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RESEARCH LETTERS

Human Herpesvirus 8 in Corncal
Endetheliitis Resulting in Graft Failure
After Penelraiing Kerafoplasty Refracieory
fo Allograft Rejection Therapy

lthough corneal allograft rejection after pen-
etrating keratoplasty responds to corticoste-
roids, in some edematous grafts, herpes sim-
plex virus, varlcella zoster virus, or cytomegalovirus
causes corneal endotheliitis refractory to steroids and leads
to graft failure without appropriate antiviral therapy.!
However, other cases with idiopathic corneal endothe-
liitis refractory to steroids remain to be studied. Human
herpesvirus 8 (HHV-8) is associated with neoplastic dis-
eases.”® We report graft failure after penetrating kerato-
plasty, with aqueous humor positive for HHV-8 DNA by
real-time polymerase chain reaction.

Report of a Case. A 56-year-old man who underwent pen-
etrating keratoplasty in his left eye 5 years previously for
recurrent keratouveitis and total bullous keratopathy
manifested ocular pain and sudden decreased vision in
that eye (best-corrected visual acuity, 20/100; intraocu-
lar pressure, 25 mm Hg). Examination showed severe lo-
calized corneal edema mainly in the graft, ciliary injec-
tion, keratic precipitates, and mild anterior chamber
inflammation (Figwre). Because the edema was associ-
ated with minimal stromal infiltrates and endothelial dys-
function, corneal endotheliitis was diagnosed. The fun-
dus, optic nerve, and fellow eye were normal. Serologic
tests were positive for HHVs (enzyme immunoassay re-
sults: herpes simplex virus IgG, 42.7; varicella-zoster vi-
rus IgG, 38.1; Epstein-Barr virus viral capsid antigen—
1gG, 11.0; and cytomegalovirus IgG, 25.8; fluorescence
antibody method results: HHV-6 IgG, 10.0; HHV-7 IgG,
10.0) and negative for human immunodeficiency virus.
No HHV-8 serologic test is available in Japan. The pa-
tient had diabetes mellitus and hypertension but did not
have cancer or immunosuppressive disease. Based on
ocular manifestations, corneal allograft rejection was sus-
pected; however, topical and systemic steroids (beta-
methasone, 0.1%, hourly, and intravenous methylpred-
nisolone hemisuccinate, 125 mg 3 times total) and ocular
antihypotensive therapy (timolol maleate, 0.5%, twice
daily, and oral acetazolamide, 500 mg/d) were ineffec-
tive. Allograft rejection and herpetic corneal endotheli-
itis can have similar appearances. Resistance to rejection
therapy suggested herpetic infection as another diagnos-
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Figure. Relationship between the therapeutic outcome with allograft
rejection therapy and human herpesvirus 8 (HHV-8) copy number.

A, Slittlamp photograph shows localized corneal edema on a corneal graft
with keratic precipitates (arrows) and severe injection before treatment (day
0). B, Slitlamp photograph shows that the corneal edema gradually
progressed and resulted in total bullous keratopathy 4 weeks after treatment
(day 28). G, Although allograft rejection therapy continued, the corneal
edema progressed gradually to total bullous keratopathy resulting in graft
failure, and the HHV-8 copy number had not decreased by 4 weeks after
treatment. When the HHV-8 copy number reached an undetectable level, the
visual acuity and the clinical appearance of the bullous keratopathy 3 months
afier treatment (day 90) did not improve. Arrows indicate administration of
intravenous methylprednisolone hemisuccinate, 125 mg; BCVA,
best-corrected visual acuity.

tic option. An aqueous humor sample subjected to poly-
merase chain reaction for herpes simplex virus 1 or 2,
varicella-zoster virus, Epstein-Barr virus, cytomegalovi-
rus, and HHV-6, HHV-7, or HHV-8' detected only HHV-8
DNA (ORF26 gene, 2.5 X 10° copies/mL).* Thirty aque-
ous humor samples from patients with cataract but with-
outkeratitis contained no HHV-8 DNA. Only HHV-8 de-
tection suggested that HHV-8 caused corneal endotheliitis
after penetrating keratoplasty; however, anti-HHV-8 treat-
ment was unavailable.

Despite allograft rejection therapy, corneal edema pro-
gressed to total bullous keratopathy and graft failure and
the HHV-8 copy number did not decrease by 4 weeks af-
ter treatment (2.2 X 10° copies/mL) (Figure). Because
inflammation gradually resolved and the intraocular
pressure decreased to less than 15 mm Hg without
treatment, antiallograft rejection therapy ended after 3
months when no HHV-8 copies were detected. The
best-corrected visual acuity did not recover to 20/2000
and the corneal graft did not improve. There has been
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no recurrence 2 years after treatment; the patient awaits
corneal regrafting.

Comment. Although HHV-8 causes neoplastic disease
(Kaposi sarcoma, multicentric Castleman disease, and pri-
mary effusion lymphoma in an immunocompromised
host), HHV-8-related clinical manifestations are not well
defined.>* To our knowledge, this is the first report of
corneal endotheliitis positive for HHV-8 leading to graft
failure in an immunocompetent patient.

1t is uncertain whether HHV-8 was the cause because
polymerase chain reaction detection does not necessar-
ily mean that HHV-8 caused the clinical manifestations
of corneal endotheliitis.

Because anti-HHV-8 therapy was unavailable, graft fail-
ure occurred with only antiallograft rejection therapy. Ex-
pression of HHV-8 DNA in the aqueous was high in the
active inflammatory phase (before and 3 weeks after treat-
ment) but not in the stable phase (3 months after treat-
ment). Polymerase chain reaction results for HHV-1
through HHV-7 at 3 weeks and 3 months after treat-
ment indicated no positivity for HHVs without antiviral
therapy throughout the therapy course. Because other
HHVs® cause corneal endotheliitis, HHV-8 may be a can-
didate. These findings suggest that HHV-8 infection may
play a role in corneal endotheliitis leading to graft fail-
ure. Investigations about specific anti-HHV-8 therapy or
the latency of HHV-8 are needed.
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The 10-Year Incidence of Glaveoma
Ameong Pafients With Treated and
Unireated Cecular Hyperiensien

he Ocular Hypertension Treatment Study has
shown that medical treatment of ocular hyper-
tension (OHT) reduces the incidence of pri-
mary open-angle glaucoma (POAG) at 5 years by more
than 50%." The greatest absolute reduction in incidence
occurs among those at highest risk based on baseline age,
intraocular pressure, central corneal thickness, vertical
cup-disc ratio, and pattern standard deviation. In clini-
cal practice, most patients with OHT are followed up for
longer than 5 years.*> To help clinicians and patients make
decisions about the benefit of early medical treatment and
the frequency of examinations, we have calculated the
10-year incidence of POAG under 2 scenarios: treated,
ie, medical treatment for 10 years, and untreated, ie, no
medical treatment for 10 years.

