statistics version 24 (IBM Corp, Armonk, NY) software. The
Fisher exact test was used to evaluate the differences of grade
for the “cell-like white dots” between the 2 groups. The
Spearman rank correlation coefﬁcient was used to determine
whether there were signiﬁcant correlations between the grade of
suspected immune cells and the other clinical factors including
CEC density, time after surgery, and titer of steroid. P , 0.05
was considered statistically signiﬁcant. Data were expressed as
mean 6 SD.

RESULTS
In the current study, a total of 54 eyes of 54 patients
who underwent PK (32 eyes of 32 patients) and DSAEK (22
eyes of 22 patients) were evaluated at each follow-up visit
during the study period. The mean patient age was 63.2 6
20.0 years (range, 21–84 yrs) in the PK group and 73.5 6
7.0 years (range, 62–86 yrs) in the DSAEK group (Table 1).
Representative slit-lamp microscopy images of a 44year-old man who had undergone PK 6 years previously and of
an 86-year-old man who had undergone DSAEK 3 years
previously are shown in Figures 1A and 1C, respectively. No
clinical signs of graft rejection, such as graft edema, Descemet
folds, keratic precipitates, and conjunctival injection, were
observed in both patients. In addition, no uveitis or other ocular
inﬂammatory disorder was observed. However, the contact
specular microscopy images demonstrated the presence of
“cell-like white dots” on the grafted corneal endothelium (Figs.
1B, D). Representative slit-lamp microscopy images of
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

a 70-year-old male patient who had been diagnosed with
cytomegalovirus (CMV) corneal endotheliitis at 2 months postDSAEK in whom the corneal endothelium is supposed to have
immune cells are shown in Figure 1E. In that patient, keratic
precipitates exhibiting coin-like lesions suggesting CMV corneal
endotheliitis were observed,5–7 and CMV was identiﬁed from the
aqueous humor by polymerase chain reaction. Contact specular
microscopy showed white dots, which we suspected to be
immune cells, at the site of the damaged corneal endothelium
(Fig. 1F). Those white dots showed a similarity to those observed
in the patients who underwent PK or DSAEK (Figs. 1B, D).
Because the severity of presumed immune cells
varied among the patients, we graded each patient according to the number of cell-like white dots (Figs. 2A–D) (see
Supplemental Table 1, Supplemental Digital Content 1,
http://links.lww.com/ICO/A688). The mean time after surgery
was 55.0 6 56.7 months (range, 4–186 mo) in the PK group
and 31.1 6 27.3 months (range, 2–94 mo) in the DSAEK
group. In the PK group, the mean CEC densities in grades 1, 2,
3, and 4 were 1132 (n = 19), 1415 (n = 10), 763 (n = 2), and
549 (n = 1), respectively. In the DSAEK group, the mean CEC
densities in grades 1, 2, 3, and 4 were 1008 (n = 10), 1316 (n =
8), 650 (n = 2), and 2211 (n = 2), respectively (Table 2). No
grade 0 was observed in both groups. The Spearman rank
correlation coefﬁcient showed no statistically signiﬁcant association between CEC density and the grade of immune cells in
both PK and DSAEK groups (P = 0.918 and P = 0.949,
respectively) (see Supplemental Figure 1, Supplemental Digital
Content 2, http://links.lww.com/ICO/A689). No statistically
signiﬁcant difference between the keratoplasty techniques and
the grade of immune cells was observed (P = 0.671).
Next, we evaluated the association between the presumed immune cells observed on the corneal endothelium of
www.corneajrnl.com |
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TABLE 2. CEC Density in Each Grade of Immune Cells in Both PK and DSAEK Groups

PK
Cell density (cells/mm2)
Mean 6 SD
Range
Time after surgery (mo)
Mean 6 SD
Range

DSAEK
Cell density (cells/mm2)
Mean 6 SD
Range
Time after surgery (mo)
Mean 6 SD
Range

Grade 1

Grade 2

Grade 3

Grade 4

Total

n = 19

n = 10

n=2

n=1

n = 32

1132 6 676
255–2506

1415 6 953
329–2646

763 6 370
501–1024

549
549

1179 6 759
255–2646

50.9 6 49.5
6–171

34.9 6 43.0
4–112

129.5 6 79.9
73–186

185.0
185

55.0 6 56.7
4–186

Grade 1

Grade 2

Grade 3

Grade 4

Total

n = 10

n=8

n=2

n=2

n = 22

1008 6 396
363–1650

1316 6 586
390–2083

650 6 208
503–797

2211 6 59
2169–2252

1197 6 577
363–2252

35.6 6 30.2
2–81

25.4 6 30.7
2–94

31.5 6 17.7
19–44

31.5 6 6.4
27–36

31.1 6 27.3
2–94

the graft and the clinical parameters. The Spearman rank
correlation coefﬁcient showed no statically signiﬁcant association between the CEC density and the grade of immune cells
in both PK (Fig. 3A) and DSAEK groups (Fig. 3B). In
addition, no statically signiﬁcant association was found
between the time after surgery and the grading in both PK
(Fig. 3C) and DSAEK groups (Fig. 3D). All patients were
medicated with steroid eye drops (dexamethasone or ﬂuorometholone), and none of the patients underwent systemic
steroid treatment. Next, the association between the score of
steroid use (as described above) and the grading of immune
cells was evaluated. No statistically signiﬁcant association was
observed between the steroid score and the grade of immune
cells in both PK (Fig. 3E) and DSAEK groups (Fig. 3F).

It has previously been reported that in patients who
undergo PK, CEC density decreases 30% to 50% in the ﬁrst
postoperative year8 and that the speed of CEC loss gradually
declines during that period. Bourne et al,9 Ing et al,10 and Patel
et al11 showed in their prospective studies of a large PK series
performed by a single surgeon that annual CEC loss was 7.8%
from 3 to 5 years and 4.2% from 5 to 10 years and became
similar to the level observed in normal corneas (0.6%)12 from
10 to 15 years postoperatively. Likewise, multiple large cohort
studies demonstrated that faster CEC loss was observed after
PK in comparison with that of normal corneas.13,14 Similar to
PK, corneal endothelial transplantations such as DSAEK15–19
and DMEK20–22 reportedly exhibit faster CEC loss in
comparison with that of normal corneas. However, although
it is widely known that long-term postoperative results show
faster CEC loss after corneal transplantation, the underlying
mechanisms have yet to be fully elucidated.
It has been assumed that 1 possible explanation for
long-term continuous CEC loss is the “chronic subclinical

immune reaction to donor cells;” however, this assumption
has yet to be proved. Birnbaum et al23 reported that the annual
loss of CECs was 1.1% in 6 patients who underwent
autologous rotational keratoplasty, whereas the CEC loss in
the histological control group (ie, 53 patients who underwent
allogeneic PK) in that study was 16.7%. Although it was
a retrospective study and included only 6 autologous
rotational keratoplasty patients, they proposed that an immunological inﬂuence might be the primary cause of continuous
CEC loss after corneal transplantation.
In this current study, we showed that “cell-like white
dots,” which based on the ﬁndings of rabbit model animal
experiments are believed to be immune cells, were observed in
all 54 patients (ie, the 32 PK patients and the 22 DSAEK
patients) who do not exhibit any sign of corneal rejection. We
theorized that if those suspected immune cells were induced by
surgical intervention or simply by the wound healing process,
a larger number of immune cells would be observed in the early
period compared with the later period after corneal transplantation. However, our current results showed no correlation
between the time after surgery and the grade of immune cells. In
addition, our results showed no correlation between the titer of
steroid administration and the grade of immune cells. Those
ﬁndings might support the idea that immune cells were recruited
by recognition of allogeneic CECs or corneal stromal cells.
It should be noted that one important question that
remains is whether immune cells observed in the transplanted
corneal graft induce CEC damage. Our current data showed
no correlation between CEC density and the grade of immune
cells. However, because this was a “cross-sectional” study,
we were not able to evaluate the effect of the severity of
immune cell grade on cell loss in the same patient by followup observation. As previously reported, CEC density during
the early period post-PK is predictive of late-period endothelial graft failure, although overall CEC loss is not always
predictive of corneal function.2 For example, Nishimura et al8
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FIGURE 3. Association between the
immune cells and the clinical parameters.
A and B, No statistically significant association was observed between the CEC
density and the grade of immune cells in
both PK (P = 0.879) (A) and DSAEK
groups (P = 0.166) (B). C and D, No
statistically significant association was
observed between the time after surgery
and the grade of immune cells in both PK
(P = 0.640) (C) and DSAEK groups (P =
0.966) (D). E and F, No statistically significant association was observed
between the steroid titer and the grade
of immune cells in both PK (P = 0.482)
(E) and DSAEK groups (P = 0.599) (F).

reported that CEC loss at 2 months postoperatively was
correlated with graft failure and that a Specular Microscopy
Ancillary Study similarly showed that CEC density at 6
months postoperatively predicted corneal decompensation.14
Therefore, it would be worth conducting a prospective study
to evaluate the presence of immune cells in the earlier
postoperative period and its correlation with future cell loss.
In addition, we could not eliminate the possibility that not all
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

