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TasLE 1. Patients and Samples

Corneal Filament in Filamentary Keratitis 3697

Number of Underlying
Patient Filament Filaments Cause of Current Treatment at Time
No. Location Collected Age Sex  Filament of Filament Removal Photos

1 Upper 2 8 F OCP AT Fig. 2
2 Upper 1 50 F PKP AT+OFLX+BETA Figs. 14, 1B, 3A-C3, 4A-D3, 5A-G1, 6A-C1
3 Upper 2 84 F OCP AT+OFLX+FLM+BETA+PSL  Figs. 1C, 1D, 3A-C4, 4A-D4, 5A-G2, 6A-C2
4 Lower 1 60 F ATD AT+LVFX+FLM Figs. 1E, 1F, 3A-C5, 4A-D5
5 Lower 1 54 F ATD AT+LVFX+FLM+HYA Figs. 3D-J, 4E, 4F
6 Lower 2 88 M ATD AT+LVFX+FLM Figs. 5A-G3, 6A-C3
7 Upper 2 77 M PKP LVFX-+FLM
8 Upper 1 51 M VS LVFX+BETA+OFLXO
9 Lower 1 78 F ATD AT+LVFX+FLM

10 Lower 1 69 F ATD AT+LVFX+FLM

11 Lower 1 71 F ATD AT+LVFX+FLM

12 Lower 1 58 F ATD AT+OFLX+FLM

13 Lower 1 49 F ATD AT+LVEX+FLM

Upper, behind upper eye lid; Lower, behind lower eye lid; OCP, ocular cicatricial pemphigoid; ATD, aqueous tear deficiency; VS, vitreous
surgery; AT, artificial tear; OFLX, 0.3% ofloxacin eye drop; BETA, 0.1% betamethasone sodium phosphate eye drop; FLM, 0.02% fluorometholone
eye drop; PSL, prednisolone tablets; LVEX, 0.5% levofloxacin eye drop; HYA, 0.3% sodium hyaluronate eye drop; OFLXO, 0.3% ofloxacin eye

ointment.

1gG1, 1gG2a, IgG2b (DakoCytomation, Kyoto, Japan), and goat IgG
(Santa Cruz Biotechnology Inc., Santa Cruz, CA) as negative controls.
After a 1-hour incubation, the sections were washed with 0.01 M PBS
and then treated with fluorescent secondary antibody solutions (Alexa-
488- or 594-labeled anti-mouse IgG or anti-goat IgG; Invitrogen, Carls-
bad, CA). After a 1-hour incubation, the sections were washed with
0.01 M PBS, and the nuclei were stained with propidium iodide or
DAPI and mounted with medium containing 3% anti-photo-bleaching
reagent (DABCO; Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Unless otherwise stated, all incubations were performed at room tem-
perature. Some filaments were embedded in paraffin wax by standard
procedures. The paraffin-embedded sections (4 um) were stained with
HE. Fluorescent and HE-stained images of the sections were taken by
microscope with a cooled CCD camera (Olympus Corp., Tokyo, Ja-

TABLE 2. Antibodies

pan). A commercial fluorometric TUNEL system (DeadEnd; Promega,
Madison, WI) was used for analysis of apoptosis.

RESULTS

Slit Lamp Examination

Slit lamp examination of the 13 patients with filamentary ker-
atitis revealed filaments of various sizes. Almost all the big
filaments found on the patients’ corneas were located behind
the upper or lower eye lids (Fig. 1E, Table 1). Whole images of
these filaments were observable when fingers were used to
open patients’ lids (Figs. 1A-D, 1F).

Final
Concentration Type of Immunized
Group Antigen png/mL Antibody Animal Company Annotation
Cytokeratins CK1 0.025 Mo M Novocastra Major cytokeratin in skin epidermis
CK4 45 Mo M Novocastra Major cytokeratin in nonkeratinizing
mucosal epithelium
CK6 1.0 Mo M Novocastra Expressed at wound healing or
hyperproliferative situation
CK10 0.30 Mo M Novocastra Major cytokeratin in skin epidermis
CK12 2.0 Po G Santa Cruz Major cytokeratin in cornea
CK13 23 Mo M Novocastra Major cytokeratin in nonkeratinizing
mucosal epithelium
Mucin MUC1 3.4 Mo M ZYMED A membrane-bound mucin
MUC4 1.0 Mo M ZYMED A membrane-bound mucin
MUCS5AC 0.55 Mo M Novocastra Secreted mucin/goblet cell mucin
MUC16 0.85 Mo M Abcam A membrane-bound mucin
Infitration cells HLA-DR 1.7 Mo M Dako Cytomation Marker of macrophage, Langerhans
cell
Neutrophil elastase 0.70 Mo M Dako Cytomation Marker of neutrophil
Proliferation Ki67 0.93 Mo M Dako Cytomation Cell proliferation marker
Keratinization- Transglutaminase-1 5.0 Mo M Blogenesis Enzyme that catalyzes the cross-
related proteins linking of envelope component
proteins
Filaggrin 0.25 Mo M Blogenesis Serves as matrix for keratin 1/10

aggregation

Mo, monoclonal; Po, polyclonal; M, mouse; G, goat; Novacastra: Novocastra Laboratories, Ltd., Benton Lane, UK; ZYMED: Zymed Laboratories,
Inc., South San Francisco, CA; Abcam: Abcam Co. Ltd., Tokyo, Japan; Biogenesis: Biogenesis Ltd., Poole, UK.
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FIGURE 2. Paraffin-embedded HE staining of a filament. A filament
taken from the patient with optical cicatricial pemphigoid + blepha-
roptosis (case 1) was fixed with 10% neutral buffered formalin, em-
bedded in paraffin, sectioned, and stained with HE (hematoxylin eosin)
(A-D). The filament consisted of a core composed of eosinophilic cells
that have spindle-shaped cellular cytoplasm and nuclei (arrows; B). (C)
The surrounding parts were basophilic fibers (arrows) and faint baso-
Figure 1. Slit lamp examination of filamentary keratitis. The photos philic acellular areas that included basophilic segments (arrowbeads);
are of representative cases of filamentary keratitis. (A, B) Post-PKP (D) many cells had polymorphic nuclei (arrows).

(case 2); (C, D) ocular cicatricial pemphigoid (case 3) and (E, F) ATD

plus blepharoptosis (case 4). Arrows: large filaments.
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Ficure 4. The distribution of mucins. (A) MUC1/nuclei (green/red); (B) MUC4/nuclei (green/red); (C, E) MUC5AC/nuclei (green/red); (D, F)
MUC16/nuclei (green/red). (1) Corneal epithelium and (2) conjunctival epithelium. Filaments in (3) a post-PKP eye (case 2), (4) an ocular cicatricial
pemphigoid eye (case 3), and (5) an ATD eye (case 4). Staining for MUC1 and -4 was slightly positive on conjunctival epithelium (A2, B2); for
MUCSAC was positive on conjunctival epithelium (C2) at the goblet cells and the area around the filaments (C3-5, E); and for MUC16 was positive

on both corneal (D1) and conjunctival (D2) epithelia and almost all areas of the filaments (D3-5, F).