Methods. The Ocular Hypertension Treatment Study ran-
domized 1636 participants to either medical treatment
or observation. After a mean follow-up of 7.5 years, ob-
servation participants were then also offered medica-
tion. Both groups were followed up for an additional 5.5
years. To estimate the incidence of POAG for the sce-
nario of treated for 10 years, we used data from the medi-
cation group. To estimate the incidence of POAG for the
scenario of untreated for 10 years, we used untreated data
from the observation group. For each scenario, a para-
metric proportional hazards model was fit while includ-
ing the 5 aforementioned baseline predictors.?® The base-
line hazard function in each model used 4-knot restricted
cubic splines, with the knots chosen as the 5th, 33rd, 67th,
and 95th percentiles of the uncensored survival times.*
The 95% Cls were obtained using bootstrap methods from
1000 bootstrap runs resampling the original data with
replacement. All analyses were performed using the R ver-
sion 2.9.2 statistical package (R Foundation for Statisti-

cal Computing, Vienna, Austria).

Results. The 10-year incidence of POAG in participants
with OHT is reported by baseline levels of risk (tertiles)
and by ethnicity (Telble). Medical treatment for 10 years
reduced the incidence of POAG by about 50% atall 3 ter-
tiles of risk. The absolute reduction was greatest in the
highest tertile of risk (23%, from 42% to 19%) and low-
estin the lowest tertile of risk (3%, from 7% to 4%). Within
each tertile of risk, incidences of POAG among African
American participants and those who are not African
American were similar.

Comment. Topical medication for OHT reduces the 10-
year incidence of POAG by 50% at all 3 tertiles of risk
for the entire group as well as African American partici-
pants.” The absolute reduction in incidence of POAG was
greatest in the group at the highest tertile of baseline risk.
The incidence of POAG in participants with OHT ap-
pears to be roughly linear during the first 10 years. It is
unknown whether this finding can be extrapolated to 20
years of follow-up or more.
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ARTICLE

Chandelier lllumination for Use During Descemet
Stripping Automated Endothelial Keratoplasty in Patients
With Advanced Bullous Keratopathy

Tomoyuki Inoue, MD,* Yusuke Oshima, MD, 7 Yuichi Hori, MD,} Naoyuki Maeda, MD,f
and Kohji Nishida, MD7

Abstract: We demonstrate a technique that uses chandelier
illamination during Descemet stripping automated endothelial
keratoplasty (DSAEK) in cases of severe bullous keratopathy. A
chandelier illumination fiber inserted through the corneal side port
provides sclerotic scattering-like illumination from the sclerocorneal
margin and endoillumination from the anterior chamber, resulting in
excellent visibility for Descemet stripping and intraocular manipu-
lation without obstruction from a hazy cornea. In cases complicated
by dense cataract, the chandelier fiber can be inserted trans-
conjunctivally into the pars plana, providing sufficient retroillumi-
nation to perform phacoemulsification with intraocular lens
implantation combined with Descemet stripping for a DSAEK triple
procedure. Because of the powerful illumination and hands-free
nature of the chandelier fiber, the Descemet membrane can be
visualized clearly and stripped as 1 sheet without inadvertent
complications. We have developed a new 25-gauge illuminated
anterior chamber maintainer comprising a 25-gauge infusion cannula
through which a 29-gauge chandelier fiber probe passes. Because of
the resulting bright illumination and adequate irrigation flow,
excellent visibility with stable anterior chamber maintenance can
be concurrently obtained for Descemet stripping, endothelial graft
insertion, and subsequent intraocular manipulations without the need
for biological staining or ophthalmic viscosurgical products, even in
patients with severe comeal haze. This technique and new device
facilitates ‘safe and simple intraocular manipulation during DSAEK
and encourages surgeons to perform DSAEK in challenging cases.

Key Words: bullous keratopathy, chandelier illumination, Descemet
stripping automated endothelial keratoplasty, infusion cannula

(Cornea 2011;30(Suppl. 1):S50-S53)

escemet stripping automated endothelial keratoplasty
(DSAEK) is considered the first treatment of choice for
endothelial diseases, such as Fuchs dystrophy and

From the *Department of Ophthalmology, Sumitomo Hospital, Osaka, Japan;
tDepartment of Ophthalmology, Osaka University Medical School, Suita,
Japan; and iDepartment of Ophthalmology, Toho University Sakura
Medical Center, Sakura, Japan.

The authors state that they have no financial or conflicts of interest to disclose.

Reprints: Tomoyuki Inoue, Department of Ophthalmology, Sumitomo
Hospital, Osaka 530-0005, Japan (e-mail: tomonoue@gmail.com).

Copyright © 2011 by Lippincott Williams & Wilkins

S50 | www.corneajrnl.com

pseudophakic bullous keratopathy. The technique displaces
the diseased host endothelium and the Descemet membrane
through a small incision without full-thickness corneal
penetration and is an alternative to the conventional penetrat-
ing keratoplasty (PKP). DSAEK is a minimally invasive
procedure that offers several advantages over conventional
PKP, including better preservation of host corneal biome-
chanical properties and structural integrity, minimally induced
changes in corneal astigmatism, and fewer ocular surface
complications, thus resulting in rapid visual recovery.'™
However, this promising new procedure for treating advanced
endothelial diseases is still considered challenging because of
difficulties with intraocular visualization and manipulation
through very hazy corneas.>”*

To overcome these problems, we focused on intraocular
illumination using a chandelier illumination system for
DSAEK to facilitate clear intraocular visibility, safe Descemet
stripping, and sequential manipulation through a hazy cornea.
In this article, we demonstrate chandelier illumination-assisted
DSAEK for the treatment of advanced bullous keratopathy,
including 2 illumination approaches combined with or without
cataract surgery.” We also describe a newly developed device
for anterior segment surgery, an illuminated anterior chamber
maintainer. "’

CHANDELIER ILLUMINATION SYSTEM

The chandelier illumination system provides a wide-
angle intraocular illuminating system originally used for
vitreous surgery. A commercially available, self-retaining,
25-gauge (0.5 mm) or 27-gauge (0.35 mm) chandelier illu-
mination fiber (Synergetics USA, Inc., O’Falion, MO) with
a Photon II mercury vapor light source was used in this
study.g’“’lz

SUBJECTS FOR CHANDELIER ILLUMINATION-
ASSISTED DSAEK

The chandelier illumination technique was performed
only in cases with severe corneal haze, through which
intraocular visibility could not be obtained with conven-
tional microscopic illumination. In this challenging situa-
tion, 2 different chandelier illuminating approaches,
anterior chamber illumination and retroillumination, can
be introduced, depending on whether DSAEK is performed
with or without cataract surgery. Anterior chamber

Cornea ° Volume 30, Number 10, Suppl. 1, October 2011
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illumination is selected for DSAEK in pseudophakia cases,
and retroillumination is selected for DSAEK combined with
cataract surgery. No cases of long-standing bullous
keratopathy with dense stromal scaring were selected
because these are more suitable candidates for PKP.