“cell-like white dots” observed in our current study were alive
immune cells and that certain numbers (or all) of the cells
were not alive. From this aspect, a future prospective study in
which the immune cells will be followed up in the same
patients will reveal the cell fate; that is, whether the immune
cells are recruited and then disappear or stay for a long period
once they are recruited. Another interesting question is
whether patients who undergo DMEK have immune cells
www.corneajrnl.com |
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on the transplanted corneal graft. Because DMEK grafts
include only CECs, and not stromal cells, it would be
beneﬁcial to understand how the immune cells were recruited;
that is, allogeneic CECs recruited immune cells or allogeneic
corneal stromal cells recruited immune cells.
In conclusion, the ﬁndings in this present study show
that presumed immune cells exist on the grafted corneal
endothelium in patients who undergo PK and DSAEK and
that the number of those cells varies between patients. The
ﬁndings in this cross-sectional study showed no correlation between the number of immune cells and CEC loss,
the time after surgery, and the steroid titer. However,
a future prospective study to analyze the effect of immune
cells on future cell loss will hopefully provide beneﬁcial
information. Moreover, if immune cells are proven to be
a causative factor for CEC loss, they might become
a therapeutic target for preventing late-postoperative
endothelial failure.
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PURPOSE. We have performed clinical research on cell-based therapy for corneal endothelial
decompensation since 2013. The purpose of this study was to investigate the usefulness of a
p38 MAPK inhibitor for promoting proliferation of human corneal endothelial cells (HCECs).
METHODS. HCECs were cultured in media supplemented with various low-molecular-weight
compounds to screen for the effect of those compounds on cell proliferation. Activation of
substrates of p38 MAPK and cell cycle regulatory proteins were evaluated by western
blotting. Corneal endothelial wounds were created in a rabbit model, and p38 MAPK was
applied in eye drop form, followed by evaluation of cell proliferation in the corneal
endothelium by Ki67-immunostaining.
RESULTS. HCECs cultured with SB203580 exhibited hexagonal morphology and similar size and
morphology, whereas control HCECs cultured without inhibitor exhibited monolayer
morphology and varied in size and morphology. Flow cytometry demonstrated that cell
proliferation was significantly increased by SB203580. Western blotting showed activation of
ATF2 and HSP27 (substrates of p38 MAPK), and upregulation of cyclin D and downregulation
of p27 were induced by inhibiting p38 MAPK. In the rabbit model, promotion of wound
healing of the corneal endothelium was associated with significant upregulation of Ki67positive proliferating cells following topical administration of SB203580 when compared with
untreated endothelium (50.9% and 36.1%, respectively).
CONCLUSIONS. Activation of p38 MAPK signaling due to culture stress might suppress the
proliferation of HCECs, whereas a p38 MAPK inhibitor can counteract this activation and
enable efficient in vitro HCEC expansion.
Keywords: corneal endothelium, p38 MAPK, tissue engineering

T

he pump and barrier function of the corneal endothelium
regulates the amount of water in the corneal stroma and is
essential for the maintenance of corneal transparency.1 The
corneal endothelium is located at the back of the cornea, where
it forms a monolayer sheet-like structure composed of corneal
endothelial cells (CECs). CECs have severely limited proliferative ability,2,3 so severe damage to the corneal endothelium
induces compensatory migration and spreading of the remaining cells to cover the damaged area. The result is a loss of CEC
density, or corneal endothelial decompensation. A reduction in
density below 500–1000 cells/mm2 (cell density of the corneal
endothelium in a normal subject is 2500–3000 cells/mm2)
renders the corneal endothelium unable to regulate the amount
of water in the stroma, and the subsequent stromal swelling
then results in vision loss.1,4
The only therapeutic option for treating this corneal
endothelial decompensation has been corneal transplantation
using donor corneas. The recent development of endothelial
keratoplasties—such as Descemet’s stripping endothelial keratoplasty (DSAEK)5,6 and Descemet’s membrane endothelial
keratoplasty (DMEK)7—provide a less invasive and more
efficient therapy than is obtained with conventional full
thickness penetrating keratoplasty.8 However, worldwide
cornea donor shortages, chronic graft failure due to long-term
continuous cell loss after transplantation, and difficulties in
surgical procedures for endothelial keratoplasties are still

problems that limit the effectiveness of these procedures in
the clinical setting.8,9 This has prompted efforts to develop
tissue-engineering therapies that can overcome the problems
associated with conventional corneal transplantation.
In 2013, we obtained approval from the Japanese Ministry of
Health, Labour, and Welfare to initiate a first-in-man clinical trial
at the Kyoto Prefectural University of Medicine (Clinical trial
registration: UMIN000012534) to investigate co-injection of
cultured CECs and a Rho kinase (ROCK) inhibitor as a
treatment for corneal endothelial dysfunction.10 Recently, we
reported that corneal transparency was recovered with
regeneration of corneal endothelium in the first 11 patients
treated for corneal endothelial decompensation.11 Although
long-term studies are necessary to confirm the safety and
efficacy in larger numbers of patients, the expectation is that
human CECs (HCECs) will be introduced as a regenerative
medical product. Therefore, at the time of this writing, we have
been undertaking investigator-initiated clinical trials and
preparing a company-initiated clinical trial to obtain approval
for HCEC regenerative therapy by regulatory authorities.
Our HCECs are currently cultured at a Good Manufacturing
Practice (GMP) grade cell-processing center and have been
transplanted into patients in our clinical research. However, the
in vitro expansion of HCECs with the required phenotype for
clinical use is still surprisingly difficult.10 Multiple problems
arise when culturing HCECs, as these cells have limited
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TABLE. Inhibitors for Screening the Effects on Proliferation of HCECs
Reagent
Name

Company

Concentration,
lM

SB203580
SB431542
PD0325901
Pifithrin-a
WithferinA
BAY11-7082
LY2904002
U-0126
IBMX

Cayman
Wako
Wako
Calbiochem
Wako
Wako
Wako
Wako
Sigma-Aldrich

10
1
1
1
3
1
1
1
500

SP600125
SAHA
A-83-01
BIO
Y-27632

Calbiochem
Sigma-Aldrich
Wako
Wako
Wako

1
1
1
1
10

Function
p38 MAPK inhibitor
ALK5 inhibitor
MEK inhibitor
p53 inhibitor
NF-jB inhibitor
NF-kB inhibitor
PI3K inhibitor
MEK inhibitor
Phosphodiesterase
inhibitor
JNK inhibitor
HDAC inhibitor
ALK4, 5, 7 inhibitor
GSK3a/b inhibitor
Rho kinase inhibitor

proliferative ability, undergo transformation into a fibroblastic
phenotype that will not regenerate corneal endothelium, and
exhibit senescence that decreases the cell density.12–16 These
undesirable features of HCECs extend the duration required to
obtain sufficient cell numbers, which will ultimately increase
the final cost of a regenerative medical product.
In the current study, we screened the ability of multiple
low-molecular-weight compounds to promote the efficiency of
in vitro expansion of HCECs in culture. We found that a p38
MAPK inhibitor, SB203580, enhances HCEC proliferation, and
we further evaluated the effect of inhibition of p38 MAPK on
cell cycle regulatory molecules and on the changes in the
function-related phenotypes of HCECs.

MATERIALS

AND

METHODS

Ethics Statement
The human tissue used in this study was handled in accordance
with the tenets set forth in the Declaration of Helsinki.
Informed written consent was obtained from the next of kin of
all deceased donors regarding eye donation for research. All
tissue was recovered under the tenets of the Uniform
Anatomical Gift Act (UAGA) of the particular state in which
the donor consent was obtained and the tissue was recovered.
In animal experiments, rabbits were housed and treated in
accordance with the ARVO 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 the University’s Animal Care and Use
Committee (Approval No. A16036).

Cell Cultures
Human donor corneas were obtained from SightLife (Seattle,
WA, USA). All corneas had been stored at 48C in storage
medium (Optisol; Chiron Vision, Irvine, CA, USA) for less than
14 days before use in experiments. Donors of the corneal
tissues ranged in age from 53 to 69 years old. The culture
medium was prepared according to published protocols.17
Briefly, the Descemet’s membrane including corneal endothelium was stripped from the donor corneas and digested with 1
mg/mL collagenase A (Roche Applied Science, Penzberg,
Germany) at 378C for 16 hours. HCECs were recovered and
washed with OptiMEM-I (Thermo Fisher Scientific, Waltham,