Light Microscopic Analysis

HE staining of paraffin-embedded sections showed that the
filament consisted of a core composed of eosinophilic cells
that had spindle-shaped cellular cytoplasm and nuclei. The
surrounding parts were basophilic fibers and faint basophilic
acellular areas that included basophilic segments and polymor-
phic nucleic cells (Fig. 2). The light microscopic images of
HE-stained cryosections of each filament and of normal cornea
and conjunctiva showed similar patterns to the patterns shown
in the immunostaining images (Figs. 3A1-5). The histologic
images of the cryosections were similar to those of the paraffin-
embedded sections. The filaments had eosinophilic cores, acel-
lular areas, and basophilic segments. The normal cornea and
conjunctiva had eosinophilic epithelium, and a pale goblet cell
(Fig. 3A2, arrow) was found in the conjunctival epithelium.

Immunostaining

CK12 was expressed on all layers of normal corneal epithe-
lium. CK4 was expressed on normal conjunctival epithelium
and the superficial layer of normal corneal epithelium. Normal
conjunctival epithelium was immunostained against CK13 (Fig.
3). In samples that had cores on HE-stained paraffin-embedded
and frozen sections (Figs. 2, 3A3-5), the core areas strongly
stained red, positive for CK12. In the areas surrounding the
filaments, the cellular components strongly stained green, pos-
itive for CK4 and -13. A longitudinal section of the filament
showed a long core of eosinophilic cells at the center of the
filament under HE staining (Fig. 3D). By immunostaining, the
red-stained CK12-positive corneal epithelium was found at the
center of the filament. These red cores were of an inosculated,
ropy, braided shape. The CK4- and -13-positive conjunctival

<
-«

FiGure 3. The distribution of the marker of corneal and conjunctival epithelium. (A, D) HE staining of the frozen sections (arrow indicates a
goblet celD; (B, E, G, H) CK12/CK4/nuclei (red/green/blue); (C, F, 1, J) CK12/CK13/nuclei (red/green/blue); (A-C) transverse sections; (D-J)
longitudinal sections of filament; (G, H) magnified view of (E); and (I, H) magnified view of (F). (1) Corneal epithelium and (2) conjunctival
epithelium. Filaments in (3) a post-PKP eye (case 2), (4) an ocular cicatricial pemphigoid eye (case 3), and (5) an ATD eye (case 4). Staining was
positive for CK12 on the corneal epithelium (B1) and core area of the filaments (B3-5, C3-5, E, F); for CK4 on the conjunctival epithelium (B2),
the superficial epithelium of the cornea (B1), and the area around the filaments (B3-5); and for CK13 on the conjunctival epithelium (C2) and the
area around the filaments (C3-5). These red cores were of an inosculated, ropy, braided shape (G, J). Blute: nuclear and DNA fibers.
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epithelium, which were stained green, were found in the area
around the corneal cells. The side of the attachment site had
round or elliptical nuclei stained blue, but the side of the free
extremity had a fiber form stained blue by DAPI (Figs. 3D-]).
MUCI and -4 were slightly positive in the conjunctival epithe-
lium, MUC5AC was positive in conjunctival epithelium at the
goblet cells, and MUC16 was positive in both the corneal and
conjunctival epithelia (Figs. 4A-D1, A-D2). We detected a
considerable amount of MUCS5AC (goblet-cell-derived, gel-
forming mucin) in the acellular area of the filaments, MUC16
(membrane-bound mucin in the corneal and conjunctival epi-
thelium) in almost all areas (Figs. 4C, 4D), but a limited amount
of MUCI1 and -4 in the filament itself (Figs. 4A, 4B). Moreover,
MUCSAC and -16 stained positive in the longitudinal section,
and the side of the free extremity had a fiber form that was
stained red by PI (Figs. 4E, 4F). Infiltrating cells were positive
for neutrophil elastase or HLA-DR. The surrounding areas
stained weakly for CK6, which was expressed at wound heal-
ing or in a hyperproliferative situation; stained faintly for CK1
and -10, which are major cytokeratins in the epidermis of the
skin; and stained not at all for keratinization-related protein
(TGase-1 and filaggrin; Fig. 5). The nuclei of the core areas and
PIpositive fibrous material around the core were TUNEL positive,
but were negative without the rTdT enzyme. These nuclei did not
stain for the cell proliferation marker Ki67 (Fig. 6).

Negative control experiments were used for immunostain-
ing under the same conditions used for each antibody, and they
showed no positive staining.

A summary of the histological data is shown in Table 3.

DiscussioN

Wright® showed by PAS, Alcian blue, and red oil staining that
most of the filaments of filamentary keratitis are composed of
mucus with epithelial squamous, lipids, and foreign matter
taken up secondarily. Lambert *3*4 reported a theory about the
formation of filaments, and that theory has subsequently been

TasiE 3. Results of Histological Examination
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included in various textbooks.*? As a normal epithelial surface
degenerates due to desiccation, some cells die and fall off, thus
leaving a defect. Mucin may adhere to this high-energy pit, and
eventually epithelium may grow over the mucin to form a
filament. However, Thiel et al.'® and Zaidman et al.'! pre-
sented another theory pertaining to filamentary keratitis by
transmission electron microscopy of a patient with a brain
stem disease, which showed that groups of inflammatory cells
and fibroblasts were present just below the basal epithelium. It
appears that these cells had disrupted the epithelial basement
membrane and Bowman’s layer. These findings support the
theory that filamentary keratitis is associated with the damage
of basal epithelial cells, epithelial basement membrane, or
both. These findings regarding the components of the filament
were derived from classic staining and electron microscopic
examination, although they were not enough to completely
elucidate the detail and origins of the components. The mech-
anisms of filament generation that are different from our pro-
posal may be due to these different methods and samples.
Therefore, to further elucidate the components of the filament,
we examined the filament with an immunostaining technique.

HE staining of the paraffin-embedded sections clearly
showed the filament to consist of a core composed of cells that
had spindle-shaped, eosinophilic cytoplasm and nuclei. The
surrounding parts were basophilic fibers and faint basophilic
acellular areas that included basophilic segments and inflam-
matory cells. Our study revealed that the filament core was
composed of corneal epithelium, a finding supported by pos-
itive staining for CK12, which is specifically expressed in
corneal epithelium. On the other hand, the surrounding por-
tion of the filament was composed mainly of degenerating
conjunctival epithelial cells, which had markers typical of con-
junctival epithelial cells’® and did not have markers typical of
corneal epithelium. It is also reasonable to speculate that the
conjunctival epithelial cells surrounding the filament were
mainly derived from the bulbar conjunctival epithelium that is
next to the peripheral corneal epithelium and the palpebral

Filament*
Stain/Antigen Number Faint
Core Eosinophilic Basophilic Basophilic Polymorphic
HE (Paraffin Spindle-Shaped Fibers Acellular Areas Basophilic  Nuclei Cells
Section) 1 Cells Segment ———
HE Basophilic Faint Eosinophilic/  Corneal  Conjunctival

(Cryosection) 12 Eosinophilic Fibers Basophilic Basophilic ~ Basophilic  Epithelium Epithelium
CK12 12 12 - - - - ++ -
CK4 12 - - - 12 - + ++
CK13 12 - - - 12 - - ++
Mucl 4 - - - 4 - - +
Muc4 11 - - - 11 - - +/~
Muc5AC 12 - - 12 12 - - ++ (goblet)
Mucl6 12 12 - 12 12 - ++ S ++ ()
Neutrophil elastase 11 - - - - 11
HLA-DR 4 - - - - 4
CK1 4 4 - - - -
CK6 4 4 - - 4 -
CK10 4 - - - 4 -
Filaggrin 3 - - - - -
Transglutaminase-1 3 - - -
TUNEL 3 3 3 - 3 3
Ki67 3 - - = - -