ANTERIOR CHAMBER ILLUMINATION FOR
DSAEK IN PSEUDOPHAKIA

In pseudophakic eyes with severe corneal haze, light
from a conventional surgical microscope is reflected and
hinders visibility inside the eye. In pseudophakia, a
25-gauge self-retaining chandelier fiber is set at the corneal
limbus with the tip inside the anterior chamber (approxi-
mately 2—-3 mm) through a small side port incision created
by a 25-gauge microvitreoretinal blade inferonasally for the
best visibility of the corneal endothelial layer.’ Because of
the hands-free and self-retaining nature of the chandelier
fiber, bimanual manipulation can be performed easily. In
contrast to the poor visibility with conventional microscopic
illumination, sclerotic scattering-like illumination from the
sclerocorneal margin and endoillumination from the
anterior chamber generated by the chandelier illumination
fiber offer sufficient lighting to clearly view the anterior
chamber and the corneal endothelial layer, despite a hazy
cornea. Therefore, Descemet stripping from the recipient
stroma and subsequent manipulation can be easily visual-
ized and safely carried out under chandelier illumination
through a hazy cornea without biological staining to
enhance membrane visualization (Fig. 1). The Descemet
membrane can be stripped as a single sheet, which
eliminates concerns about residual membrane adhering to
the recipient stroma. Subsequent manipulation of DSAEK,
such as donor graft insertion and centering and apposition
of the donor graft sheet to the recipient, can still be
visualized using chandelier illumination. After removing

FIGURE 1. Anterior chamber chandelier illumination provides
excellent intraocular visualization. All manipulations used in
the anterior chamber for Descemet stripping and the stripped
endothelial membrane itself can be visualized through a hazy
cornea.

© 2011 Lippincott Williams & Wilkins

the chandelier fiber from the corneal side port, the corneal
wound can be sealed easily with slight corneal stromal
hydration at the end of the surgery.

RETROILLUMINATION FOR DSAEK COMBINED
WITH CATARACT SURGERY

In patients with bullous keratopathy combined with
dense cataracts, simultaneous DSAEK and phacoemulsifica-
tion with intraocular lens (IOL) implantation, the so-called
triple procedure, has recently been reported to be a beneficial
treatment option.” Combined DSAEK and phacoemulsifica-
tion is technically challenging because cataract surgery must
be performed through a cloudy cornea.'® The aforementioned
anterior chamber illumination technique is insufficient for
performing cataract surgery because the scattered reflection
from the corneal haze will interfere with intracapsular
visibility. A chandelier fiber set at the pars plana can be used
for patients with a severe haze in the cornea requiring the triple
procedure. After retrobulbar anesthesia, a 25-gauge chandelier
fiber is inserted transconjunctivally into the vitreous cavity
through a sclerotomy using a 25-gauge needle at 3.5 mm
posterior to the corneal limbus. The self-retaining chandelier
stays in the inferotemporal pars plana region by virtue of its
design, without the need for sutures. Retroillumination from
the posterior side generated by the chandelier fiber and
mercury. vapor light source provides excellent intraocular
visibility, resulting in safer intracapsular manipulation during
phacoemulsification, and IOL insertion able to be performed
without obstruction by the hazy cornea (Fig. 2), as previously
described.!? By changing the position of the chandelier fiber
after cataract surgery, chandelier retroillumination can also
provide excellent intraocular visibility during subsequent
DSAEK despite a hazy comea. Retroillumination offers
sufficient lighting to safely perform intracapsular manipulation
during phacoemulsification and IOL insertion, as well as
Descemet stripping (Fig. 3) and subsequent manipulation by
DSAEK. The Descemet membrane can be edsily visualized
and stripped successfully in 1 sheet. At the end of the surgery,
the tip of the chandelier fiber is removed from the pars plana,
and the scleral wound self-seals without requirement for
sutures.

DEVELOPMENT OF A CHANDELIER-
ILLUMINATED ANTERIOR
CHAMBER MAINTAINER
Hluminating the anterior chamber using chandelier
illumination fibers originally intended for vitreous surgery is
inconvenient during DSAEK, requiring an additional corneal
side port and an infusion port to maintain the anterior
chamber.'® A bright wide-angle illumination from the
chandelier probe can reflect glare into the surgeon’s eyes
and thermal burns can occur around the corneal side port. We
developed an illuminated anterior chamber maintainer for
surgery, with several advantages over the conventional
chandelier fibers for DSAEK and other anterior segment
surgeries.
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FIGURE 2. Chandelier retroillumination from the posterior side
provides sufficient lighting to view the anterior lens :capsule
clearly despite the hazy cornea, making-it possible to perform
capsulorhexis.

A stainless steel infusion tube attachment comprising
abeveled 25-gauge infusion cannula with a footplate was fitted
to a transparent infusion tube. A flexible 29-gauge chandelier
microfiber was then passed through the infusion tube and the
25-gauge infusion cannula, with 0.5 mm of the cone-shaped
tip of the optical microfiber protruding from the tip of the
infusion cannula (Fig. 4). A flat footplate and an opaque
malleable sleeve covering the transparent infusion tube
maintain the position of the illuminated infusion line at the
comeal limbus. The inner chandelier microfiber that passes
through the infusion tube branches in the middle. The distal
end can be connected to a xenon or mercury vapor light source
to enhance the maximum illumination output. The distal end
of the infusion line is connected to an irrigation bottle and at
the appropriate bottle height draws irrigation fiuid through the
infusion line into the anterior chamber.

FIGURE 3. Retroillumination offers sufficient lighting to clearly
view the anterior chamber through a hazy cornea for Descemet

stripping.

S52 | www.corneajml.com

FIGURE 4. The illuminated anterior chamber maintainer. A
chandelier microfiber is passed through the infusion tube and
cannula with the cone-shaped tip of the optical microfiber
protruding from the tip of the infusion cannula.

APPLICATION OF A CHANDELIER-
ILLUMINATED ANTERIOR CHAMBER
MAINTAINER FOR DSAEK

During the surgery, a 25-gauge cannula of an
illuminated anterior chamber maintainer is inserted into the
anterior chamber through the corneal side port and anchored at
the corneal limbus.'® The infusion fiber connected to the
irrigation bottle is self-retaining and Supplies irrigation fluid
into the anterior chamber through the 25-gauge infusion
cannula. Combined with a mercury vapor light source, the
29-gauge chandelier probe provided optimal illumination to
facilitate visibility of the corneal endothelial layer and the
anterior chamber. All surgical manipulations, the instruments
used in the anterior chamber for Descemet strippinig, and the
stripped endothelial membrane itself can be easily visualized
despite the hazy -comea. The anterior chamber depth is
maintained by the continuous irrigation flow through the
infusion cannula, even during insertion of the endothelial
donor graft through a 4-mm sclerocorneal wound. There is no

FIGURE 5. A postoperative slit-lamp photograph of an eye that
underwent DSAEK under chandelier retroillumination shows
a clear cornea 5 weeks after the surgery. The visual acuity
improved from 0.1 to 1.0.

© 2011 Lippincott Williams & Wilkins
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need for use of ophthalmic viscosurgical products to maintain
space for surgical maneuvers performed during Descemet
stripping and subsequent procedures. Because of its bifunc-
tionality, anterior chamber illumination and irrigation can be
achieved concurrently by inseiting the device through a side
port. The 25-gauge stainless infusion cannula covering the
chandelier fiber probe is insulated to prevent thermal burn—
induced corneal damage and minimize glare.