MA, USA), and then cultured in corneal endothelial growth
medium.
Corneal endothelial growth medium was prepared by
conditioning basal medium mix (OptiMEM-I, 8% fetal bovine
serum [FBS], 5 ng/mL epidermal growth factor [EGF; Thermo
Fisher Scientific], 20 lg/mL ascorbic acid [Sigma-Aldrich, St.
Louis, MO, USA], 200 mg/L calcium chloride, 0.08% chondroitin sulfate [Sigma-Aldrich], and 50 lg/mL gentamicin [Thermo
Fisher Scientific]) with NIH-3T3 cells according to published
protocols.14,16 Briefly, confluent 3T3 fibroblasts were incubated with 4 lg/mL mitomycin C (MMC) (Kyowa Hakkko Kirin
Co., Ltd., Tokyo, Japan) for 2 hours, seeded on plastic dishes at
a cell density of 2 3 104 cells/cm2, and cultured with DMEM
(Life Technologies Corp., Grand Island, NY, USA) supplemented with 10% FBS, 100 U/mL penicillin, and 100 lg/mL
streptomycin (Nacalai Tesque, Inc., Kyoto, Japan). The 3T3
fibroblasts were washed 3 times with PBS and cultured with
basal medium mix for an additional 24 hours. The medium was
collected, filtered through a 0.22-lm filtration unit (EMD
Millipore Corporation, Billerica, MA, USA), and used as corneal
endothelial growth medium.
The HCECs were cultured in a humidified atmosphere at
378C in 5% CO2, and the corneal endothelial growth medium
was replaced with fresh media every 2 days. When the cells
reached confluency in 20 to 30 days, they were rinsed in Ca2þand Mg2þ-free phosphate buffered saline (PBS), trypsinized
with 0.05% Trypsin-EDTA (Thermo Fisher Scientific) for 5
minutes at 378C and passaged at a 1:2 ratio. The cell density
was determined using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).
Inhibitors (SB203580 (Cayman Chemical, Ann Arbor, MI,
USA), SB431542 (Wako Pure Chemical Industries, Ltd., Osaka,
Japan), PD0325901 (Wako Pure Chemical Industries, Ltd.),
Pifithrin-a (Calbiochem, San Diego, CA, USA), WithferinA
(Wako Pure Chemical Industries, Ltd.), BAY11-7082 (Wako
Pure Chemical Industries, Ltd.), LY2904002 (Wako Pure
Chemical Industries, Ltd.), U-0126 (Wako Pure Chemical
Industries, Ltd.), IBMX (Sigma-Aldrich), SP600125 (Calbiochem), SAHA (Sigma-Aldrich), A-83-01 (Wako Pure Chemical
Industries, Ltd.), BIO (Wako Pure Chemical Industries, Ltd.),
and Y-27632 (Wako Pure Chemical Industries, Ltd.) were added
to evaluate the effect of inhibition of each signaling pathway
on proliferation of HCECs (Table). In addition to SB203580,
inhibitors of p38 MAPK signaling—including BIRB796 (Selleck
Chemicals LLC, Houston, TX, USA), PH-797804 (Selleck
Chemicals LLC), VX-702 (Selleck Chemicals LLC), and TAK515 (Selleck Chemicals LLC), were also added to the culture
medium, and their effect on proliferation of HCECs was
evaluated.

Cell Proliferation Assay
HCECs were seeded at a density of 5000 cells/well in a 96-well
plate, cultured for 24 hours, and then cultured for a further 24
hours in the presence or absence of inhibitors.
The number of viable cells was evaluated based on the
amount of ATP by using a CellTiter-Glo Luminescent Cell
Viability Assay using a Veritas Microplate Luminometer
(Promega, Fitchburg, WI, USA) according to manufacturer’s
protocol. Six samples were prepared for each group.
DNA synthesis was detected as incorporation of 5-bromo-2deoxyuridine (BrdU) using the Cell Proliferation Biotrak ELISA
system, version 2 (GE Healthcare Life Sciences, Buckinghamshire, UK) according to the manufacturer’s instructions. Briefly,
HCECs were incubated with 10 lmol/L BrdU for 24 hours,
further incubated with fixation solution (Amersham Biosciences, Freiburg, Germany) for 2 hours, and incubated with 100 ll
of monoclonal antibody against BrdU for 30 minutes. The BrdU
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absorbance was measured using a spectrophotometric microplate reader at a test wavelength of 450 nm.

Western Blotting
HCECs were lysed in ice-cold RIPA buffer (25 mM Tris-HCl,
pH7.6, 150 mM NaCl, 1% Nonidet P-40, 1% sodium
deoxycholate, and 0.1% SDS) with Phosphatase Inhibitor
Cocktail 2 (Sigma-Aldrich) and Protease Inhibitor Cocktail
(Nacalai Tesque). The supernatant containing the total
proteins was collected by centrifugation and the protein
concentrations were determined with the BCA protein assay
kit (Pierce Biotechnology Rockford, IL, USA). Proteins were
denatured with 53 sample buffer at 958C for 5 minutes. An
equal amount of protein was fractionated by SDS-PAGE and
transferred to a PVDF membrane. The membrane was
blocked with 3% non-fat dry milk (Cell Signaling Technology,
Inc., Danvers, MA, USA) in TBS-T buffer (50 mM Tris, pH 7.5,
150 mM NaCl2, and 0.1% Tween 20) for 1 hour at room
temperature and then incubated overnight at 48C with the
following primary antibodies: ATF-2 (1:1000; Merck Millipore), phosphorylated ATF2 (1:1000; Santa Cruz Biotechnology), HSP27 (1:1000; Cell Signaling Technology),
phosphorylated HSP27 (1:1000; Cell Signaling Technology),
CyclinD1 (1: 1000; Cell Signaling Technology), CyclinD3
(1:1000; Cell Signaling Technology), p27 (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and GAPDH (1:3000;
Medical & Biological Laboratories Co., Ltd., Nagoya, Japan).
After washing with TBS-T buffer, the blots were incubated
with horseradish peroxidase-conjugated secondary antibodies
(1:5000: anti-rabbit, anti-mouse IgG; Cell Signaling Technology). The blots were developed with luminal for enhanced
chemiluminescence (ECL) using the Chemi-Lumi One Ultra
(Nacalai Tesque), documented by LAS4000S (Fuji Film, Tokyo,
Japan), and analyzed with Image Gauge software (Fuji Film).

incubated in 250 lg/mL RNase A (Promega, Fitchburg, WI,
USA) in PBS at 378C for 30 minutes, then suspended in a
staining solution containing 50 lg/mL propidium iodide
(Nacalai Tesque) at 48C for 30 minutes. Flow-cytometry
analyses were performed on an SH-800 instrument (Sony
Corporation, Tokyo, Japan).

Rabbit Corneal Endothelial Damage Model
The central corneal endothelium of 12 eyes of 12 Japanese
white rabbits was damaged by a protocol described previously.18,19 Briefly, a 7-mm diameter stainless-steel probe was
immersed in liquid nitrogen for 3 minutes, and the center of
the rabbit cornea was frozen with the probe for 15 seconds
while the rabbit was under general anesthesia. Fifty ll of 10
mM SB203580 in PBS was applied topically as an eye drop 4
times daily to the damaged six eyes of six rabbits; control
rabbits received PBS applied 4 times daily to the damaged
eyes (n ¼ 6). Anterior segments were evaluated by slit-lamp
microscopy. The rabbits were euthanized after 48 hours of
treatment, and both Alizarin red staining and immunofluorescence staining were performed. The wound area was
determined using the ImageJ software. Ki67 positive cells 3.5
mm distant from the center of the cornea were also
evaluated.

Statistical Analysis
The statistical significance (P value) of the mean values of twosample comparisons was determined with the Student’s t-test.
The statistical significance of the comparison of multiple
sample sets was analyzed with Dunnett’s multiple-comparisons
test. Qualitative variables were analyzed with the chi-square
test. Results were expressed as mean 6 standard error of the
mean (SEM). A P value less than 0.05 was considered
statistically significant.

Immunofluorescent Staining
HCECs cultured on a 48-well cell culture plate and rabbit
corneas were both fixed in 4% paraformaldehyde for 10
minutes, permeabilized with 0.2% Triton X-100 in PBS for 10
minutes and blocked with 1% bovine serum albumin (BSA) in
PBS for 1 hour. HCECs were incubated with the following
primary antibodies for 1 hour at room temperature: Ki67
(1:200, Agilent Technologies, Inc., Santa Clara, CA, USA), p27
(1:200, Sigma-Aldrich), Naþ/Kþ-ATPase (1:200, Merck Millipore), and ZO-1 (1:200, Zymed Laboratories, South San
Francisco, CA, USA). Either a 1:1000 dilution of Alexa Fluor
488-conjugated goat anti-rabbit IgG (Thermo Fisher Scientific)
or Alexa Fluor 594-conjugated goat anti-mouse IgG (Thermo
Fisher Scientific) was used for the secondary antibody. Nuclei
were stained with 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Vector Laboratories, Burlingame, CA, USA). The
HCECs were examined by fluorescence microscopy (BZ-9000;
Keyence, Osaka, Japan), and rabbit corneas were examined by
fluorescence microscopy (TCS SP2 AOBS; Leica Microsystems,
Wetzlar, Germany).