* Data shown in the Filament are the number that is positive. —, negative; +/—, slightly positive; +, moderately positive; + -+, strongly positive;

S, superficial.
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FIGURE 5. Immunostaining of the marker of inflammation cells, kera-
tins, and keratinization-related protein. (A) Neutrophil elastase; (B)
HLA-DR; (C) CK1; (D) CK6; (E) CK10; (F) filaggrin; and (G) TGase-1.
Filaments in (1) a post-PKP eye (case 2), (2) an optical cicatricial
pemphigoid eye (case 3), and (3) an ATD eye all stained green and the
nuclei stained red (case 6). The surrounding areas stained for neutro-
phil-elastase (A) and HLA-DR (B), stained weakly for CK6 (D), stained
faintly for CK1 (C) and CK10 (E), and did not stain at all for keratini-
zation-related protein (F, G).

conjunctival epithelium that is always in contact with the
corneal surface. At the interface between the tear film and
ocular surface epithelium, it was demonstrated that membrane-
associated mucins, including MUC1, -4, and -16, and a major
mucin of the secretory class, the goblet-cell- derived gel-form-
ing MUCSAC, were all present,'®"2° and our study demon-
strated that MUC5AC and -16 were the major mucins in the
filament. MUC16 is expressed in the superficial corneal epithe-
lium and conjunctival epithelium, and it was found in every
part of the filaments in our study. CK1 and -10, although typical
of epidermal keratinocytes, have also been described in cor-
neal differentiated cells.*! Previously, we have shown that the
conjunctival epithelium in Sjogren’s syndrome expresses the
keratinization marker or keratinization-related proteins CK1,
CK10, TGase-1, and filaggrin.?* However, in this study we
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FIGURE 6. TUNEL staining and immunostaining with Ki67. (A1-3)
TUNEL staining: The nuclei of the core areas and Pl-positive fibrous
material around the core stained positively for TUNEL, but (B1-3)
stained negatively without the rTdT enzyme. (C0) Some human cor-
neal epithelial cells stained for Ki67 (arrows). Filaments of (C1) a
post-PKP eye (case 2), (C2) an optical cicatricial pemphigoid eye (case
3), and (C3) an ATD eye (case 6) did not stain clearly for Ki67.

found that those proteins were expressed in the filaments in
only a limited amount.

It is also known that filamentary keratitis is often associated
with ocular surface inflaimmation. Our study reaffirmed that
association and also demonstrated the existence of neutrophil
and HLA-DR-positive cells in the filament. The structural rigid-
ity of the filament, which is assumed to be the result of the
twisted form of its core that is additionally supported by the
surrounding mucin and the fiber of DNA from postlesional
nuclei, is resistant to the condition of repeated friction by the
eyelid. Moreover, although it has not been noted in previous
reports, the DNA fiber, which exists mainly in the free extrem-
ity of the filament and is mixed with mucin, may be essential
for the generation of the filament.

Since the large filaments that we were able to collect for this
experiment were located behind the upper or lower eye lids,
and the core from the corneal epithelium was seen to be of an
inosculated, ropy, braided shape, it was thought that the fila-
ments were formed by some mechanical energy. On the ocular
surface, we speculate that the mechanical energy was the
blinking of the eyelids and/or movement of the eye behind the
eyelids.

In summary, although our new theory about the mechanism
behind filament generation diverges from that previously re-
ported,*****% our immunohistologic study of a large number
of filament samples obtained from the cornea have led us to the
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FIGURE 7. Schema for proposed mechanism of filament generation.
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following conclusion. We hypothesize that filament generation
starts from an injury to the surface epithelium of the cornea
due to various disease conditions. Subsequently, friction cause
by blinking and/or movement of the eye develops between the
palpebral conjunctiva and the injured epithelium and produces
the filament core. Further frictional stress is exerted by the
eyelid, and the core then entwines with mucin, conjunctival
epithelium, fiber of DNA from postlesional nuclei, and inflam-
matory cells, thus building up the filament. This phenomenon
is sometimes associated with inflammation and the detachment
of basal cells from the Bowman’s layer due to blink- or eye-
movement-related mechanical friction (Fig. 7). We believe that
the results of this research will open new pathways toward
understanding the mechanism that generates the filament in
filamentary keratitis, as well as new methods of treatment in
the future.
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Enhancement on Primate Corneal Endothelial Cell
Survival In Vitro by a ROCK Inhibitor

Naoki Okumura,' Morio Ueno,"* Noriko Koizumi,®> Yuji Sakamoto,* Kana Hirata,?

Junji Hamuro," and Shigeru Kinoshita®

Purpose. The transplantation of cultivated corneal endothelial
cells (CECs) has gained attention recently for the treatment of
patients with corneal endothelial dysfunction. However, an
efficient culturing technique for human (H)CECs has yet to be
properly established. The present study was conducted to
investigate the applicability of the Rho kinase (ROCK) inhibitor
Y-27632 in promoting cultivation of cynomolgus monkey
(M)CECs.

MerHops. MCECs of cynomolgus monkeys were cultured in a
medium containing 10 uM Y-27632. The number of viable cells
adherent to culture plates were monitored by a luminescent
cell-viability assay and colony growth was detected by tolu-
idine blue staining. Proliferating cells were detected by Ki67
expression using flow cytometry and a BrdU-labeling assay for
immunocytochemistry. Annexin V-positive apoptotic cells
were analyzed by flow cytometry.

Resurrs. The number of viable cultivated MCECs was enhanced
by Y-27632 addition after 24 hours in culture. The colony area
of the culture in the presence of Y-27632 was higher than in
the absence of Y-27632 on day 10. In Y-27632-treated cultures,
the number of Ki67-positive cells was significantly increased at
24 and 48 hours, and the number of proliferating BrdU-positive
cells was increased at 48 hours. The number of Annexin V-
positive apoptotic cells was decreased at 24 hours.

Concrusions. The inhibition of Rho/ROCK signaling by specific
ROCK inhibitor Y-27632 promoted the adhesion of MCECs,
inhibited apoptosis, and increased the number of proliferating
cells. These results suggest that the ROCK inhibitor may serve
as a new tool for cultivating HCECs for transplantation. ([nvest
Opbthalmol Vis Sci. 2009;50:3680-3687) DOI:10.1167/i0vs.08
2634

he corneal endothelium is essential for the maintenance of
corneal transparency. Since human corneal endothelial
cells (HCECs) have poor in vivo proliferative potency, corneal
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endothelial disorders such as Fuchs’ endothelial dystrophy,
pseudophakic bullous keratopathy, and trauma lead to a com-
pensatory enlargement of the remaining endothelial cells and
irreversible corneal endothelial dysfunction. Penetrating kera-
toplasty has been widely performed for the improvement of
endothelial dysfunction; however, the procedure has several
adverse effects such as the potential for irregular astigmatism,
suture-induced problems, fragility against trauma, and invasive-
ness. Alternative methods for replacing the corneal endo-
thelium have been developed, including posterior lamelar
keratoplasty, deep lamellar endothelial keratoplasty, and De-
scemet’s-stripping endothelial keratoplasty.'~® Although these
methods provide considerable benefits clinically, allograft re-
jection and primary graft failure remain a problem. Moreover,
the worldwide shortage of donors is critical. Recently, the
transplantation of cultivated CECs has been suggested as an
alternative approach to the treatment of corneal endothelial
dysfunction. The transplantation of cultured HCECs as a sheet,
with®® or without® a carrier, and the injection of progenitor
cells”® has been explored in animal studies. However, the
animal model used in these studies was the rabbit, in which
CECs retain high-proliferation ability, and in which residual
peripheral CECs proliferate rapidly after injury and regenerate
a clear cornea® Aiming to establish a nonhuman primate
model with poorly proliferative CECs, we recently reported a
cynomolgus monkey model of cultivated CEC sheet transplan-
tation.'?