CONCLUSIONS

Postoperatively, corneal clarity in patients with advanced
bullous keratopathy can be restored successfully through
anterior chamber chandelier illumination-assisted DSAEK
(Fig. 5), the chandelier retroillumination-assisted triple proce-
dure, or DSAEK with the illuminated anterior chamber main-
tainer, without encountering complications associated with
this technique. The host cornea will recover to a normal range
of thickness, and the donor endothelial graft sheet will
successfully attach to the recipient stroma, as confirmed by
anterior segment optical coherence tomography.

Descemet stripping might not be a critical procedure in
every case, especially in those with a normal Descemet
membrané or those in the early stages of endothelial
decompensation without fibrotic changes in the Descemet
membrane. " However, in advanced bullous keratopathy, such
as that induced by argon laser iridectomy, bullous keratopathy
is generally more severe than that caused by Fuchs corneal
dystrophy and is often complicated by fibrotic changes in the
Descemet membrane.'>!¢ Inadequate Descemet membrane
stripping that leaves fibrotic remnants adhering to the recipient
stroma could cause poor donor graft adhesion, resulting in
postoperative graft failure.'> Stripping the diseased Descemet
membrane in 1 sheet without remnants on the recipient stroma
is critical for preventing this complication in cases of advanced
bullous keratopathy with dense corneal haze.

"The chandelier illumination technique is highly com-
patible with DSAEK. Chandelier illumination using anterior
illumination and retroillumination techniques provides excel-
lent visibility of the anterior chamber and coreal endothelial
side through a hazy cornea. Bimanual manipulation during
DSAEK can be easily performed because of the hands-free
and self-retaining nature of the chandelier illumination fibers.
Clear intraocular visibility obtained by the chamber illumi-
nation eliminates the need for epithelial removal® and
biological staining®*’ to enhance visibility through hazy
corneas, .thereby simplifying procedures and minimizing
surgical trauma during DSAEK. This chandelier illumination

© 2011 Lippincott Williams & Wilkins

technique and the newly developed device described above
facilitate safe and simple intraocular manipulation, including
complete stripping of the Descemet membrane in 1 sheet,
encouraging surgeons to perform DSAEK in challenging
cases.
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A Novel Gelatin Hydrogel Carrier Sheet for Corneal
Endothelial Transplantation

Ryou Watanabe, M.D., Ph.D.' Ryuhei Hayashi, Ph.D.2 Yu Kimura, Ph.D.Z Yuji Tanaka, Ph.D.*
Tomofumi Kageyama, M.S. 2 Susumu Hara, Ph.D.2 Yasuhiko Tabata, Ph.D., D.Med.Sci., D.Pharm.?
and Kohji Nishida, M.D., Ph.D.2

We examined the feasibility of using gelatin hydrogels as carrier sheets for the transplantation of cultivated
corneal endothelial cells. The mechanical properties, transparency, and permeability of gelatin hydrogel sheets
were compared with those of atelocollagen sheets. Immunohistochemistry (ZO-1, Na*/K*-ATPase, and
N-cadherin), hematoxylin and eosin staining, and scanning electron microscopy were performed to assess the
integrity of corneal endothelial cells that were cultured on gelatin hydrogel sheets. The gelatin hydrogel sheets
displayed greater transparency, elastic modulus, and albumin permeability compared to those of atelocollagen
sheets. The corneal endothelial cells on gelatin hydrogel sheets showed normal expression levels of ZO-1, Na*/
K™ -ATPase, and N-cadherin. Hematoxylin and eosin staining revealed the formation of a continuous monolayer
of cells attached to the gelatin hydrogel sheet. Scanning electron microscopy observations showed that the
corneal endothelial cells were arranged in a regular, mosaic, and polygonal pattern with normal cilia. These
results indicate that the gelatin hydrogel sheet is a promising material to transport corneal endothelial cells

during transplantation.

Introduction

HE CORNEAL ENDOTHELIUM is a monolayer of flattened
hexagonal cells that line the posterior surface of the cor-
nea. The physiological function of the corneal endothelium is
to control the water content of the corneal stroma.! When
corneal endothelial cells are damaged and their cell density is
decreased by Fuchs’ dystrophy, inflammation, or laser ir-
idotomy, the human corneal endothelium does not regenerate
naturally because the cells lack the ability to proliferate
in vivo® Consequently, the cornea canmot control stromal
hydration, which can lead to bullous keratopathy (BK).
Penetrating keratoplasty (PKP) is the principal surgical
procedure employed to ireat BK. Recently, an alternative
operative procedure, Descemet’s stripping endothelial kera-
toplasty (DSEK), which is an endothelial keratoplasty, was
develo];)ed.‘l’6 In contrast to PKP, in DSEK, only the complex
consisting of Descemet’s membrane and the endothelium is
removed from the recipient cornea, and the donor complex
containing the thin corneal stroma, Descemet’s membrane,
and the endothelium are transplanted. The advantages of
DSEK are fewer suture-related graft complications, de-
creased astigmatism, better visual acuity, and safer closed-

eye surgery. Furthermore, DSEK is sufficient for most pa-
tients who have BK without opacity of the corneal stroma.

Millions of patients around the world require corneal
transplantation. However, most patients are waiting for PKP
or DSEK because of the shortage of donor corneas. Recently,
it has become possible to cultivate human corneal endothe-
lial cells (HCECs) in vitro. However, the thickness of the
corneal endothelial layer is only 5pum. Therefore, it is im-
possible to handle the HCECs during surgery without the
use of carrier materials.

Some research groups use collagen sheets as a carrier for
the cultivated corneal endothelial cells.”® However, some
characteristics of this material need improvement, such as
its decreased transparency under wet conditions. Gelatin—
the denatured form of collagen—has been used exten-
sively as a biomaterial for pharmaceutical and medical
applications because of its appropriate biodegradability®
and biocompatibility in physiological environments.'?
Gelatin is used as an ingredient in drug formulations, as
a sealant for vascular prostheses, and as a delivery
vehicle."™"* In the present study, we examine gelatin
hydrogels used as carrier sheets for the transplantation of
cultivated HCECs.
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*Department of Ophthalmology, Osaka University School of Medicine, Suita, Japan.
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Materials and Methods
Materials

Gelatin hydrogel sheets processed through an alkaline
treatment of porcine skin were prepared by dehydrothermal
cross-linking. The mechanism of dehydrothermal cross-
linking is that the functional groups are combined each other
by being left out water.

An aqueous gelatin solution was poured into a polypro-
pylene dish and dried at room temperature for 72h. The
dried gelatin sheets were then placed in a vacuum-drying
oven (DN-30S; Sato Vac, Tokyo, Japan) at 160°C for 6, 12, 24,
or 48h under 0.01 Torr. Atelocollagen sheets fabricated from
the collagen of bovine skin were purchased from KOKEN
Co., Ltd. (Tokyo, Japan). The thickness of each sheet under
wet conditions was 50 pm.

Transparency measurement

The light transmission measurement was performed as
described previously.'® Briefly, the light transmission of the
gelatin hydrogel and atelocollagen sheets was examined at
room temperature using UV/vis spectroscopy (UV-2550/
2450; SHIMADZU, Kyoto, Japan) for narrow spectral regions
(centered at 400, 450, 500, 550, 600, 650, and 700 nm). Each
sample was measured five times.