Flow Cytometry Analysis
HCECs were seeded at a density of 100,000 cells/cm2 onto 6well plates and cultured overnight without FBS. The cells were
cultured for 12 or 24 hours with or without supplementation
with 10 lM SB203580. Cells were rinsed in PBS, dissociated to
single cells using TrypLE Select (Thermo Fisher Scientific),
collected by centrifugation, washed in PBS, resuspended in icecold 70% ethanol, and fixed at 48C overnight. After incubation,
cells were centrifuged and washed twice in PBS. Cells were

RESULTS
Screening of Inhibitors for HCEC-Culture
We cultured HCECs in the presence of various low-molecularweight compounds in the culture medium, which was
conditioned with NIH3T3 cells, to screen the effect of
potential inhibitors on cell culture (Table). Phase contrast
images showed that HCECs cultured without inhibitors, shown
as controls, exhibited a monolayer morphology but varied in
cell size and morphology. By contrast, HCECs cultured with
SB203580, SB431542, and Y-27632 exhibited hexagonal
morphology and similar cell size and morphology, which is
consistent with our previous reports.13,16 HCECs cultured with
some inhibitors, such as Withaferin A, LY2904002, SAHA, and
IBMX, grew as monolayers but varied in cell size and
morphology like the control cells (Fig. 1A, Supplementary
Fig. 1). The cell numbers following culture with inhibitors
were evaluated after 48 hours (30%–50% of confluency), and
SB203580, BIO, and Y-27632 significantly increased the cell
numbers (Fig. 1B). We further evaluated the effect of a
combination of SB20358016 and Y-2763213 or SB431542,15
which we previously reported to be beneficial for culturing
HCECs. SB203580 and Y-27632 (but not SB431542) significantly increased the incorporation of BrdU. No synergetic effect on
BrdU incorporation was observed for a combination of Y-27632
and/or SB431542 with SB203580 (Fig. 1C). The effect of
SB203580 was evaluated on the proliferation of HCECs
cultured with non-conditioned medium. Consistent with the
findings in conditioned medium, BrdU absorbance was
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FIGURE 1. Screening of inhibitors for HCEC culture. (A) HCECs were seeded in culture medium supplemented with various inhibitors and then
screened to determine the effect of inhibitors on cell morphology. Representative phase-contrast images show that HCECs cultured without
inhibitor exhibit a monolayer morphology but vary in cell size and morphology. Conversely, HCECs cultured with the p38 MAPK inhibitors
SB203580, SB431542, and Y-27632 exhibited hexagonal morphology in similar cell size and morphology. Scale bar: 100 lm. (B) HCECs were
cultured with inhibitors for 48 hours and cell numbers were evaluated at 30%–50% of confluency. Treatment with the p38 MAPK inhibitors
SB203580, BIO, and Y-27632 significantly increased the cell numbers. n ¼ 5, **P < 0.01. (C) The effect of combination of SB203580 with Y-27632 and
SB431542 on cell proliferation was evaluated. SB203580 and Y-27632, but not SB431542, increased the incorporation of BrdU. Combination of Y27632 or SB431542 with SB203580 showed no synergetic effect on BrdU incorporation. n ¼ 5, **P < 0.01. (D) HCECs were culture with nonconditioned culture medium, and the effect of supplementation of SB203580 on BrdU incorporation was evaluated. n ¼ 5, **P < 0.01.

significantly increased by SB203580 in non-conditioned medium (Fig. 1D).

Effect of p38 MAPK Inhibitor on Functional
Property of HCECs
We evaluated the effect of SB203580 on cell density and
functional properties, which are essential parameters for
HCECs destined for clinical use in regenerative medicine.
Phase contrast images showed that SB203580 enabled the

cultivation of HCECs at a higher cell density and with smaller
variations in cell morphology and cell size (Fig. 2A). Cell
density measurements, evaluated by ImageJ, demonstrated that
SB203580 significantly upregulated cell density in a dosedependent manner (Fig. 2B). Naþ/Kþ-ATPase, which represents
the pump function, was weakly expressed in control HCECs,
whereas HCECs cultured with 10 lM SB203580 expressed
Naþ/Kþ-ATPase at the cell-cell borders (Fig. 2C). Similarly, the
expression of ZO-1, which represents the barrier function, was
weak in the control HCECs, but ZO-1 was expressed at the cell-
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FIGURE 2. Effect of p38 MAPK inhibitor on functional property of HCECs. (A) HCECs were seeded on culture plates supplemented with various
concentrations of SB203580 and maintained for 10–20 days after reaching confluence. Representative phase-contrast images show that 10 lM
SB203580 enabled the cultivation of HCECs at a higher cell density and with smaller variations in cell morphology and cell size. Scale bar: 100 lm.
(B) Cell density evaluated by ImageJ demonstrated that addition of SB203580 significantly upregulated cell density in a dose-dependent manner. n ¼
4, **P < 0.01. (C) Immunostaining for Naþ/Kþ-ATPase (marker of pump function) after HCEC culture for 10–20 days. Naþ/Kþ-ATPase was weakly
expressed in control HCECs, but HCECs cultured with 10 lM SB203580 expressed Naþ/Kþ-ATPase at almost all cell-cell borders. Nuclei were stained
with DAPI. Scale bar: 100 lm. (D) Immunostaining for ZO-1 (a marker of barrier function) after HCEC culture for 10–20 days. ZO-1 was weakly
expressed in control HCECs, but HCECs cultured with 10 lM SB203580 expressed ZO-1 at almost all cell-cell junctions. Nuclei were stained with
DAPI. Scale bar: 100 lm.

cell borders of all HCECs cultured with 10 lM SB203580 (Fig.
2D).

Effect of a p38 MAPK Inhibitor on Proliferation of
HCECs
We evaluated the concentration dependence of SB203580
effects on cell numbers and showed that 1–10 lM was optimal
for the cultivation of HCECs (Fig. 3A). Growth curves
demonstrated that supplementation of the culture medium
with SB203580 significantly increased the cell numbers for 14
days until the HCECs reached the confluent state (Fig. 3B).
Immunofluorescence staining for Ki67 showed that the
percentage of Ki67-positive proliferating cells was 7.4% in
the control culture, but it was significantly increased to 14.7%
by the addition of SB203580 for 24 hours (P < 0.01; Fig. 3C,
3D). Similarly, flow cytometry demonstrated that the numbers
of PI-positive cells at the G2/M phase (shown in pink, Fig. 3E)
and at the S phase (shown in orange, Fig. 3E) were significantly

increased by addition of SB203580 after 24 hours of cultivation
(P < 0.01; Fig. 3F).
As HCECs arrest at the G1 phase in vivo in response to cell
cycle regulators, we investigated regulators that mediate the
G1/S progression. Western blotting showed a more evident
phosphorylation of pRb, the product of the RB1 gene,
following culture with SB203580 when compared to control
cells (Fig. 4A). The levels of the D class of cyclins (D1 and D3),
which are positive regulators of the G1/S progression, were
higher in HCECs treated with SB203580 than in the control
(Fig. 4A). Expression of cyclin-dependent kinase inhibitor
p27Kip1, an important negative cell cycle regulator for HCECs,
was down regulated by SB203580 (Fig. 4B). Consistently,
immunofluorescence staining showed that the percentage of
p27-positive cells was 55.1% in the control, but this value
significantly decreased to 27.7% for HCECs treated with
SB203580 for 24 hours (Fig. 4C, 4D).
We further evaluated whether the inhibition of HCEC
proliferation by SB203580 (as an inhibitor of p38a and p38b)
was a consequence of inhibiting p38 MAPK signaling or was
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FIGURE 3. Effect of SB203580 on cell proliferation. (A) HCECs were cultured with various concentration of SB203580 for 48 hours and cell
numbers were evaluated. CellTiter-Glo Luminescent Cell Viability Assay showed that 1–10 lM is the optimal concentration of SB203580 for the
cultivation of HCECs. n ¼ 5, **P < 0.01. (B) Growth curve demonstrating that 10 lM SB203580 significantly increases the cell numbers for 14 days of
culture until HCECs reach the confluent state. n ¼ 3, **P < 0.01. (C, D) Proliferating cells were evaluated by immunofluorescence staining of Ki67.
The percentage of Ki67-positive proliferating cells was 7.4% in the control but was significantly increased to 14.7% by treatment with SB203580. n ¼
5, **P < 0.01. (E, F) HCECs were seeded at a density of 5000 cells/well in a 6-well plate and cultured with or without supplementation of 10lM
SB203580 for 12 or 24 hours. The cell cycle progression was evaluated by evaluating DNA-binding dyes, including propidium iodide (PI), using flow
cytometry. Green indicates the G1 phase, orange indicates the S phase, and pink indicates the G2/M phase. n ¼ 3.

instead an off-target effect of this molecule. Western blotting
showed that phosphorylation of ATF2 and HSP27 were
suppressed by SB203580 (Fig. 4E). As ATF2 and HSP27 are
phosphorylated following the phosphorylation of p38 MAPK
as downstream substrates, these results suggested that

SB203580 inhibited the phosphorylation of p38 MAPK in
HCECs.
We further evaluated the effect of p38 MAPK inhibition
using several low-molecular-weight compounds known to
inhibit the p38 MAPK signaling pathway. After cultivation of
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FIGURE 4. Effect of p38 MAPK inhibition on proliferation of HCECs. (A) HCECs were seeded with or without 10 lM SB203580 and the
phosphorylation of pRb and expression level of cyclin D1 and D3 were evaluated by western blotting. Expression of phosphorylation of pRb was
more evident by culturing with SB203580 comparison to control. Cyclin D1 was increased 8 hours after seeding HCECs, and the cyclin D3 was
increased 8 and 24 hours after seeding HCECs. The expression level of cyclin D1 was higher after 8 hours and that of cyclin D3 was higher after 8
and 24 hours following treatment with SB203580 in comparison to the control. (B) HCECs were cultured with or without 10 lM SB203580 for 24
hours and the expression level of p27 was evaluated by western blotting. The expression level of p27 was lower in HCECs cultured with SB203580
when compared to the control. (C, D) HCECs were cultured with or without 10 lM SB203580 for 24 hours, followed by immunofluorescent
staining for p27. Immunofluorescence staining showed that the percentage of p27 positive cells was 55.1% in control, but this value significantly
decreased to 27.7% in HCECs treated with SB203580. Scale bar: 100 lm. n ¼ 5, **P < 0.01. (E) The effects of SB203580 on the phosphorylation of
ATF2 and HSP27 were evaluated by western blotting. Phosphorylation of ATF2 and HSP27 was suppressed by SB203580. (F) The effect of p38
MAPK inhibition on cell numbers was evaluated by using several p38 MAPK inhibitors (BIRB796, PH-797804, VX-702, and TAK-515). After
cultivation of HCECs with inhibitors for 48 hours, the inhibitors significantly increased cell numbers to levels similar to those achieved with
SB203580. n ¼ 5, **P < 0.01. (G) HCECs were cultured with p38 MAPK inhibitors for 24 hours. Incorporation of BrdU was significantly increased by
all inhibitors. n ¼ 3, **P < 0.01.
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FIGURE 5. Effect of a p38 MAPK inhibitor on in vivo proliferation of corneal endothelium. (A) Rabbit corneal endothelial damage was created by
transcorneal freezing (7-mm diameter) and 10 mM SB203580 in PBS were applied topically as an eye drop 4 times daily. Controls received PBS was
applied 4 times daily (n ¼ 6). Slit-lamp microscopy showed a tendency for the SB203580-treated corneas to be clearer than the untreated control
eyes. (B, C) After 48 hours, wound areas were measured following Alizarin red staining. The wounded area of the corneal endothelium was
significantly smaller after topical administration of SB203580 than after administration of vehicle. n ¼ 6, *P < 0.05. (D, E) Ki67 positive proliferation
cells were evaluated by immunofluorescence staining. Ki67 positive cells 3.5 mm distant from the center of the cornea was significantly upregulated
in the eyes treated with SB203580 than in the eyes treated with vehicle. n ¼ 6, *P < 0.05.