However, efficient culture techniques of HCECs need fur-
ther development before practical application. HCECs are ar-
rested at the G,-phase of the cell cycle,'**'? and an age-depen-
dent negative regulation of the cell cycle might causally
contribute to the poor proliferative activity in vitro.’>*> Sev-
eral studies have reported the successful cultivation of HCECs
by use of an animal-derived extracellular matrix (ECM).'¢~18

To establish a clinically applicable efficient way to cultivate
HCEC:s free of animal-origin pathogens, we focused our study
on modulating the activity of GTPase Rho, regulating cell-to-
substrate and cell-to-cell adhesions.’® 2! Rho and Rho-associ-
ated kinases (ROCKSs) have a critical function in regulating cell
adhesion and cell motility.?**> ROCKs are essential in regulat-
ing focal adhesions in cultured fibroblasts and epithelial cells. >4
The Rho subfamily contributes to the regulation of many dif-
ferent biological processes through actin-myosin-mediated
contractile force generation via the phosphorylation of down-
stream target proteins.

In terms of other biological effects, Rho GTPases are well
known to play a crucial role in cell-cycle progression and in
apoptosis. It was initially reported that Rho inactivation blocks
G,-S phase progression and that the microinjection of active
RhoA into quiescent cells induces G,-S phase progression in
Swiss 3T3 fibroblasts.?> Although the underlying mechanism
has yet to be thoroughly revealed, ROCK signaling is thought
to promote cell-cycle progression in various cell types,>*®
including CECs.?” Unlike these reported findings, we have
found that inhibition of the ROCK pathway by a selective
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inhibitor of ROCK, Y-27632, promotes proliferation as well as
adhesion of MCECs and inhibits apoptosis.

MATERIALS AND METHODS

Animal Experiment Approval

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 experimental procedures were approved by the
committee for Animal Research at Kyoto Prefectural University of
Medicine.

Primary Cultures

We used 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) and Keari Co., Ltd. (Wakayama, Japan). The
corneas were harvested at the time of euthanatization of the monkeys
for other research purposes, and the cells were placed in culture
within 12 hours. We cultivated MCECs according to a modified proto-
col of HCEC culture reported previously.® Descemet’s membrane was
stripped of intact MCECs and transferred to 0.6 U/mL of Dispase II
Roche Applied Science, Penzberg, Germany). After a 60-minute incu-
bation at 37°C, the MCECs obtained from individual corneas were
resuspended in culture medium and were plated in 1 well of a 12-well
plate. All primary cell cultures and serial passages of MCECs were
performed in growth medium composed of Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 50 U/mL penicillin, 50 pg/mL streptomycin, and 2 ng/mL basic
fibroblast growth factor (bFGF; Invitrogen Corp., Carlsbad, CA).
MCECs were cultured in a humidified atmosphere at 37°C in 5% CO,.
The culture medium was changed every 2 days. When cells reached
confluence in 10 to 14 days, they were rinsed in Ca** and Mg**-free
Dulbecco’s phosphate-buffered saline (PBS), trypsinized with 0.05%
trypsin-EDTA (Invitrogen) for 5 minutes at 37°C, and passaged at ratios
of 1:2 to 4.

Determination of the Number of Viable Cells

The number of viable cells was determined by a cell-viability assay
(CellTiter-Glo Luminescent Cell Viability Assay; Promega Corp., Madi-
son, WI) using the recommended protocol. Viability assays that gen-
erate luminescent signals are based on quantification of the ATP levels.
MCECs were plated at a density of 2.0 X 10? cells onto 96-well plates.
An equal volume of the chemiluminescent reagent was added to 100
uL of medium containing cells for each 96-well plate. Luminescence in
each well was measured by a luminometer (Veritas Microplate Lumi-
nometer; Turner Biosystems, Sunnyvale, CA) and was standardized to
the luminescence of the control. Analyses were performed on the first
day of passage and five samples were prepared for each group.

Colony-Forming Efficiency

The clonal growth ability of primary MCECs was determined by the
colony-forming efficiency (CFE). Cells were plated at a density of 2.0 X
10® cells/cm?®. Then, the colonies were fixed on day 11 and stained
with 0.1% toluidine blue, and the accumulated area was analyzed by
Image J software (developed by Wayne Rasband, National Institutes of
Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/
index.html). CFEs were expressed as the multiple of change between
the control and treated areas. Five samples were prepared for each

group.

Immunohistochemistry

Cultured MCECs on chamber slides (Laboratory-Tek; NUNC A/S, Ros-
kilde, Denmark) were fixed in 4% formaldehyde for 10 minutes at room
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temperature (RT), permeabilized for 5 minutes in PBS containing 0.1%
Triton X-100, washed, and incubated for 30 minutes with 1% bovine
serum albumin (BSA). For actin studies, the MCECs were incubated at
4°C overnight with a 1:400-dilution rhodamine-conjugated phalloidin
molecular probe (Invitrogen) and again washed three times with PBS.
For Ki67 and actin double-staining studies, after blocking, the MCECs
were incubated at RT with 1:400-dilution rhodamine-conjugated phal-
loidin (Invitrogen), washed with PBS three times, incubated overnight
at 4°C with 1:400-dilution anti-mouse Ki67, and washed again three
times. They were then incubated at RT with 1:2000-diluted Alexa Fluor
488 - conjugated goat anti-mouse IgG (Invitrogen) and washed three
times. During all steps, the endothelial side was face up to avoid
damage. After they were washed with PBS in the dark, the specimens
were mounted on glass slides with antifade mounting medium con-
taining DAPI (Vector Laboratories, Burlingame, CA), and the slides
were inspected with a fluorescence microscope (AX70; Olympus,
Tokyo, Japan).

Flow Cytometry Analyses

For Ki67 studies, MCECs prepared as just described were passaged in
1:4 dilutions and cultured for 1 or 2 days. After this, the MCECs were
dissociated to single cells by 0.25% trypsin digestion, fixed in 70%
(wt/vol) ethanol, washed, and incubated for 20 minutes with 1% BSA.
Then, the MCECs were incubated with 1:20-diluted anti-mouse Ki67,
washed, and incubated with 1:1000-diluted Alexa Fluor 488 - conju-
gated goat anti-mouse IgG (Invitrogen). For annexin V studies, MCECs
were passaged in 1:4 dilutions, and all cells were dissociated to single
cells by 0.25% trypsin digestion and recovered, including cells floating
in the culture medium, at day 1. They were then subjected to an
annexin V assay (Annexin V-FITC Apoptosis Detection Kit Plus; MBL
Corp., Nagoya, Japan), according to the manufacturer’s instructions.
Flow cytometric analyses were then performed (FACSCalibur; BD Bio-
sciences, Franklin Lakes, NJ).