Measurement of mechanical properiies

The tensile strength, elongation at break, and elastic
modulus of the gelatin hydrogel and atelocollagen sheets
were determined as described previously.' Briefly, we used
a Table-Top Universal Testing Instrument (EZ-5; SHI-
MADZU, Kyoto, Japan) at a rate of 100 mum/min. The results
for measured region were recorded using TRAPEZIUM X
software. Each sample was measured five times.

Measurement of diffusion permeability
using glucose and albumin

The diffusion permeability studies were carried out as
previously described.”” Briefly, we examined diffusion per-
meability using a two-compartment diffusion chamber system
with a stir bar (Side-Bi-Side Cells; PermeGear, Inc., Heller-
town, PA) at 35°C. Gelatin hydrogel sheets prepared by de-
hydrothermal cross-linking for 48h and atelocollagen sheets
(both 50-um thick) were placed between the donor chamber
and the receptor chamber, which was filled with phosphate-
buffered saline (PBS; Invitrogen, Carlsbad, CA). The donor
chamber was filled with either a 0.05g/mL glucose solution
or a 50 uM solution of fluorescein isothiocyanate-labeled hu-
man albumin (Sigma-Aldrich, St. Louis, MO). The solution in
the receptor chamber was sampled and measured by spec-
trophotometric analysis (SpectraMax M2e-TG; Molecular
Devices Inc., Sunnyvale, CA) using a glucose assay kit (Sig-
ma-Aldrich). A fluorophotometric analysis (ARVO™ x4,
PerkinElmer Inc, Waltham, MA) of the fluorescein
isothiocyanate-labeled albumin was performed (495-nm excita-
tion, 519-nm emission). Each sample was measured three times.

Primary cultures of HCECs

Human donor corneoscleral buttons for research were
provided by Sightlife (Northwest Lions Eye Bank, Seattle,
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WA). All the corneas were preserved in Optisol-GS (Bausch
& Lomb, Inc., Rochester, NY) within 1 day after death. The
ages of the donors ranged from 19 to 52 years (n=4), and the
mean corneal endothelial cell density was 2999225 cells/
mm?. We used the four corneal donors in mixture.

Descemet’s membrane with the endothelium was posi-
tioned with the endothelial cell side facing down onto 35-mm
culture dishes coated with type IV collagen (Nitta Gelatin
Inc., Osaka, Japan) and placed in an incubator (37°C and 10%
CO,). The concentration of type IV collagen solution was
0.3mg/mL.

The culture medium, which consisted of Dulbecco’s
modified Eagle’s medium (Nikken-Seibutsuigaku Labora-
tory, Kyoto, Japan) supplemented with 10% fetal bovine se-
rum (Japan Bio serum, Hiroshima, Japan), 100 units/mL of
penicillin, 100 pg/mL of streptomycin, and 2ng/mL of basic
fibroblast growth factor (Invitrogen), was changed three
times per week. Beginning 4 weeks after seeding, the cells
were trypsinized (0.25% Trypsin-EDTA; Invitrogen) and
subcultured at a 1:2 dilution at each passage.

Seeding of HCECs on the gelatin hydrogel sheet

Passage 3—4 confluent, subcultured cells derived from each
of the human corneas were seeded onto gelatin hydrogel
sheets coated with type IV collagen and the atelocollagen
sheet as a conirol. The seeded cell density was 3-5x10°
cells/mm?, and the cells were cultivated for 3 weeks.

Immunohistochemistry

HCECs on the atelocollagen and the gelatin hydrogel
sheets prepared by dehydrothermal cross-linking for 48h
were used for immunohistochemistry, hematoxylin and eo-
sin (HE) staining, and scanning electron microscopy (SEM).

Z0-1 and N-cadherin. The HCECs on each sheet were
fixed at room temperature using 4% paraformaldehyde for
10min and washed with Tris-buffered saline (IBS; Takara
Bio Inc., Otsu, Japan) three times. The sheets were incubated
overnight at 4°C with a 1:100 dilution of anti-ZO-1 antibody
(1A12; Invitrogen) or anti-N-cadherin antibody (3B9; In-
vitrogen).

Na*/K*-ATPase. The HCECs on each sheet was fixed at
—-20°C with cold methanol for 10min and washed with TBS
three times. The sheets were incubated overnight with a 1:100
dilution of anti-Na* /K*-ATPase antibody (C464.6; Millipore,
Billerica, MA) at 4°C. After primary antibody staining the
sheets were again washed twice with TBS and then incubated
with a 1:200 dilution of Alexa Fluor 488- or 568-conjugated
secondary antibodies (Invitrogen). Finally, both of the gelatin
sheets were counterstained with Hoechst 33342 (Invitrogen)
and observed using confocal laser scanning microscopy (LSM
710; Carl Zeiss, Jena, Germany). For all immunostaining ex-
periments, slides treated with isotype-matched nonspecific
IgG antibodies were used as isotype controls.

HE staining

Frozen 10-pm-thick sections of HCECs on the gelatin hy-
drogel sheet were embedded using OCT (Tissue-Tek; Sakura
Fine Tek, Torrance, CA) and stained with HE.
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Eleciron microscopy

HCECs on the gelatin hydrogel and the atelocollagen
sheeis were fixed with PBS containing 2% glutaraldehyde at
37°C for 1 h and washed three times with PBS. Subsequently,
the cell sheets were fixed in 1% osmium tetroxide at room
temperature for 1h and then dehydrated through a graded
series of ethanol concentrations. Next, the specimens were
dried in a Critical Point Dryer (HCP-2; HITACHI, Ibaraki,
Japan), coated with osmjum using an osmium coater (HPC-
30W; Vacuum Device Inc., Ibaraki, Japan), and observed
with an SEM (8-3200H; HITACHI) at 5kV.

Statistical analysis

The data are expressed as the mean*standard deviation.
Differences in the mean transparency and mean mechanical
properties between the gelatin hydrogel groups and the
control (ie., atelocollagen) group were analyzed using the
Dunnett test. Differences among the mean transparencies
of the gelatin hydrogel groups were analyzed using the
Kruskal-Wallis test. Differences in the diffusion permeability
were measured using Student’s t-test. All the statistics were
calculated using SigmaStat 3.5 (Systat Software Inc., Point
Richmond, CA). p-values <0.05 were considered statistically
significant.

Resulis

In the present experiment, we characterized the properties
of gelatin hydrogen sheets and used atelocollegen sheets as a
control.

Transparency measurement

Figure 1A shows the appearance of the gelatin hydrogel
and atelocollagen sheets. The mean light transmissions of the
gelatin hydrogels prepared by dehydrothermal cross-linking
for 6, 12, 24, and 48h were 99.1%%0.1%, 99.0%+0.2%,
98.8% £0.5%, and 99.0%+0.6%, respectively. The mean light
transmission of atelocollagen was 72.1%*+2.1% (Fig. 1B). All
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the gelatin hydrogel sheets were clear at each of the wave-
lengths tested and demonstrated beiter light transmission
properties compared with the atelocollagen (p<0.05).
Among the gelatin hydrogel sheet groups, no statistically
significant differences in transparency were observed
{p=0.826), and the degree of transparency did not depend
on the cross-linking time.