HCECs for 48 hours, the inhibitors BIRB796 (inhibitor of
p38a), PH-797804 (inhibitor of p38a and p38b), VX-702
(inhibitor of p38a), and TAK-515 (inhibitor of p38a and
p38b) significantly increased the HCEC numbers in a manner
similar to that observed with SB203580 (Fig. 4F). Consistent
with these results, the incorporation of BrdU was significantly
increased by all the p38 MAPK inhibitors, indicating that
inhibition of p38 MAPK signaling promotes proliferation of
HCECs (Fig. 4G).

Effect of a p38 MAPK Inhibitor on the Proliferation
of Corneal Endothelium in an In Vivo Model
Finally, we examined the effect of p38 MAPK inhibitor on
proliferation of corneal endothelial cells using a rabbit wound
model. Rabbit corneas were subjected to transcorneal freezing,
and the wound areas were measured 48 hours after the topical
administration of a drop of 10 mM SB203580. Slit-lamp
microscopy showed a tendency for the SB203580-treated
corneas to be clearer than the untreated control eyes (Fig.
5A). When the wound areas were measured following Alizarin
red staining, the wounded area of the corneal endothelium was
significantly smaller after topical administration of SB203580
(Fig. 5B, 5C). The numbers of cells expressing Ki67 3.5 mm
distant from the center of the cornea were significantly
increased in the eyes treated with SB203580 when compared
with the eyes treated with vehicle (50.9% and 36.1%,
respectively; Fig. 5D, 5E).

DISCUSSION
One strategy for tissue engineering therapy aimed at treating
corneal endothelial decompensation is the transplantation of a
cultured corneal endothelial sheet, as in the DSAEK or DMEK
procedures. We and several other researchers report that
transplantation of corneal endothelial sheets regenerated
transparent corneas in animal models,20–22 but this strategy
has yet to be introduced in human patients. A second strategy
is to inject cultured CECs in the form of a cell suspension into
the anterior chamber (cell-based therapy).23–26 However, if the
injected CECs do not spontaneously adhere to the posterior
corneal surface of the recipient, the reconstruction of a corneal
endothelium will fail. In 2009, we found that the selective
ROCK inhibitor, Y-27632, promotes CEC adhesion to a
substrate, enhances CEC proliferation, and suppresses CEC
apoptosis,13 and our subsequent reports confirm these findings
and reveal the underlying mechanisms.26–28 We therefore
hypothesized that co-injection of a ROCK inhibitor would
promote the adhesion of cultured CECs onto the natural
substrate (posterior corneal surface), thereby supporting the
regeneration of the corneal endothelium. Indeed, we have
demonstrated that co-injection of cultured CECs and a ROCK
inhibitor regenerate the corneal endothelium on the Descemet’s membrane in rabbit and monkey corneal endothelial
decompensation models.25,26
In addition to the development of surgical procedures for
cell transplantation, cultivation of HCECs has been a problem
that has stalled development of regenerative medicine. During
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cell culture, HCECs spontaneously undergo fibroblastic changes, which are thought to be part of the epithelial mesenchymal
transition. The result is the loss of functional properties,
including the pump and barrier functions.15 Even if cultured
HCECs do not acquire these fibroblastic changes, they can
undergo senescence, which decreases the cell density and
again produces cells that are not applicable for clinical use.16
An additional complication is that the proliferative ability of
HCECs is limited even under ideal culture conditions, so
multiple procedures have been developed to promote cell
proliferation.29–32 For instance, we reported that the use of a
ROCK inhibitor,13 conditioned medium derived from mesenchymal stem cells,14 and laminin 511 fragment as a culture
substrate17 enhances cell proliferation. In the current study, we
screened several low-molecular-weight compounds and found
that the p38 MAPK inhibitor, SB203580, promotes cell
proliferation while maintaining cell density and functional
properties. SB203580 is a commonly used inhibitor of p38
MAPK, but it also inhibits the phosphorylation and activation
of protein kinase B.33 Therefore, we used other p38 MAPK
inhibitors (BIRB796, PH-797804, VX-702, and TAK-515) that
were developed for clinical use, and we confirmed that all
these p38 MAPK inhibitors enhance cell growth in a similar
manner to that observed with SB203580. We further demonstrated that the p38 MAPK inhibitor induces cell proliferation
in the rabbit corneal endothelial damage model. These results
suggest that p38 MAPK signaling negatively regulates proliferation of CECs, and that this function is conserved in both in
vivo and in vitro culture conditions.
The MAPK family includes enzymes that catalyze the
phosphorylation of specific serines and threonines of target
substrates and form a part of a cascade that converts
extracellular signals to activate intracellular pathways.34 The
MAPK members include four main signaling modules: extracellular-signal-regulated kinase (ERK), ERK5, Jun-NH2-terminal
kinases (JNK), and p38 MAPK.35 The p38 MAPK group consists
of four isoforms: p38a, p38b, p38c, and p38d, with p38a and
p38b expressed universally in most tissues and p38c and p38d
expressed in a tissue-specific manner (i.e., mainly expressed in
skin, small intestine, and kidney).36 The corneal endothelium
expresses all four isoforms of p38 MAPK (data not shown).
MAPK kinase (MKK) 3 and MKK6 are the primary upstream
activators of p38 MAPK, although MKK4 also activates p38
MAPK in specific situations.33,37 Exposure to cellular stress and
cytokines activates p38 MAPK by phosphorylation, which then
regulates various cellular activities, such as differentiation,
migration, cell death, and cellular senescence.34,38 In addition,
p38 MAPK also has known functions in cell proliferation.33,39–43 Cell cycle regulating pathways, through which
various cellular stresses are sensed and cell proliferation is
suppressed by cell cycle checkpoints, are evolutionarily
conserved in eukaryotic cells.33 The p38 MAPK signaling
pathway is involved in both the G1/S checkpoint39,44,45 and
the G2/M checkpoint.46–49 In our current study, substrates of
p38 MAPK, such as ATF2 and HSP27, were activated by
phosphorylation, implicating an involvement of p38 MAPK
signaling pathway activation during cell culture, probably due
to culture stress. The complex that forms when cyclin D binds
to and activates cyclin dependent kinase 4 and 6 is essential for
the G1/S phase transition, and we showed that this complex is
upregulated by inhibition of p38 MAPK. We also showed that
inhibition of p38 MAPK suppresses the expression of p27Kip1,
which negatively regulates the entry of corneal endothelial
cells into the S phase.50–52 Taken collectively, our data suggest
that p38 MAPK signaling is involved in the G1/S phase
transition through the regulation of G1/S phase cyclin and
the CKI level. Future studies should elucidate whether p38
MAPK signaling regulates the cell cycle via the G2/M

checkpoint as well as G1/S checkpoint to further our
understanding of the regulation of cell proliferation in the
corneal endothelium.
Recently, we reported that activation of p38 MAPK
signaling due to culture stress induces senescence of HCECs
in association with the hallmarks of cellular senescence,
including SA-b-gal positivity, upregulation of cyclin dependent
kinase inhibitors (CKI), and acquisition of a senescenceassociated secretory phenotype (SASP).16 We showed that
inhibition of p38 MAPK signaling suppresses cellular senescence during cell culture.16 In the current study, we
demonstrated a second beneficial role of a p38 MAPK inhibitor.
It might shorten the manufacturing time of HCECs by
promoting cell proliferation.
In conclusion, activation of p38 MAPK signaling due to
culture stress suppresses the proliferation of HCECs, whereas
the use of a p38 MAPK inhibitor can counteract this activation
and promote cell proliferation. One possible bottleneck of cellbased therapy is the cost of producing the cells as a
regenerative medical product. Therefore, the use of a p38
MAPK inhibitor will potentially increase the efficiency of in
vitro expansion, thereby resulting in a shorter manufacturing
time and a lower cost for tissue engineering therapy for
treating corneal endothelial decompensation.
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Purpose: To develop software to evaluate the ﬁbroblastic
morphological changes in cultured human corneal endothelial
cells (HCECs) as a quality control measure for use in tissue
engineering therapy.