BrdU-Labeling Assay

MCECs prepared as just described were passaged in 1:4 dilutions onto
chamber slides (Laboratory-Tek; NUNC A/S), and cultured for 24 hours.
They were then incubated for a further 24 hours with 1:1000-diluted
5-BrdU-labeling reagent (Amersham Biosciences, Buckinghamshire,
UK). MCEC cultures were next washed in PBS, fixed for 30 minutes in
acid-ethanol (90% ethanol; 5% acetic acid; 5% distilled water), washed
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Ficure 1. The enhanced survival of primary cultured MCECs by
Y-27632. MCECs separated from Descemet’s membrane were plated at
a density of 2.0 X 10° cells/well in DMEM with 2 ng/mL bFGF. The
number of viable MCECs attached to the plate at 24 hours was evalu-
ated by luminescence assay of the ATP levels. Y-27632 at 10 uM
resulted in significant cell-survival enhancement (*P < 0.05 vs. con-
trol). Data are expressed as the ratio to control cells and as the mean *
SE (n = 5).
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with PBS, and incubated with 1% BSA at 37°C for 30 minutes to block
nonspecific binding, followed by a 1-hour incubation at RT with mouse
anti-BrdU antibody (Amersham Biosciences). After washing, they were
then incubated, again at RT, with 1:2000-diluted Alexa Fluor 488-
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Ficure 2. The improved culture ef-
ficacy of primary MCECs by Y-27632.
(A, B) Primary MCECs from 4-year-
old cynomolgus monkeys, prepared
as shown in Figure 1, were plated at
a density of 2.0 X 10% (A) or 2.0 X
10° (B) cells/well in the presence or
absence of 10 uM Y-27632, and
phase-contrast images were ana-
lyzed. Insets: higher magnification.
Scale bar, 250 pm. (C) Colony
growth of primary cultured MCECs.
Top: the MCECs, prepared as above,
were seeded at a density of 2.0 X 10°
cells/cm? and stained with 0.1% tolu-
idine blue on day 10. Bottom: colony
areas of Y-27632-treated cells were
elevated compared with those in
control cultures (1.6-fold; *P < 0.01).
Data are expressed as the mean * SE
(n = 5).

conjugated goat anti-mouse IgG (Invitrogen), washed three times, and
mounted on glass slides with antifade mounting medium containing
DAPI (Vector Laboratories). The slides were subsequently inspected
with a fluorescence microscope.
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FIGURE 3. Y-27632 augmented the adherence of MCECs during sub-
culture. MCECs, passaged four to six times, were diluted 1:2, 1:4, and
1:8 in the presence of 10 uM Y-27632. Viable cells attached 24 hours
after the subculture were determined. The number of viable cells
recovered was enhanced significantly in the presence of Y-27632 at all
3 dilutions (*P < 0.01). Data are expressed as the mean * SE (n = 5).

Statistical Analysis

The statistical significance (P) in mean values of the two-sample com-
parison was determined with Student’s ttest. The statistical signifi-
cance in the comparison of multiple sample sets was analyzed with the
Dunnett multiple-comparisons test. Values shown on graphs represent
the mean * SE.

RESULTS
Primary Culture of MCECs

The numbers of viable primary MCECs attached on culture
plates 24 hours after the start of the culture were monitored by
a luminescent cell-viability assay. The number of viable primary
MCECs adherent to the culture plate invariably increased over
a wide range of concentrations, from 1 to 100 uM, of Y-27632.
A commonly used working concentration of Y-27632,%® 10 uM,
resulted in the highest (*P < 0.05 vs. control) cell-survival
enhancement (Fig. 1).

Primary MCECs from 4-year-old cynomolgus monkeys pre-
pared as described earlier were plated at a density of 2.0 X 10*
cells/well in a 12-well plate in the presence or absence of 10
1M Y-27632, and phase-contrast images were analyzed. MCECs
treated with Y-27632 showed better coverage on day 4 than
did the nontreated groups (Fig. 2A). To further confirm the
adhesion-improving effect, primary MCECs were seeded at a
higher density (2.0 X 10> cells/well) in the presence or ab-
sence of 10 uM Y-27632. On day 3, untreated MCECs were
proliferating and were enlarged, but were not confluent or
homogeneously hexagonal. In contrast, Y-27632-treated
MCECs exhibited a confluent monolayer of homogeneously
hexagonal cells with smaller sizes (Fig. 2B). For an examination
of the distinction of colony growth of primary MCECs between
two culture groups with or without Y27632, MCECs were
plated at' a lower density of 2.0 X 10° cells/well in a 96-well
microplate. On day 10, MCECs treated with Y-27632 demon-
strated a markedly enhanced increase in colony growth, de-
tected by toluidine blue staining (Fig. 2C). The colony area of
Y-27632-treated cells was significantly higher than the control
(1.6fold, *P < 0.01).

Subculture of MCECs

The number of viable primary MCECs adherent to the culture
plate was invariably increased in the presence of Y-27632,
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indicating that there is a possibility that the application of
Y-27632 may also improve the CFE of HCECs. To confirm the
effect of Y-27632 during the culture passage, we next investi-
gated the effect of Y-27632 on subcultured MCECs. Cultivated
cells passaged 4 to 6 times in the presence of Y-27632 were
diluted at three dilutions (1:2, 1:4, and 1:8), and the number of
viable cells attached on the noncoated culture plate at 24 hours
of subculture was then determined. It was found that the
number of viable cells recovered was enhanced in the pres-
ence of Y-27632 at all three dilutions (P < 0.01; Fig. 3). It is of
note that the enhancement ratio of adhesion to the plate tends
to be higher at higher dilutions during passage. MCECs treated
with Y-27632 during subculture showed enhanced cell adhe-
sion both in phase-contrast images and in images of actin fibers
immunostained with phalloidin antibody (Fig. 4).

The Effect of Y-27632 on Cell-Cycle Progression

Studies were conducted to determine whether Y-27632 might
play a role in cell-cycle progression in MCECs. To answer this
question, we first used immunostaining with the cell-cycle
population marker Ki67. MCECs at confluence were passaged
in 1:4 dilutions and subcultured for 1 or 2 days and were
dissociated to single cells by trypsin digestion. MCECs subcul-
tured in the culture medium with Y-27632 showed the pres-
ence of a larger number of Ki67-positive cells than was present
in the controls (Fig. 5A). Actin immunostaining was also per-
formed to determine whether there is a relationship between
Ki67-positive cells and enhanced actinfiber progression. It
turned out that Ki67 expression had no direct relation to actin
fibers. Further quantitative flow cytometric analysis revealed
the increased presence of Ki67-positive cells in MCECs cul-
tured with Y-27632, 2 days after subculture (Fig. 5B). A BrdU-
labeling assay of 48-hour subcultures is shown in Figure 5C,
and it shows a larger number of BrdU-positive MCECs among
cell populations cultured with Y-27632 compared with control
cells. Thus, it was demonstrated that Y-27632 plays a relevant
role in the cell-cycle progression of MCECs.