Measurement of mechanical properties

The mechanical properties of the gelatin hydrogel sheets
were compared with those of the atelocollagen sheets
(Fig. 2). Figure 2A shows an example of the measurement
of mechanical properties. In the gelatin hydrogels, the ten-
sile strength and elastic modulus increased with longer
dehydrothermal cross-linking times (Fig. 2B and D). The
elongation at break, however, decreased with longer dehy-
drothermal cross-linking time (Fig. 2C). The gelatin hydro-
gels generated by dehydrothermal cross-linking for 24 and
48h were significantly better than those made from atelo-
collagen with respect to the tensile strength and elongation at
break (p<0.05). Additionally, the gelatin hydrogels gener-
ated by dehydrothermal cross-linking for 48h exhibited a
significantly greater elastic modulus compared to those
made from atelocollagen (p<0.05). These results demon-
strate that the mechanical properties of atelocollagen are
similar to those of gelatin hydrogels prepared by dehy-
drothermal cross-linking for 6 h.

Measurement of the diffusion permeability

The results of the diffusion permeability measurements
are summarized in Figure 3. The albumin diffusion coeffi-
cient for the gelatin hydrogels (diffusion permeability
D=9.67+1.46%107° cm?/s) was about twice the value ob-
tained for atelocollagen (D=5.13%1.82x10° m?/s)
(p<0.05) (Fig. 3A). In contrast, the glucose diffusion per-
meability test revealed similar diffusion permeabilities for
gelatin hydrogels (D=2.55+0.11x107 em?/s) and atelo-
collagen (D=2.55+0.02x 107 cm?/s) (p=0.962) (Fig. 3B).

1; gelatin hydrogel sheet
{dehydrothermal cross-linking time; 48hr)
2; atelocollagen sheet

B
Gelatin hydrogel (hr = dehydrothermal cross-linking time)
l atelocollagen 8hr f2hr 24hr 48hr
Transmission (%) ] 72121 ] 99.10.1 " 99.0£02°  988%05 99.0£0.6 "

FIG. L.

(&) The appearance of gelatin hydrogel and atelocollagen under wet conditions. (B} The table shows the trans-

parency measurements. The data are presented as the means (400-700 nm)+SD (¥, p <0.05). SD, standard deviation.
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FIG.2. (A) The upper graph shows an example of the measurement of mechanical properties. The lower graphs present the
results obtained for the tensile strength (B), elongation at break (C), and elastic modulus tests (D). The gelatin hydrogel sheet
was compared with the atelocollagen sheet. Error bars indicate the SD, and the data are presented as means 5D (*, p <0.05).

Immunohistochemistry which regulates the ion balance to maintain the proper
physiological function of the corneal endothelium, was pres-

The immunostaining for Na*/K*-ATPase, ZO-1, and ent at the cell boundaries. ZO-1, the peripheral membrane
N-cadherin in HCECs on the gelatin hydrogel and the ate- phosphoprotein associated with tight junctions, was localized
locollagen are shown in Figure 4. The Na* /K*-ATPase, to the intercellular face of the cultivated HCECs. N-cadherin
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was similarly localized to the intercellular region in both
cultivated HCECs on the gelatin hydrogel and the atelo-
collagen sheet.

HE staining

HE staining showed that the cultivated HCECs were ex-
isted as a continuous monolayer and attached to the gelatin
hydrogel (Fig. 5A).

Electron microscopy

The SEM observations demonstrated that the cultivated
HCECs on both the gelatin hydrogel and atelocollagen sheets
were arranged in a regular mosaic pattern with ruffled bor-
ders (Fig. 5B). The HCECs tightly approximated the lateral
plasma membrane of the adjacent endothelial cells. Natural
cilia were observed on the cell surfaces of both cultivated
HCECs on the gelatin hydrogel and atelocollagen sheets.

Discussion

The present study demonstrates that gelatin hydrogel
sheets prepared by dehydrothermal cross-linking are suit-
able as carrier sheets for corneal endothelial transplantation
and that they are superior to atelocollagen sheets. The
transparency of all the gelatin hydrogel sheets was nearly
100%, which is significantly higher than the transparency of
atelocollagen. The elastic modulus of the gelatin hydrogel
was ~5-fold higher than that of atelocollagen. Moreover, the
albumin diffusion coefficient for the gelatin hydrogels was
approximately twice that of atelocollagen. These results in-
dicate that gelatin hydrogels possess the appropriate char-
acteristics for use as carriers in corneal endothelial cell sheet
transplantation.

It is essential that the carrier for the corneal endothelial
sheet be transparent. In this study, we compared the trans-
parency of gelatin hydrogel and atelocollagen sheets. The
gelatin hydrogels were far more transparent than the atelo-
collagen sheets. The gelatin hydrogel sheets prepared by
dehydrothermal cross-linking for 48h demonsirated a
greater stiffness but a lower elongation and load at break as
compared with atelocollagen sheets, indicating that the gel-

atin hydrogel sheets are suitable carriers because they might
reduce the risk of damage to the corneal endothelial cell
sheets. Our data also suggest that gelatin hydrogel sheets
possess sufficient mechanical strength for transplantation.

Glucose and albumin, which are essential for the mainte-
nance of corneal health, are supplied primarily via the
aqueous humor and, to a lesser extent, through the limbal
vasculature.’® The albumin permeability of the gelatin hy-
drogel was approximately twice that of atelocollagen. High
permeability is a major advantage for corneal endothelial
carriers. The cultivated HCECs on both gelatin hydrogel and
atelocollagen sheets displayed normal expression patterns of
ZO-1, Na™ /K*-ATPase, and N-cadherin proteins. Further-
more, the SEM observations revealed that the HCECs on the
gelatin hydrogel were polygonal and had specific structures,
similar to their morphologies in vieo and on the atelocollagen
sheet." These results from immunohistochemical and mor-
phological analyses between the gelatin hydrogel and ate-
locollagen gel sheets were largely similar. This suggests that
the gelatin hydrogel sheet is capable of supporting the
function of the corneal endothelial sheet prepared in vitro
similar to the atelocollagen sheet.

In the present study we used atelocollagen sheet as a
control because it has already been used for transplantation
of cultured HCECs to disease model of monkey.” The ate-
locollagen sheet is thought to be candidate material for
clinical use even though it has problems to solve. Our ulti-
mate goal is clinical application; therefore, we consider that
the atelocollagen sheet is the most adequate material as a
control.

There have been previous reports of the use of biomate-
rials, including gelatin hydrogels and hyaluronic acid as
corneal endothelial cell sheet carriers."”* In contrast to our
method, Jumblatt ef al. and McCulley et al. used gelatin hy-
drogels that were cross-linked with glutaraldehyde, which
may have harmful effects on the human body. Moreover,
they examined only rabbit corneal endothelial cells, which
have a higher proliferative ability than HCECs. Our sheets
have been designed for eventual use in clinical applications,
and therefore it is essential that the HCECs proliferate nat-
urally on the gelatin hydrogel sheet. In addition, Hsiue
et al." used a thick gelatin disc with a higher elastic modulus
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N-cadherin

FIG. 4. Immunohistochemistry of human corneal endothelial cells on the gelatin hydrogel and atelocollagen sheets for
Na®/K* ATPase, ZO-1, and N-cadherin. Scale bar, 50 um. Each gelatin hydrogel sheet was prepared by dehydrothermal

cross-linking for 48h.

than that described for our sheet. However, it is preferable to
use as little material from outside as possible. In the present
study, we successfully generated thin gelatin hydrogel sheets
with sufficient mechanical strength and transparency in the
absence of a cross-linking reagent. Thus, our gelatin hydro-
gel sheets have an advantage in terms of thickness, the cross-
linking method, and transparency, as compared to other
carriers. Because our final goal is to develop carrier sheet,
which is available for clinical application, we believe that the
cross-linking method and the transparency of the gelatin
hydrogel sheet are of advantage. Regarding hyaluronic acid,

we actually seeded the cultivated corneal endothelial cells on
the sheet made from hyaluronic acid. However, corneal en-
dothelial cells were not able to adhere to hyaluronic acid
sheet tightly (data not shown).