Methods: Software was designed to recognize cell borders, to
approximate cell shape as an ellipse, and to calculate the aspect ratio of
the ellipse as an indicator of severity of the ﬁbroblastic morphological
change. Using the designed software, 60 phase contrast images of
polygonal HCECs and 60 phase contrast images of ﬁbroblastic
HCECs were analyzed. The correlations of the aspect ratio and other
parameters (cell density, percentage of cells surrounded by 6 cells, and
coefﬁcient of variation) were evaluated.
Results: Cell shapes were recognized based on phase contrast
images and were approximated as ellipses by software. The average
aspect ratio was signiﬁcantly higher (34.9% 6 6.1%) in ﬁbroblastic
HCECs than in polygonal HCECs (24.4% 6 2.3%) (P , 0.01). The
aspect ratio showed a correlation with cell density, with the
percentage of cells surrounded by 6 neighboring cells, and with
the coefﬁcient of variation (Pearson correlation coefﬁcients, 20.84,
20.38, and 0.66, respectively).
Conclusions: We propose that ﬁbroblastic alteration of HCECs
can be evaluated by the cell morphology based on the aspect ratio.
Software developed in this study, which can analyze the frequency
and severity of ﬁbroblastic alteration, will be useful for nondestructive assessment of cells destined for use in cell-based therapy for
corneal endothelial decompensation.
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C

orneal transplantation is the only therapeutic choice for
treating corneal endothelial decompensation, but it
presents several challenges for both patients and physicians,
including a shortage of donor corneas, late graft failure due to
continuous cell loss, and graft rejection.1 Therefore, numerous research groups, including our own, have devoted their
efforts to the development of tissue engineering therapies that
can overcome these problems.2–8 In 2013, we obtained
approval from the Japanese Ministry of Health, Labour and
Welfare to initiate a ﬁrst-in-human clinical trial of cell-based
therapy to treat corneal endothelial dysfunction. Clinical data
indicate that the procedure is safe and effective, suggesting
that cell-based therapy has the potential for use as an
alternative therapeutic choice for treating corneal endothelial
decompensation.9
One bottleneck encountered in tissue engineering therapy for corneal endothelial decompensation has been the
difﬁculty in cultivating human corneal endothelial cells
(HCECs). Under culture conditions, HCECs typically undergo
senescence10 or show massive ﬁbroblastic changes,11,12 which
precludes their use in treatment of corneal endothelial decompensation. Extensive research, including our own work, has
now enabled successful in vitro expansion of HCECs,10,11,13–21
but careful assessment of senescent or ﬁbroblastic phenotypes
is still an essential quality control requirement. We recently
reported that senescent HCEC cultures are characterized by
decreases in cell density, increases in the coefﬁcient of
variation for the mean cell area (standard deviation of mean
cell area/mean cell area), and decreases in polygonality (the
percentage of cells surrounded by 5, 6, or 7 neighbor cells).22
We have previously created software that enables automatic
analysis of these parameters from phase contrast images as
a means of nondestructive quality assessment of cultured
HCECs to exclude those displaying the senescent phenotype.22
However, similar software remains to be developed for HCECs
displaying the ﬁbroblastic phenotype.
The aim of this study was to create software that can
use phase contrast images to assess the severity of ﬁbroblastic
changes and the frequency of HCECs exhibiting ﬁbroblastic
Cornea  Volume 37, Number 12, December 2018
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changes in cultured cell populations. Our software was designed
to obtain a cell boundary from a phase contrast image, to
approximate the cell boundary as an ellipse, and to evaluate the
severity of ﬁbroblastic morphological changes based on the
aspect ratio of the ellipse.

MATERIALS AND METHODS
Cell Culture
Human donor corneas for research purposes were provided by SightLife (Seattle, WA). Ten human donor corneas
(from persons .40 years of age) were used for the research.
HCECs were isolated from donor corneas and cultured by the
protocol described previously.11,19,21 Brieﬂy, Descemet membranes containing corneal endothelium were stripped from
donor corneas and digested with collagenase A (Roche Applied
Science, Penzberg, Germany). HCECs were recovered from
digested Descemet membranes and were seeded on the culture
plate.21 The culture medium for HCECs was prepared by the
protocol described previously.19 Cell morphology was evaluated
using phase contrast microscopy (DMI4000 B; Leica Microsystems, Wetzlar, Germany). Phase contrast images of conﬂuent
cultured HCECs (2–10 passages) were used for the study.

Actin Staining and
Immunofluorescent Staining
HCECs were seeded in a 24-well cell culture plate and
further cultured for 4 weeks after reaching conﬂuence.
Samples were ﬁxed in 0.5% paraformaldehyde for 45 minutes
at room temperature, washed with phosphate-buffered saline
(PBS), and incubated for 30 minutes with 1% bovine serum
albumin. The samples were incubated for 45 minutes at 37°C
with antibodies against ZO-1 (1:200; ThermoFisher Scientiﬁc
Inc, Waltham, MA). After washing with PBS, Alexa Fluor
488-conjugated goat anti-mouse (Life Technologies) was used
as the secondary antibody at a 1:1000 dilution. F-actin was
stained with a 1:400 dilution of Alexa Fluor 546-conjugated
phalloidin (Life Technologies, Carlsbad, CA). Nuclei were
stained with 49, 6-diamidino-2-phenylindole (DAPI) (Dojindo
Laboratories, Kumamoto, Japan). The samples were examined
by ﬂuorescence microscopy (BZ-9000; Keyence, Osaka, Japan).

Software
Software (hereafter referred to as Corneal Endothelial
Cell Analyzer Version 2) was programmed to analyze
ﬁbroblastic changes in HCECs based on images obtained using
phase contrast microscopy. Corneal Endothelial Cell Analyzer
Version 2 was developed at Doshisha University with programming by Python (Python Software Foundation, https://
www.python.org/, Beaverton, OR). Python was used in Eclipse
(Eclipse Foundation, http://www.eclipse.org/, Ontario, Canada)
with a PyDev (PyDev, http://www.pydev.org/) plug-in.
Cell–cell border images were obtained using Corneal
Endothelial Cell Analyzer Version 2 by incubating HCECs in
Ca2+-free and Mg2+-free PBS to weaken the apical junction
and allow visualization of the cell–cell border. We previously
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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reported that weakening of the apical junction is reversible
and occurs without cell damage and that the treated HCECs
could be further used for clinical purposes.22 Phase contrast
images were obtained with a phase contrast microscope, and
the cell boundaries were deﬁned with Corneal Endothelial
Cell Analyzer Version 2 after the following processes: 1)
denoising, 2) edge enhancement, 3) binarization, and 4)
skeletonization. The cell shape was approximated to an ellipse
from the obtained cell–cell border images. All cells except the
cells that were on the edge of the phase contrast images were
approximated. The aspect ratio was obtained as the ratio of the
major axis and minor axis of the approximated ellipse by the
following formula: (1 2 minor axis)/major axis · 100. Clinical
parameters, including the cell density, the numbers of
surrounding cells, and the coefﬁcient of variation, were deﬁned
using software that we previously reported.22

Statistical Analysis
The Student t test was applied to detect differences
between 2 groups. The Pearson correlation coefﬁcient was
used to determine any signiﬁcant correlations between the
aspect ratio and other parameters, including corneal endothelial cell density, percentage of cells surrounded by 6 cells or
5, 6, or 7 cells, and the coefﬁcient of variation. P , 0.05 was
considered statistically signiﬁcant.

RESULTS
Fibroblastic Morphological Changes of HCECs
During In Vitro Expansion
Representative phase contrast images of HCECs exhibiting polygonal morphology and ﬁbroblastic morphology
are shown in Figure 1 (Fig. 1A, left). Actin staining revealed
a cobblestone-like structure of the polygonal HCECs, which
resembled that of the normal in vivo corneal endothelium,
with actin distributed at the cell cortex of the HCECs.
However, ﬁbroblastic HCECs observed covering approximately 50% of the area showed actin-staining patterns similar
to ﬁbroblasts (Fig. 1A, middle). Immunoﬂuorescent staining
revealed a distribution of ZO-1 at the apical junction in
polygonal HCECs, but this pattern was disrupted in ﬁbroblastic HCECs (Fig. 1A, right).
Loss of the polygonal HCEC phenotype and acquisition
of the ﬁbroblastic phenotype during cultivation or passaging
the cells showed a wide variation among the cells in the
culture population. For example, the right-hand image in
Figure 1B shows the polygonal morphology with no ﬁbroblastic cells, the second image from the right shows
approximately 20% of the area covered by ﬁbroblastic cells,
the third image from the right shows approximately 70% of
the area covered with ﬁbroblastic cells, and the left-hand
image shows only ﬁbroblastic cells. The cell boundaries of
the phase contrast images of HCECs at the conﬂuent state are
indistinct, so the HCECs in Figure 1B were incubated in
Ca2+-free and Mg2+-free PBS for 10 minutes to enhance the
cell boundaries.22
www.corneajrnl.com |
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FIGURE 1. Fibroblastic morphological changes in
human corneal endothelial cells (HCECs) during
in vitro expansion. A, Representative phase contrast images of HCECs exhibiting polygonal morphology and fibroblastic morphology are shown
(left). Actin staining shows actin distribution at the
cell cortex in polygonal HCECs, but fibroblastic
HCECs are observed in approximately 50% of the
area, and the actin-staining patterns in the fibroblastic HCECs (middle) are similar to those of fibroblasts. Immunofluorescent staining shows
a distribution of ZO-1 at the apical junction in
polygonal HCECs, whereas those patterns are
disrupted in fibroblastic HCECs (right). Scale bar:
100 mm. B, Representative phase contrast images
with a varied degree of fibroblastic changes and
the frequency of those cells among population are
shown. The right-hand image shows polygonal
morphology without fibroblastic cells, the image
second from the right shows approximately 20%
of the area covered with fibroblastic cells, the
image third from the right shows approximately
70% of the area covered with fibroblastic cells,
and the left-hand image shows only fibroblastic
cells. Scale bar: 100 mm.