The Effect of Y-27632 on Apoptosis

We next studied the involvement of Y-27632 in apoptosis.
MCECs were passaged in 1:4 dilutions at the time of culture

Y-27632

Control

FIGuRe 4. The morphologic change of passaged MCECs induced by
Y-27632. Top: phase-contrast images of cells 24 hours after passage.
Bottom: Immunostaining of actin in the same cells. Actin (red) and
DAPI (blue). Scale bar: (A) 250 pm; (B) 50 pm.
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Double immunostaining of Ki67 and
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were cultured for 48 hours and

Control Y-27632
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confluence. All cells were then dissociated to single cells by
trypsin digestion and recovered, including floating cells, 1 day
after subculture in the presence of 10% FBS. The flow cytom-
etry patterns of the annexin V assay revealed that Y-27632
treatment significantly decreased apoptosis (P < 0.01; Fig. GA).
The inhibition of apoptosis during culture without any stress
load was lowered from 12.4% = 4.6% in the control group to
2.0% * 1.6% in the subculture group containing Y-27632, thus
implicating the contribution of the apoptosis-reducing activity
of Y-27632 to the efficient subculture of MCECs (Fig. 6B).

stained successively with Ki67 and
phalloidin. Ki67 (green), actin (red),
and DAPI (blue). Inset: higher mag-
nification. (B) Ki6G7-positive cells
were analyzed by flow cytometry.
MCECs were subcultured for 1 or 2
days and stained successively with
Ki67. The number of Ki67-positive
cells was significantly elevated in the
presence of Y-27632 on days 1 and 2
P < 0.05, *P < 0.01). Data are
expressed as the mean * SE (n = 6).
(C) Y-27632 increased the frequency
of BrdU-labeled MCECs. The MCECs
were subcultured for 24 hours and
incubated further for 24 hours with a
5-BrdU-labeling reagent, then stained
with mouse anti-BrdU antibody.
DAPI (blue). Scale bar: (A) 250 pum;
(©) 100 pm.

DiscussioN

Inhibition of Rho/ROCK signaling by Y-27632 clearly pro-
moted MCEC adhesion and inhibited apoptosis during cul-
ture. It also increased the proliferating cell population.
These findings were confirmed with cynomolgus monkey-
derived MCECs, which have poor proliferation potential, as
do HCECs. MCECs are considered to be the preferable ex-
perimental tool for investigating nonproliferative HCECs,
compared with rodent CECs or those derived from a rabbit
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FIGURE 6. (A) Subcultured MCECs were dissociated to single cells by

trypsin 24 hours after the subculture and subjected to annexin V assay.
(B) The inhibition of apoptosis was lowered significantly from 12.4% *+
4.6% (control) to 2.0% * 1.6% in the presence of Y-27632 (*P < 0.01).
Data are expressed as the mean = SE (n = 4).

in which the CECs retain a high proliferative ability both in
vivo and in vitro.”™®

Although we found that MCECs tended to show a cell-
senescence phenotype after only a few passages, we success-
fully cultivated and passaged MCECs in the presence of the
ROCK inhibitor Y-27632. There have been several reports of
successful CEC cultivation in which both explants®'” and cell
suspensions'” were used. There is almost no mitotic activity in
the HCECs throughout the lifespan, and proliferation of adult
HCECs cannot be achieved with standard cell-culturing tech-
niques.? However, adult HCECs have been reported to prolif-
erate when cultured with ECM derived from animals.®**>1¢ The
fact that adult HCECs proliferate in the presence of ECM
suggests that the interaction with the substratum is indispens-
able for the efficient growth and maintenance of MCECs.

In this context, it is of note that inhibition of the Rho/ROCK
pathway by Y-27632 promotes cell adhesion to substrates of
cultured THP-1 monocytes'® and human Tenon fibroblast.>®
The actin cytoskeleton plays a critical role in cell adhesion,**->°
which coincides well with our observation that the adhesion of
cultured MCECs is promoted by Y-27632. We suspect that the
enhanced adhesion by Y-27632 may be ascribable to the pro-
motion of membrane protrusion by actin reconstitution®*°
and to cell-to-cell adhesion by cadherin.?' Further investiga-
tions on the underlying mechanism of the improved cell adhe-
sion and the possible combined effect of Y-27632 with coated
substrates such as ICAM-1, VCAM, collagen, fibronectin, and
laminin'>'%3° are likely to contribute much to further im-
provements in the efficacy of the culture of MCECs and HCECs.

Although the underlying mechanisms have yet to be thor-
oughly revealed, ROCK plays an important role in cell-cycle
progression. ROCK activity is required for the formation of
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actin stress fibers that contribute to the sustained activation of
Ras and the ERK mitogen-activated protein kinase (MAPK) after
ligand stimulation.?*=>* In addition, RhoA promotes cell-cycle
progression to S phase by regulating p27 degradation through
its effect on cyclinE/CDK2 activity.>* In HCECs, p27 is known
to play a pivotal role in the negative regulation of cell-cycle
progression.*'*33-37 However, and surprisingly, ROCK inhi-
bition with Y-27632 promoted MCEC proliferation in our study
(Fig. 5). Our finding that ROCK inhibition promotes the cell-
cycle progression contrast with previously reported re-
sults.?>1-33 This unexpected promotion of the cell-cycle pro-
gression of MCECs may be partially explained by the previous
findings that the Rho/ROCK signaling, including cell prolifera-
tion, are cell-type-dependent.>®*® It was illustrated that the
blockade of sustained ERK/MAPK activity by inhibiting Rho
and ROCK led to rapid cyclin-D1 induction through activation
of Racl and Cdc42 in murine fibroblasts.>'** Although further
studies are needed, cell adhesion and motility, which are en-
hanced by ROCK inhibition,*> may have a positive effect on
MCEC proliferation. Further investigations are necessary to
determine whether the increased in cell proliferation observed
in our studies can be ascribed to an effect on the molecular
modules regulating cell-cycle progression.

ROCK is involved in the regulation of apoptosis.>**! Signif-
icant morphologic changes including contraction, membrane
blebbing, and nuclear disintegration during apoptosis are
driven by the ROCK-mediated actin-myosin contractile force.*?
ROCK inhibition has been reported to have an antiapoptotic
effect in some models, such as a spinal cord injury model, %>
dissociated human embryonic stem cells,*® and grafted neural
precursors.*> Recent research has highlighted the prosurvival
effect of ROCK inhibitors for clinical use.?® In this line, we
confirmed the antiapoptotic effect of Y-27632 in cultivated
MCECs. Reducing apoptotic cells during primary culture and
passage procedures is beneficial, because a higher number of
viable HCECs could be gained from a limited number of HCECs
obtained from a donor in a clinical setting. However, ROCK
inhibitors may induce apoptosis in specialized cell types,*®
including corneal epithelial cells.*” Further research is needed
to determine whether ROCK is a crucial target for these ef-
fects. The use of a ROCK I/~ and ROCK I/~ mouse model
may clarify the contribution of kinase to apoptosis. HCECs with
poor cell adhesion in the primary culture and in subcultures
tend to show cell senescence with fibroblastic cell contamina-
tion.'®'® Qur preliminary observations indicate that MCECs
assume the delayed cell-senescence phenotype during passage
in the presence of Y-27632 (data not shown). Effective culture
of HCECs from a limited number of donors is crucial for clinical
use. Moreover, autologous CEC transplantation, obtained from
a patient’s fellow eye, will overcome allograft rejection. Our
studies will be expanded to HCECs before clinical application,
in combination with the previously reported CEC-sheet trans-
plantation technique.'® We predict that Y-27632 may be useful
for the improved cultivation of HCECs. Of importance, no
modification of the chromosome in Y-27632-treated cells has
been reported,**%® and Y-27632, along with Fasudil, is already
used clinically in cardiovascular therapies,"9 thus suggesting its
safety in the clinical setting. Y-27632 is also reportedly effec-
tive in preventing fibroproliferation in glaucoma surgery®® and
as such may be an effective antiscarring agent after ocular
surgery.