Conclusion

In this study, we demonstrated the suitability of a new
candidate for carrying HCECs. Gelatin hydrogel sheet has
benefits over atelocollagen, including higher transparency,
elastic modulus, and albumin diffusion permeability. More-

B Gelatin sheet

Atelocollagen sheet

FIG.5. (A)Hematoxylin and eosin staining of the corneal endothelial cells on the gelatin hydrogel and atelocollagen sheets.
Scale bar, 50 um. (B} Observation of human corneal endothelial cells on the gelatin hydrogel and atelocollagen sheets by using
scarming electron microscope. Scale bar, 15 yum. Gelatin hydrogel sheet was prepared by dehydrothermal cross-linking for 48 h.
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over, the cultivated HCECs on the gelatin hydrogel sheet are
same as normal HCECs in vive. Our findings suggest that
gelatin hydrogels have appropriate characteristics to be used
as catrier sheets for comeal endothelial transplantation.
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The purpose of this study was to characterize neural crest—derived cells within the adult mur-
ine iris. The iris was isolated from P0-Cre/Floxed-EGFP transgenic {(TG) mice. The isolated
iris cells formed EGFP-positive spheres on nomn-adhesive culture plates. Immunostaining
showed that these EGFP-positive spheres expressed neural crest markers including Sox10 and
p75N'TR, and these cells showing in vitro sphere-forming ability were originelly resided in the
iris stroma (IS), in vive. Real-time RT-PCR showed that the EGFP-positive spheres expressed
significantly higher levels of the neural crest markers than EGFP-negative spheres and bone
marrow-derived mesenchymal stemn cells. Furthermore, the iris stromal sphere had capability
to differentiate into various cell lineages including smooth muscle and cartilage. These data
indicate that neural cresi—derived multipotent cells can be isolated from the murine IS and

expanded in sphere culture.

Introduction

During development, the neural crest generates vari-
ous cell types in adult vertebrate organisms, including
cells that give rise to the autonomic nervous system,
primary sensory neurons, smooth muscle of the car-
diac outflow tract, melanocytes, cranial mesenchymal
tissues, and some ocular tissues (Osumi-Yamashita
et al. 1994; Le Douarin & Kalcheim 1999). Recent
reports have showed that in adult tissues, neural crest—
derived tissue-specific stem/progenitor cells are widely
distributed, as they were observed in the skin, cardiac
muscle, and corneal stroma (CS) (Toma et al. 2001;
Tomita ef al. 2005; Wang er al. 2006; Yoshida et al.
2006; Yu et al. 2006). These neural crest—derived cells
have the capability to differentiate into multple cell
lineages originating from the neural crest. Therefore,
these cells are thought to be ‘neural crest stem cells’
(Morrison et al. 1999; Dupin et al. 2007).

Previous embryonic developmental analyses using
TG mouse and chicken embryos suggest that many of
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the ocular tissues originate from the cranial neural
crest (Gage ef al. 2005). Cranial neural crest—derived
anterior segments of the eye are thought to develop
in the following three steps (Saika et al. 2001; Jin
et al. 2002). The first wave of neural crest cells differ-
entiates to form the trabecular meshwork (TM) and
corneal endothelium (CEnd). The second wave gives
rise to CS cells, and the third wave contributes to the
development of the iris. Among eye tissues that are
from neural crest-originated cells, the iris is the only
tissue that can be isolated by routine ophthalmological
surgery. The irls therefore could be an excellent cell
source for regenerative therapy of neural crest—origi-
nated ocular tissues. In this study, we report the isola-
tion and characterization of neural crest—derived cells
in the adult murine iris stroma (IS).

Results

Localization of cells derived from the neural crest
in the anterior segment of the mouse eye

P0-Cre; EGFP mice were generated by crossimg TG
mice expressing Cre enzyme driven by the PO pro-
moter with CAG-CAT-EGFP TG line (Fig. 1A).

Genes to Cells (2011) 16, 273-281
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(A) PO-Creffloxed-EGFP double fransgenic mouse
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Figure 1 Distribution of EGFP-positive cells in the anterior segment of the PO-Cre; EGFP mouse eye. Transgenic (TG) mice
expressing the Cre enzyme driven by the myelin protein zero (P0) promoter were crossed with the TG line, CAG-CAT-EGFP
(A). EGFP-labeled cells (green) were observed in the irs (Ir), trabecular meshwork and cornea (Cr) (B). Magnified view of (B)
shows EGFP-positive cells localized in the corneal endothelium, part of the comeal stroma and the iris stroma (C-D). Isolated iris
tissue was observed by fluorescent microscopy (E). IE, Iris pigment epithelium; CEpi, corneal epithelium. Scale bar: 100 pm

(B, D), 20 um (C), 400 pm (E).

Immunofluorescence staining showed that EGFP was
expressed in the iris (Ir), TM, and comea (Cr)
(Fig. 1B). A magnified view of Fig. 1B shows that
EGFP-positive cells were specifically localized in the
CEnd, as well as part of the CS and the IS (Fig. 1C~D).
EGFP expression was also observed in the whole area
of irises enucleated from the eyes of PO-Cre; EGFP
mice (Fig. 1E). These expression patterns confirmed
data in the previous reports (Kanakubo et al. 2006;
Yoshida et al. 2006).

Genes to Cells (2011) 16, 273-281

In vivo localization of Sox10 and p75NTR positive
cells in the iris tissue of P0-Cre; EGFP mice

The expressions of Sox10 and p75NTR, typical
neural crest markers, were examined in the iris tissue
by Immunostaining. The result showed that both
Sox10 and p75NTR were localized only in the iris
stromal part (Fig. 2A—F). These neural crest markers
were co-expressed with EGFP in the most part of
iris stromal cells. The Immunofluorescent staining of

© 2011 The Authors
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Figure 2 In vivo localization of neural crest and proliferation markers in the iris of P0-Cre; EGFP mouse. The expressions of
50x10 and p75NTR, typical neural crest markers, in the iris tissue were examined by immunostaining. Both p75NTR. (A~C) and
sox10 (D-F) were localized only in the iris stromal part. These neural crest markers were co-expressed with EGFP in the large part
of iris stromal cells, The immunostaining of Ki67 showed that there was no Ki67-positive proliferating iris cell in vive (G). Control
slide showed that Ki-67 positive cells in existed in the basal layer of corneal epithelium (H). Scale bar: 50 pm.

a proliferation marker Ki67 indicated that there were
almost no proliferating cells in the normal iris tissue
in vivo. (Fig. 2G). Therefore, EGFP-positive neural
crest—derived cells seem to be non-proliferative in
the normal homeostatic condition.