Evaluation of Fibroblastic Changes With the
Designed Software
The phase contrast images were processed using the
developed Corneal Endothelial Cell Analyzer Version 2
software through several steps: denoising, edge enhancement,
binarization, and skeletonizing. HCECs were treated with
PBS for 10 minutes to clarify the cell border (Figs. 2A-1). A
denoised image was then obtained by extreme emphasis of
the cell boundaries (Figs. 2A-2). An edge enhancement image
was obtained to sharpen the cell boundaries (Figs. 2A-3). A
binarization image was then obtained by binarizing the cell
areas and the boundaries (Figs. 2A-4). Unnecessary lines that
appeared after the edge enhancement process were removed,
leaving the cell boundaries represented as black lines. A
skeletonized image was obtained by thinning the black lines
through the skeletonizing process (Figs. 2A-5).
We recently reported that the numbers of neighboring
cells surrounding each cell are useful for evaluating the
polymorphism of HCECs for quality control.22 Phase contrast
images showed that the usual number of neighbors of each
polygonal HCEC was 6 (typically 5–7) (Fig. 2B, left). As
with the polygonal HCECs, the number of neighboring cells
for the ﬁbroblastic HCECs was also 6 (also typically 5–7)
(Fig. 2B, right), which suggests that the number of neighboring cells is not a useful parameter for determining ﬁbroblastic
changes. Therefore, we evaluated the feasibility of approximating each HCEC morphology as an ellipse and then using

1574

| www.corneajrnl.com

the aspect ratio of the ellipse to determine the severity of
the ﬁbroblastic changes. The representative images demonstrate that the approximated ellipse of a polygonal
HCEC was almost a positive circle (Fig. 2C, left), whereas
the approximated ellipse of a ﬁbroblastic HCEC was
a vertical ellipse (Fig. 2C, right). Approximation of the
whole area of a phase contrast image of HCECs exhibiting
both polygonal and ﬁbroblastic morphology is shown in
Supplemental Figure 1 (see Supplemental Digital Content 1,
http://links.lww.com/ICO/A713).
The ﬁbroblastic HCECs varied in the degree of
ﬁbroblastic severity and frequency, so our software was
programmed to provide color maps and histograms of the
aspect ratio. The representative color maps show a low aspect
ratio, suggesting polygonal HCECs, as cold colors, and a high
aspect ratio, suggesting ﬁbroblastic HCECs, as warm colors
(Fig. 3A). The histograms visually demonstrated the relative
frequency of HCECs with various aspect ratios (Fig. 3B).

Correlation Between Indicators of Corneal
Endothelium and the Aspect Ratio
Sixty phase contrast images of polygonal HCECs and
60 phase contrast images of ﬁbroblastic HCECs, which were
categorized by 2 independent researchers, were prepared to
evaluate the feasibility of using Corneal Endothelial Cell
Analyzer Version 2 to detect ﬁbroblastic changes. The aspect
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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ratios were analyzed in all images, and the mean of the
average aspect ratio of each image was used for analysis. The
mean of the average aspect ratios was signiﬁcantly higher in
ﬁbroblastic HCECs (34.9% 6 6.1%) than in polygonal
HCECs (24.4% 6 2.3%) (P , 0.01) (Fig. 4A).
In addition to the aspect ratio, we calculated the cell
density, the percentage of cells surrounded by 6 cells, the
percentage of cells surrounded by 5, 6, or 7 cells, and the
coefﬁcient of variation, and the means of each value were used
for further analysis. The cell density showed a very strong
correlation with the aspect ratio (Pearson correlation coefﬁcient
20.84, P , 0.01, n = 120) (Fig. 4B). The percentage of cells
surrounded by 6 neighboring cells, which is clinically used as
an indicator of polymorphism, showed a weak correlation with
the aspect ratio (Pearson correlation coefﬁcient 20.38, P ,
0.01, n = 120) (Fig. 4C). The percentage of cells surrounded by
5, 6, or 7 neighboring cells, which we previously reported as
a feasible indicator of polymorphism for cultured HCECs,
showed a very strong correlation with the aspect ratio (Pearson
correlation coefﬁcient 20.82, P , 0.01, n = 120) (Fig. 4D).
The coefﬁcient of variation, which is clinically used as an
indicator of polymegathism, showed a strong correlation with
the cell density (Pearson correlation coefﬁcient 0.66, P , 0.01,
n = 120) (Fig. 4E).

DISCUSSION
The use of HCECs in regenerative medicine for the
corneal endothelium requires that the HCECs be expanded
in vitro to obtain a sufﬁcient number of cells for treatment of
corneal decompensation. However, HCECs readily undergo
ﬁbroblastic morphological changes under culture conditions,11,12 and HCECs with the ﬁbroblastic morphology lose
their pump and barrier functions and will not form an
effective corneal endothelium. We previously screened 242
cell surface antigens of HCECs and showed that CD98,
CD166, and CD340 are elevated in HCECs with the normal
phenotype, whereas CD9, CD49e, CD44, and CD73 are
elevated in HCECs with the ﬁbroblastic morphology.12 In
addition, we demonstrated that HCECs sorted by ﬂow
cytometry as CD73 negative exhibited the normal polygonal
morphology and expressed functional markers, whereas
HCECs sorted as CD73 positive exhibited the ﬁbroblastic
phenotype.12 This ﬁnding indicated that HCECs exhibiting

FIGURE 2. Approximation of the cell shape as an ellipse using
the developed Corneal Endothelial Cell Analyzer Version 2
software. A, The phase contrast images were processed by
software through several steps; that is, denoising, edge
enhancement, binarization, and skeletonizing. Human corneal
endothelial cells (HCECs) were treated with PBS for 10 minutes
to enhance the cell border for further analysis by software (1).
A denoising image was obtained by extreme emphasis of the
cell boundaries (2). An edge enhancement image was obtained to sharpen the cell boundaries (3). A binarization image
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

was obtained by binarizing the cell areas and the boundaries
(4). Unnecessary lines that appeared after the edge enhancement process were removed, leaving the cell boundaries represented as black lines. A skeletonized image was obtained by
thinning the black line through the skeletonizing process (5).
Scale bar: 100 mm. B, Phase contrast images show that the
number of neighboring cells of each polygonal HCEC was 6
(typically 5–7) (left). Similar to polygonal HCECs, the number
of neighboring cells of fibroblastic HCECs was 6 (also typically
5–7) (right). Scale bar: 10 mm. C, Representative images show
that the approximation ellipse of polygonal HCEC was almost
a positive circle (left), whereas the approximation ellipse of
a fibroblastic HCEC was a vertical ellipse (right). Scale bar:
10 mm.
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FIGURE 3. Color map and histogram of the aspect
ratio of human corneal endothelial cells (HCECs).
A, Software was programmed to provide color
maps and histograms of the aspect ratio to visualize the variation in severity and frequency of
fibroblastic changes in the culture population.
Representative color maps show a low aspect ratio
suggesting polygonal HCECs as cold colors and
a high aspect ratio suggesting fibroblastic HCECs
as warm colors. Scale bar: 100 mm. B, Histograms
visually demonstrating the relative frequency of
HCECs with various aspect ratios.