In summary, our results indicate that inhibition of Rho/
ROCK signaling by the specific ROCK inhibitor Y-27632 pro-
moted the adhesion of MCECs, inhibited apoptosis, and in-
creased the frequency of proliferating cells. Our results with
nonhuman primate CECs which have a low proliferative ability,
similar to HCECs, raises the possibility that the ROCK inhibitor
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may serve as a new tool in cultivating HCECs for newly emerg-
ing transplantation therapies.
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he limbal relaxing incision (LRI) is known to be a

useful and convenient procedure for reducing astig-

matism, especially after cataract surgery.'? In this pro-
cedure, a pair of arc-shaped corneal incisions, 400 to 550 pm
in depth, are made in the steep axis inside the surgical limbus,
with the incision angle determined by the degree of astigma-
tism.® The LRI flattens the corneal sphere in the steep axis to
decrease corneal refractive power. This procedure does not re-
quire an extensive amount of equipment capital investment and
it can also be performed during cataract surgery to correct preex-
isting astigmatism,? thus resulting in an enhanced outcome for
cataract surgery. However, conventional cataract removal and
intraocular lens (IOL) implantation create astigmatism at vari-
ous degrees and reduce the accuracy of astigmatism correction.
Moreover, the phacoemulsification incision and LRI sometimes
mutually interfere, depending on the astigmatism angle, because
LRI involves one pair of 40° to 120° arc-shaped incisions at vari-
ous angles, which can make combined surgery more technically
difficult due to a reduction in corneal rigidity.

On the other hand, bimanual microincision cataract sur-
gery (MICS) can be performed through a 0.9-mm incision us-
ing a 22-gauge phacoemulsification needle and a 22-gauge
irrigating chopper,* and the newly developed Y-60H MICS
IOL (Hoya Corp, Tokyo, Japan) can be inserted through a 1.6-
mm incision.® We report the clinical results of LRI combined
with a 0.9-mm incision bimanual phacoemulsification and
implantation of the Hoya Y-60H MICS IOL.

PATIENTS AND METHODS
A prospective study was conducted in a single center
between September 2007 and July 2008. Patients were ran-
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TABLE 1

Baseline Parameters for the Limbal Relaxing Incision (LRI) and Non-LRI Groups
Parameter LRI Group Non-LRI Group P Value
Number of eyes 96 93
Men:women 32:45 32:48
Right eyes:left eyes 53:43 51:42
Mean age=+SD (range) (y) 70.8x7.9 (55 to 82) 63.7:8.2 (48 to 87)
Mean spherical equivalent=SD (range) (D) 0.12+4.46 (~12.50 to 4.25) 0.68+3.10 (—5.25 to 3.50) .33
Preoperative cylinder=SD (range) (D) 1.79+1.01 (0.75 to 3.00) 1.65+0.65 (0.75 to 3.00) .68
UDVA=£SD (range) 0.35+0.19 0.47+0.20 54
CDVA*SD (range 0.51+0.48 0.58+0.56 44

UDVA=uncorrected distance visual acuity (decimal converted from IogMAR), CDVA= corrected distance visual acuity (decimal converted from logMAR)

LRI group denotes patients who underwent bimanual microincision cataract surgery with LRI
Non-LRI group denotes patients who underwent bimanual microincision cataract surgery without LRI.
Note: Data for 3 of 192 patients were not included due to perioperative complications.

TABLE 2

Fukuyama’s Nomogram for
Limbal Relaxing Incision (LRI)
to Correct Astigmatism With

Phacoemulsification

Arc to be Incised (°)

Against-the-Rule
and Oblique

With-the-Rule

Cylinder (D) Astigmatism Astigmatism
0.75 30 60
1.00 45 70
1.50 60 80
2.00 75 90
=3.00 90 110
Age (y) LRI Incision Depth

Under 70 90% of central corneal thickness
70 to 80 85% of central corneal thickness
Over 80 80% of central comneal thickness

domized by placing the patients’ ID number in an
envelope. The study population consisted of 192
eyes of 157 patients with =0.75 diopters (D) of ker-
atometric astigmatism in the healthy cornea and a
corticonuclear cataract of grade 3 to 4. Patient age
ranged from 48 to 87 years (mean: 67.2 years). All
procedures were approved by the ethics committee
of Ouchi Eye Clinic, and the study was conducted
in accordance with the tenets of the Declaration of

Figure 1. The limbal relaxing incision after lens extraction by 0.9-mm
bimanual phacoemulsification.

Helsinki. All operations were performed by the same
surgeon (M.O.).

After obtaining informed consent, the patients were
randomly assigned to two groups. Ninety-six eyes of 77
patients received LRI combined with bimanual MICS
(LRI group) and 93 eyes of 80 patients received only
bimanual MICS (non-LRI group). Baseline characteris-
tics for the two groups are summarized in Table 1. Ex-
clusion criteria included perioperative complications
such as failure to place the IOL in the capsular bag,
suturing of the wound, and any complication necessitat-
ing enlargement of the incision or insertion of another
IOL. All patients were examined preoperatively and 6
months postoperatively. Zernike harmonic analysis of
the topography data was used to measure the corneal
regular astigmatism in the central 3-mm area obtained
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Figure 2. Postoperative examination of the 0.9-mm incision for phacoemulsification (arrowhead line) and limbal relaxing incision (arc line) do not
mutually interact, even in the case of A) against-the-rule astigmatism or B) oblique astigmatism.

TABLE 3

Mean Postoperative Results for the
Limbal Relaxing Incision (LRI) and
Non-LRI Groups

Mean=Standard Deviation

(Range)
Parameter LRI Group  Non-LRIl Group P Value
UDVA 0.94+0.34 0.71+0.52 .009
(0.4 to0 1.5) (0.08 to 1.5)
CDVA 1.12+0.30 1.18+0.31 .53
(0.6 to 1.5) (0.5 to 1.5)
Spherical equiva- 0.50+0.35 0.21+0.74 .33
lent refraction in (-1.5t01.5) (~15t0 1.5
CDVA
Cylindrical refrac- 0.56+0.87 1.51+0.79 .0004
tion in CDVA (0 to0 1.75) (0.75 t0 3.0)

UDVA=uncorrected distance visual acuity (decimal converted from
logMAR), CDVA= corrected distance visual acuity (decimal converted from
logMAR)

LRI group denotes patients who underwent LRI combined with bimanual
microincision cataract surgery.

Non-LRI group denotes patients who underwent bimanual microincision
cataract surgery without LR/

with OPD-Scan Il (NIDEK Co Ltd, Gamagori, Japan)
and the Cravy vector analysis formula was used for
evaluation of the results.® Postoperative uncorrected dis-
tance visual acuity (UDVA), corrected distance visual
acuity (CDVA), and mean spherical equivalent and cy-
lindrical refraction were also evaluated.