Sphere formation from iris cells of P0-Cre; EGFP
mice

To characterize the EGFP-positive cells in the irs,
we performed sphere formation assays. Iris cells iso-
lated from PO-Cre; EGFP mice were cultured in
non-adhesive culture plates. A number of EGFP-posi-
tive spheres were formed from the iris cells (Fig. 3A).
Some of the EGFP-positive iris cells dissociated from
the primary spheres had a capability to form second-
ary spheres (Fig. 3B). Supporting a previous report
(Yoshida et al. 2006), it thus suggested that there
are stem cell-like cells that can be grown in sphere
culture in the iris cells.

Immunostaining of stem cell and neural crest
markers

Immunostaining showed that the spheres were
composed of EGFP-positive iris stromal cells and

© 2011 The Authors

expressed stem cell markers such as Nestin and Sox2
(Fig. 3C-E). They also expressed typical neural crest
markers, such as Sox10, p75NTR, and AP-2(
(Fig. 3F-H) (Kanakubo ef al. 2006; Lee et al. 2007).
Furthermore, BrdU assay showed that BrdU- and
Ki67-positive cells existed in the iris spheres (Fig. 31-).
This means that the sphere culture condition has suc-
cesstully twmed EGFP-positive dormant neural crest—
derived cells into proliferative.

Fluorescence activated cell sorting and gene
expression analyses of stem cell and neural crest
markers

Flow cytometric analysis showed that iris cells con-
sisted of 39.8 + 23% (N = 6) EGFP-positive iris
stromal cells (Fig. 4A). Sphere culture showed that
both isolated EGFP-positive and EGFP-negative cells
could form spheres after 5 days of culture (Fig. 4B),
and  their  sphere-forming  efficiencies  were
0.60 £ 0.079% and 0.46 £ 0.053%, respectively
(N =05). The harvested EGFP-positive iris stromal
spheres expressed the stem cell markers Sox2, Nestin
and Musashil as well as the neural crest makers Slug,
p75NTR, Sox9, 10, AP-20, and B (Fig. 4C). Real-
time RT-PCR showed that the EGFP-positive

Genes to Cells (2011) 16, 273-281
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Figure 3 Sphere culture and immunofluorescence staining of
stem cell- and neural crest-related markers. Cells were isolated
from iris tissue and then cultured in non-adhesive culture
plates to form spheres. Microscopic observation showed that
EGFP-positive spheres formed after 7 days of culure (A). A
subset of EGFP-positive cells from primary spheres formed
secondary spheres (B). Observation of frozen sections showed
that almost all of the cells that composed the spheres were
EGFP positive (C; green). Immunofluorescence staining
showed that cells in EGFP-positive iris spheres expressed the
stem. cell markers Nestin and Sox2 (D-E; red), as well as the
neural crest markers Sox10, p75NTR, and AP-2B (F-H; red).
In addition, BrdU- and Ki67-positive proliferating cells existed
in iris spheres (I-J; red). Nuclei were labeled with Hoechst
33342 (blue). Scale bar: 100 pm (A, B), 20 um (CJ).

Genes to Cells (2011) 16, 273-281

spheres expressed significantly higher levels of the
neural crest markers Sox10, p75NTR, and AP-2f3
than EGFP-negative spheres or bone marrow—derived
mesenchymal stem cells (MSCs) (Fig. 4D).

Cell differentiation

To investigate the multipotency of the EGFP-positive
iris stromal spheres, we performed differentiation assays
for multiple neural crest cell lineages. EGFP-expressing
cells migrated from the circumference of the spheres
and co-expressed PII-tubulin (11.5 + 2.0%, N = 8),
glial fibrillary acidic protein (GFAP) (28.8 *+ 9.6%,
N =4) and alpha smooth muscle actin (ASMA)
(74.0 £ 9.6%, N =4) (Fig. 5A-F). Pellet cultures
showed that most of the aggregated cells were stained
with alcian blue and also expressed aggrecan and type
II collagen (Fig. 5G-I), typical differentiation markers
of chondrocytes. Statistical analyses of the differentia-
tion efficiencies were shown in Table 1. These data
suggest that EGFP-positive cells have potentials to
differentiate into various cell types in cultures.

Discussion

Our observation of the anterior segment of the PO-
Cre; EGFP mouse eye showed EGFP-positive cells in
the CEnd, TM, and IS. In contrast, there was no
EGFP-positive cell in iris pigment epithelium and
corneal epithelium that were generated from neural
and surface ectoderm. These data support the previ-
ous reports that the PO-Cre; EGFP mouse allows
accurate labeling of neural crest—derived tissues (Jin
et al. 2002; Kanakubo efal. 2006; Yoshida et al.
2006). EGFP-positive cells isolated from the iris could
form EGFP-positive spheres on non-adhesive culture
plates. Secondary sphere culture showed that at least
some iris stromal cells in the primary EGFP-positive
iris spheres had the ability to reform spheres. Addi-
tionally, BrdU assay and Ki67 staining showed that a
subgroup of BrdU- and Ki67-positive proliferating
cells existed in the primary spheres, although there
were no proliferating cells in the ids tissue in wivo.
These findings suggest that the iris spheres are formed
as a result of proliferation of the iris cells, rather than
by aggregation.

Immunostaining of spheres for stem cell markers
showed that EGFP-positive iris spheres expressed not
only the stem cell markers generally expressed in vari-
ous tissue-specific stem cells, i.e. Nestin, Musashil,
and Sox2, but also typical neural crest markers such as

© 2011 The Authors
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Figure 4 FACS and gene expression analyses of stem cell and neural crest-related markers in iris stromal spheres. Isolated iris cells
from PO-Cre; EGFP mice were submitted to FACS (A). The iris cells were composed of approximately 39.8 £ 2.3% (mean * SE,
N = 6) EGFP-positive cells. After 5 days of sphere culture, the isolated EGFP-positive and EGFP-negative cells formed each
sphere (B). And their sphere-forming efficiencies were 0.60 * 0.079% and 0.46 = 0.053%, respectively (mean = SE, N = 5). RT-
PCR showed that the EGFP-positive spheres expressed the stem cell markers Nestin, Musashil, and Sox2, as well as the neural
crest markers Slug, p75NTR, Sox9, Sox10, and AP-2¢ and AP-2ff (C). Real-time RT-PCR. showed that the EGFP-positive
spheres expressed significantly higher levels of neural crest marker genes, Sox10, p75NTR, and AP-2f than EGFP-negative spheres
or mesenchymal stem cells (D). Scale bar: 50 um. The graphs show the mean * SE of 4-6 independent samples. *indicates
P < 0.05.

p75NTR,, AP-20, and Sox10 (Morrison ef al. 2000;
Lee et al. 2007). Some of these markers, including
Sox2 and Sox10, seemed to be expressed more
strongly in the peripheral part of the spheres than in

© 2011 The Authors

the central part. As it was previously reported, the
differentiation status may be different between
peripheral and central parts of the spheres (Campos
2004).
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