ﬁbroblastic morphology lose their functional phenotype as
HCECs and acquire a ﬁbroblast-like phenotype. Fibroblastic
HCECs should not be used for clinical purposes, so quality
control that screens for ﬁbroblastic changes is essential if
HCECs are to be used for regenerative medicine.
As with the regulations imposed for drug development
processes, regulatory authorities require pharmaceutical companies to perform quality control assessments on any cells or
tissues that will be used in humans.23,24 In 2013, we initiated
clinical research into cell-based therapy that uses HCECs
isolated and cultured from allogeneic donor corneas.9 The
HCECs are injected into the anterior chamber of the eye, in
combination with a Rho kinase inhibitor,7,8 as treatment for
endothelial decompensation. For this clinical research, we
assessed the quality of the injected HCECs by multiple
screening steps, including cell viability (percentage of living
cells .70%), visual inspection (percentage of cells exhibiting
a non-HCEC phenotype ,10%, no foreign bodies present,
and no color changes), cell purity (concentration of collagen
type 1 in the supernatant of culture medium ,15 ng/mL),
functional assurance (ZO-1 and Na+/K+-ATPase are detected
by immunoﬂuorescence staining), conﬁrmation of no contamination of the culture medium (concentration of residual
bovine serum albumin ,125 ng/mL), bacterial testing (no
detection of bacteria by culturing), mycoplasma testing (no

detection by PCR), endotoxin test (,1.67 EU/mL), and
parvovirus B19 testing (negative by a nucleic acid ampliﬁcation technique [NAT]) (www.mhlw.go.jp/stf/shingi/
2r9852000002wm7z-att/2r9852000002wmo5.pdf; this document is only written in Japanese, accessed on February 3,
2017, although the quality assessment items have been updated
by ofﬁcial communication with Japanese Ministry of Health,
Labour and Welfare). Our clinical research is now accumulating evidence that HCEC injection can regenerate a transparent
cornea without severe adverse effects, although follow-up data
are still required.9 We have devoted our efforts to obtain
approval for the use of HCECs as a cell-based product from
authorities including Japanese Ministry of Health, Labour and
Welfare and the Food and Drug Administration by conducting
a clinical trial. For this reason, improvement and establishment
of quality control for HCECs are urgent subjects.
In this study, our aim was to create a software program
that would enable automatic evaluation of ﬁbroblastic HCECs
and that would provide subjective quality assessment. Software described in this study can obtain cell boundaries from
phase contrast images and evaluate ﬁbroblastic changes by
approximating the cell morphology as an ellipse. The HCECs
categorized as ﬁbroblastic by trained researchers showed
a higher aspect ratio compared with HCECs categorized as
the normal polygonal phenotype. This ﬁnding suggested that
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Development of Cell Analysis Software

FIGURE 4. Correlation of the aspect ratio
and other parameters: cell density, percentage of cells surrounded by 6 cells,
and coefficient of variation. A, Sixty phase
contrast images of polygonal human
corneal endothelial cells (HCECs), and 60
phase contrast images of fibroblastic
HCECs, were prepared and categorized
by 2 independent researchers. The aspect
ratio of HCECs in the images was analyzed, and the mean of the average
aspect ratio of each image was used for
analysis. The mean of the average aspect
ratio was significantly higher (34.9% 6
6.1%) in fibroblastic HCECs than in
polygonal HCECs (24.4% 6 2.3%) (P ,
0.01). The horizontal lines in the boxes
indicate the medians, the bottom of each
box indicates the 25th percentile, and
the top of each box indicates the 75th
percentile. The horizontal lines outside
the boxes indicate the ranges of the
aspect ratio. B, The cell density, percentage of cells surrounded by 6 cells,
percentage of cells surrounded by 5, 6, or
7 cells, and the coefficient of variation
were calculated based on the cell shape
acquired by software, and the mean of
each value was used for further analysis.
The cell density showed a very strong
correlation with the aspect ratio (Pearson
correlation coefficient 20.84, P , 0.01,
n = 120). C, The percentage of cells surrounded by 6 neighboring cells, which is
used clinically as an indicator of polymorphism, showed a weak correlation
with the aspect ratio (Pearson correlation
coefficient 20.38, P , 0.01, n = 120). D,
The percentage of cells surrounded by 5,
6, or 7 neighboring cells showed a very
strong correlation with the aspect ratio
(Pearson correlation coefficient 20.82, P
, 0.01, n = 120). E, The coefficient of
variation, which is clinically used as an
indicator of polymegathism, showed
a strong correlation with the cell density
(Pearson correlation coefficient 0.66, P ,
0.01, n = 120).

the aspect ratio calculated from approximated ellipses by our
software is a practical and subjective index for evaluating
ﬁbroblastic changes. In addition, a higher aspect ratio strongly
correlated with various indicators, including cell density,
coefﬁcient of variation, and polygonality,25 which indicates
that the aspect ratio is not a contradictory parameter to these
other recognized indicators, and it therefore provides additional assessment of ﬁbroblastic changes.
One drawback of this study is the lack of precise values
for the aspect ratio and the frequency of ﬁbroblastic cells
necessary for conclusive determination that a population of
HCECs is suitable for clinical purposes. Further validation of
this software will also be required if the software is to be
applied for quality assessment aimed at decisions on product
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

release. Future studies should evaluate the effects of the
aspect ratio value and the frequency of ﬁbroblastic changes
on clinical outcomes.
In summary, we propose that functional loss of
HCECs associated with ﬁbroblastic changes can be evaluated by cell morphology based on the cell’s aspect ratio. We
have created software that can analyze the frequency and
severity of ﬁbroblastic alteration that HCECs can potentially
undergo during in vitro expansion. Automatic and subjective
assessment is required for the production of cell-based
products by pharmaceutical companies, so our proposed
software will be useful in providing a nondestructive
assessment of cells destined for use in cell-based therapy
for corneal endothelial decompensation.
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sistent vomiting is characteristic of diabetic ketoacidosis, so this mechanism seems unlikely.
White notes that our trial fluids were either
hypotonic or somewhat hypertonic (taking into
account potassium salts). We did not evaluate
strictly isotonic fluids; however, our data indicate no association between fluid tonicity and
neurologic outcome. Furthermore, in the Dallas
study, the requirement for abnormal results on
magnetic resonance imaging to diagnose cerebral injury or edema related to diabetic ketoacidosis differs from our study definition of this
outcome and may account for the lower frequency reported. 3
Russell and Kanthimathinathan note that,
by random chance, the number of patients with
a low pH in the slow-infusion groups was slightly higher than that in the fast-infusion groups.
However, in our analyses, we compared proportions rather than absolute numbers of patients

of

m e dic i n e

with the outcomes of interest. Therefore, the
small difference in group numbers should not
have had an effect on the results.
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Cultured Cells and ROCK Inhibitor for Bullous Keratopathy
To the Editor: The clinical trial on corneal endothelial cell (CEC)–injection therapy by Kinoshita
et al. (March 15 issue)1 is a landmark study in
corneal transplantation. In the trial, seven patients had Fuchs’s endothelial corneal dystrophy,
characterized by extracellular matrix aggregates
(guttae) that are known to inhibit CEC monolayer
formation.2,3 The authors noted that “a silicone
needle . . . was used to remove the abnormal
extracellular matrix,” yet specular microscopic
images showed guttae at 24 weeks after surgery.
Do there exist data showing the elimination of
guttae after scraping? Furthermore, guttae appear to have worsened from 24 weeks to 2 years
(i.e., in Patients 3, 7, and 8). Do the authors believe this is due to new guttae formation or exposure of old guttae, resulting in toxic effects on
overlying injected CECs? Have these patients
worsened clinically during the past 3 years?
Stephen Wahlig, B.Sc.
Duke University Medical Center
Durham, NC

Viridiana Kocaba, M.D.
Edouard Herriot Hospital
Lyon, France
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To the Editor: In their article, Kinoshita et al.
described a pioneering cell therapy for bullous
keratopathy. Although this proof-of-concept study
is promising, methodologic discrepancies complicate interpretation.
The study includes two culture protocols, two
methods of removing damaged endothelium, two
different injected suspensions, and five underlying pathologic conditions. Although these limitations are described, the limited cohort and hetero-
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geneity are problematic. It is impossible to
determine the origin of the reformed endothelium
and whether it occurs through donor-cell integration, paracrine effects, the rho-associated protein kinase (ROCK) inhibitor, or a combination
of these.1
We wonder whether the mechanism through
which new endothelium is formed is allografting
or cell regeneration, a matter with implications
for immunosuppression and rejection. Negative
controls (i.e., patients who undergo endothelial
stripping without replacement) may be needed to
unravel this process. We recently reported spontaneous reformation of the endothelium in 65%
of patients who underwent endothelial stripping
without transplantation, as early as 1 month postoperatively.2 Kinoshita et al. report higher success rates at 2 years after surgery, but it would
be interesting to simultaneously include negative
controls, with salvage transplantations for patients
who did not have a response.2,3 Nevertheless, the
work represents an important step forward.
Bert Van den Bogerd, M.Sc.
University of Antwerp
Wilrijk, Belgium
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The authors reply: We appreciate the comments from Van den Bogerd et al. and Wahlig et al.
regarding our article. In this study, we reported
that the treated eyes had moderate-to-severe diffuse corneal edema and bullous keratopathy (Table 1, and Fig. S1 in the Supplementary Appendix
of the article). There were no mild cases of Fuchs’s
endothelial corneal dystrophy with central corneal
edema, a possible indication for endothelial strip-
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ping alone.1 Severe bullous keratopathy cannot
be cured by endothelial stripping alone. Although
it is theoretically possible that a paracrine factor
released from the injected cells or the ROCK inhibitor stimulated the reconstruction of corneal
endothelium from endogenous CECs, we believe
that it was the injected cultured CECs that directly
contributed to the high postoperative CEC density mimicking conventional corneal transplantation. Our previous experiments in animals2 produced identical results, although here, too, it is
theoretically possible that the effect of the ROCK
inhibitor or paracrine effects on endogenous CECs
contributed to the reconstruction of corneal endothelium.
At surgery, we removed abnormal extracellular
matrix, but not guttae, on the Descemet membrane by mechanical scraping. Specular microscopic images obtained 2 years postoperatively
showed a slight decrease of guttae density, which
suggests that the attachment of cultured CECs to
the Descemet membrane was not accompanied by
the formation of additional guttae.3 The specular
microscopic images of guttae at 24 weeks and
2 years after surgery were not in the same field
(i.e., region). Thus, it was difficult to gauge the
change in guttae density. The corneas of the
seven patients with Fuchs’s endothelial corneal
dystrophy who have so far received our cell-injection therapy have remained transparent for more
than 3 years after treatment.
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