SURGICAL TECHNIQUE

Prior to surgery, three marks (two horizontal and one
vertical) were made along the limbus using a 24-gauge
needle with marker ink (Gentian Violet Marker Pad; BD

[Becton, Dickinson and Co], Franklin Lakes, NJ) with the
patient in a sitting position. Next, two 0.9-mm corneal
incisions were made; one incision each at the 10- and 2-
o’clock positions using a 0.9-mm MVR knife (EdgeAhead
Stiletto, BD). A viscoelastic agent was injected via one
of the incisions and continuous curvature capsulorrhexis
was performed using a 26-gauge needle. Gentle hydrodis-
section and delineation was performed, followed by bi-
manual phacoemulsification using a 22-gauge phaco-
emulsification needle and an Agarwal 22-gauge irrigating
chopper (MST, Redmond, Wash) through the 0.9-mm
corneal incision. Bimanual cortex aspiration was then
performed via the 0.9-mm corneal incision. After the cap-
sule was filled with the viscoelastic agent, the steepest
meridian was marked with a Fukuyama LRI 60° marker
(ASICO, Westmont, Ill) at the peripheral cornea accord-
ing to the corneal topography. The eyeball was fixed with
a fixation ring, and the corneal limbus was incised using
a diamond LRI knife (ASICO) at a preplanned angle de-
pending on the degree of astigmatism and patient age-
dictated Fukuyama’s nomogram (Table 2, Fig 1). Preop-
eratively, central corneal thickness was measured using
the AL-2000 biometer/pachymeter (Tomey Corp, Nagoya,
Japan), and incision depth was determined based on cen-
tral corneal thickness and patient age. If the patient was
under 70 years old, the LRI incision depth was 90% of
the central corneal thickness; 85% was used when pa-
tient age was between 70 and 80 years. If the patient was
>80 years, the LRI incision depth was 80% of the central
corneal thickness.

Even under strong pressure, the viscoelastic agent
did not leak out though the 0.9-mm clear corneal inci-
sion and corneal distortion never occurred. The LRI in
this surgical method can be performed as easily as LRI
performed independently due to the excellent stabil-
ity of the cornea, even after a lensectomy. In this tech-
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1=1.3780 (Rer TREFLOPD)

Figure 3. Corneal topography of a non-limbal relaxing incision case shows no change from lower left)
preoperative to upper left) 3-month postoperative, and right) axial difference maps.

nique, a 0.9-mm phacoemulsification incision is made
at the limbus and LRIs are made at 1 mm inside the
limbus. After making one pair of LRIs, a new 1.6-mm
clear corneal incision was made at an area of the cor-
nea that was away from, and did not affect, the pair of
arc-shaped LRIs. The IOL was inserted via the superior
site in the case of against-the-rule astigmatism and in
non-LRI cases, via the temporal site in the case of with-
the-rule astigmatism, and via enlarged paracentesis in
oblique astigmatism.

The Hoya Y-60H IOL was then inserted through the
new 1.6-mm corneal incision.®

STATISTICAL ANALYSIS

Differences in all data were assessed using a 2-sided
paired t test. A P value <.05 was considered statisti-
cally significant.

RESULTS
Of the 192 eyes initially enrolled in the study, 3 were
excluded due to perioperative complications (2 due to

CEmEhz0i 28

MEd:

failure to place the IOL in the
bag and 1 due to posterior cap-
sule rupture, necessitating the
insertion of another IOL and
wound suturing). No case of
delayed or irregular healing as-
sociated with the LRI/cataract
combined surgery was noted.
In all cases of astigmatism, in-
cisions for phacoemulsification
and IOL insertion did not over-
lap or affect the LRIs (Fig 2). No
significant difference between
the two groups in preopera-
tive UDVA (decimal converted
from logMAR), CDVA (decimal
converted from logMAR), and
cylindrical refraction (Table 1)
was noted. Table 3 shows mean
postoperative  UDVA, CDVA,
spherical equivalent refrac-
tion, and cylindrical refrac-
tion. The LRI group registered
significantly higher UDVA due
to small postoperative corneal
astigmatism, although no dif-
ference was seen in postopera-
tive CDVA. The non-LRI group
eyes showed small corneal to-
pography changes between the
pre- and postoperative periods;
a typical case is shown in Fig-
ure 3. The Cravy vector analysis formula showed that
the mean change of corneal regular astigmatism was
0.18%+0.13 D (range: 0.07 to 0.46) postoperatively. On
the other hand, there was a marked corneal change in
the LRI group eyes (Fig 4) and the mean change of cor-
neal regular astigmatism was 1.44*0.79 D (range: 0.20
to 3.45) (P=.0007). The pre- and postoperative corneal
topography of a typical LRI-group eye is shown in Fig-
ure 4. A typical “bowtie pattern” was seen in preop-
erative topography but disappeared in postoperative
topography.

DISCUSSION

Limbal relaxing incision/cataract combined sur-
gery was first reported in 1998.7 This procedure is
now widely accepted by cataract surgeons due to its
simplicity and relatively low investment required to
purchase the associated surgical equipment compared
with that needed for LASIK. Compared to astigmatic
keratotomy,® LRI/cataract combined surgery has a low
percentage of complications such as corneal perfora-
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tion, axis shifts, or overcorrection. Moreover, the LRI
does not affect intraocular visibility during cataract
surgery as the incisions are made at the peripheral cor-
nea. However, the effect of cataract surgery on postop-
erative astigmatism cannot be ignored entirely, even in
conventional small-incision surgery, and it has been
shown that the smaller surgical incision results in less
postoperative astigmatism and corneal higher order
aberrations.®!! Moreover, in the case of with-the-rule
astigmatism, the superior incision used for cataract
surgery sometimes affects the LRI, and in the case of
against-the-rule astigmatism, the temporal corneal
incision overlaps the LRI

On the other hand, bimanual phacoemulsification
using a 22-gauge instrument needs only a 0.9-mm cor-
neal incision.* In addition, insertion of the IOL is ac-
complished via the 1.6-mm clear corneal incision,® an
incision size small enough to enable surgeons to choose
the most appropriate wound position independent of
the phacoemulsification incision. With this technique,
surgeons can insert the IOL far from the LRI in all cas-
es and angles of astigmatism. This procedure thereby
avoids affecting the corneal axis and construction of
the LRI. Moreover, the topography and Cravy analy-

S :
= , bal relaxing incision case. Lower left)

diAxial D,ifference'

Figure 4. Corneal topography of a lim-

Preoperative topography map shows the
typical bowtie pattern, but the upper left)
3-month postoperative map does not.
Right) Axial difference map.
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sis performed in this study showed that the bimanual
MICS with a 22-gauge instrument and MICS IOL inser-
tion had little or no effect on keratometric change. This
means that the combined LRI effect directly reflects the
postoperative astigmatic change and can be performed
with good predictable accuracy that is also due to the
use of improved LRI nomograms such as the Nichamin
nomogram.®

Limbal relaxing incision combined with 0.9-mm
bimanual phacoemulsification and MICS IOL implan-
tation is a useful procedure that can achieve accurate
correction of preexisting astigmatism leading to good
UDVA after cataract surgery.
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AUTHOR QUERIES
Patients and Methods method of randomization was changed. Okay as edited?
Table 1, please provide range for UDVA and CDVA.

The mean and range of follow-up indicated in your reply to queries states 11.2 months (6 to 16 month), how-
ever, page 2 right column indicated follow-up was 6 months postoperative. Please clarify.

Table 3, please confirm range of Spherical Equivalent Refraction in CDVA as shown. Is it the same for both
groups?

QUERIES PER DR WARING

Please indicate clearly in Methods, and in your nomogram table, that you are using a pair of incisions, and not
just a single incision.

Is the 1998 Budak reference really the first description of limbal relaxing incisions with cataract surgery? As
you know, transverse keratotomy is about 130 years old. I would be surprised if someone had not used trans-
verse keratotomy with cataract surgery before 1998. Maybe you mean simultaneous surgery using limbal relax-
ing incisions only as opposed to other forms of transverse keratotomy not done simultaneously. Please clarify
this in the Discussion text.

In your Discussion, please mention toric intraocular lenses as an alternative. I fully understand that you cannot
include a detailed discussion of all methods of astigmatism correction, but I think you should at least briefly
mention the role of toric IOLs as the most commonly used alternative to astigmatism correction with LRIs.
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