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PURPOSE. To establish a method for the mass production of
human corneal endothelium (HCE) precursors and the therapeutic application of these cells in a rabbit CE-deficiency
model.
METHODS. A sphere-forming assay was performed to produce
precursors from cultured HCE. Various marker expressions
were examined in the sphere colonies, and their progenies by
immunocytochemistry and reverse transcription–polymerase
chain reaction (RT-PCR). The transport activity of the spherederived cell sheet was evaluated by the Ussing chamber system. DiI-labeled precursors obtained from cultured HCE were
injected the anterior chamber of the eye in a rabbit CE-deficiency model, and the eye-down position was maintained for
24 hours for attachment to Descemet’s membrane (sphere
eye-down group). The sphere eye-down and control groups,
observed for 28 days after surgery, underwent histologic and
fluorescence microscopic examinations.
RESULTS. Cultured HCE formed primary and secondary sphere
colonies. The spheres expressed ␣-smooth muscle actin and
nestin, and progeny expressed ␣-smooth muscle actin, confirmed by RT-PCR. The progeny showed an HCE-like hexagonal
shape, were confluent, and had adequate transport activity.
Mean corneal thickness in the sphere eye-down group was
significantly less than in the other control groups 14, 21, and
28 days (P ⬍ 0.006) after surgery. The HCE-like hexagonal cells
detected on the Descemet’s membrane are DiI-positive in the
sphere eye-down group.
CONCLUSIONS. The findings demonstrate that culture of HCE can
promote mass production of HCE precursors, determined by
sphere-forming assay. Injection of precursors derived from
cultured HCE into the anterior chamber is an effective treatment strategy for CE deficiency in a rabbit model. (Invest
Ophthalmol Vis Sci. 2005;46:3637–3644) DOI:10.1167/
iovs.05-0462

A

dult stem cells, or precursors, have been detected in various human tissues by the sphere-forming assay, including
the central nervous system,1 bone marrow,2 skin,3 retina,4
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corneal stroma,5 and corneal endothelium (CE).6 Use of such
cells can provide an ideal strategy for tissue regeneration and
engineering.7 However, clinical transplantation of spheres derived from neural tissue or bone marrow stromal cells by a
sphere-forming procedure has been limited to attempts at
regenerating parts of the nervous system, such as the spinal
cord and brain.8 –11 Moreover, a method of mass production of
adult stem or precursor cells to compensate for the lack of
organ donors has not been established.
The CE is formed by a single layer of hexagonal cells that
separate the corneal stroma from the aqueous humor of the
anterior chamber. Corneal transparency is maintained by regulation of stromal hydration through the barrier and pump
functions of the CE. Corneal transplantation has traditionally
been used for defects of the CE, and more than half of the
patients undergoing full-thickness corneal transplantation have
decreased visual acuity due to a CE defect alone.12–14 Corneal
transplantation requires a fresh human cornea, but there is a
worldwide shortage of donors.
We have isolated precursors with the propensity to develop
into CE-like cells from the CE of human donor corneas.6 Moreover, we have reported that rabbit CE-derived precursors for
CE deficiency are an effective cell source for a rabbit CEdeficiency model.15 Because the number of CE precursors that
can be isolated from a cornea is insufficient for corneal transplantation, establishment of a mass production method for
precursor cells is needed for clinical use. In this study, we
isolated spheres from cultured human corneal endothelium
(HCE) and investigated whether the cells obtained had CE-like
functions. We also tested the effect of anterior chamber injection of HCE spheres (instead of full-thickness corneal transplantation) in a rabbit model of bullous keratopathy, which represents a state of CE deficiency.

METHODS
Isolation of Sphere Colonies from Cultured HCE
A cornea was obtained from the Rocky Mountain Lions’ Eye Bank. The
age of the donor was 41 years. The tissue was managed according to
the guidelines of the Declaration of Helsinki. Primary culture of HCE
has been described elsewhere.16 Cells at the fourth or fifth passages
were used in the study. HCE cells were incubated in 0.2% EDTA at
37°C for 5 minutes and then were dissociated into single cells by
pipetting with a flame-polished Pasteur pipette. The viability of the
isolated HCE was ⬎90% as shown by trypan blue staining (Wako Pure
Chemical Industries, Osaka, Japan). The sphere-forming procedure was
used for primary culture.17 Basal medium containing a methylcellulose
gel matrix (1.5%; Wako) was used, as described previously.18,19 to
prevent reaggregation of the cells. Cells were plated at a density of 10
viable cells/L (40,000 cells per well or 1420 cells/cm2) in the uncoated wells of 60-mm culture dishes. The basal medium was Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented with B27,
epidermal growth factor (EGF, 20 ng/mL), and basic fibroblast growth
factor (bFGF, 20 ng/mL). To distinguish growing spheres from dying
cell clusters, only those with a diameter of more than 50 m were
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counted. For passaging, primary spheres (day 7) were treated with
0.5% EDTA and dissociated into single cells, which were plated in
24-well culture plates at a density of 10 cells/L. Culture was continued for another 7 days in basal medium containing a methylcellulose
gel matrix. To measure sphere diameters, cultures were observed
under an inverted phase-contrast microscope (model ELWD 0.3; Nikon, Tokyo, Japan) with a 10⫻ objective lens, and images were
analyzed by the NIH image program (available by ftp at zippy.nimh.
nih.gov/ or at http://rsb.info.nih.gov/nih-image; developed by Wayne
Rasband, National Institutes of Health, Bethesda, MD).

Differentiation of Sphere Colonies
Individual primary spheres (day 7) were transferred to 13-mm glass
coverslips coated with 50 g/mL poly-L-lysine (PLL; Sigma-Aldrich,
Tokyo, Japan) and 10 g/mL fibronectin (BD Biosciences, Billerica,
MA) in separate wells, as described elsewhere.15 To promote differentiation, 1% or 15% FBS was added to the basal medium, after which
culture was continued for another 7 days.
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ucts were separated by electrophoresis on a 1% agarose gel and
visualized by staining with ethidium bromide.

Measurement of the Pump Function of Cells
Derived from HCE Spheres
The pump function of four collagen sheets seeded with cells derived
from HCE spheres was measured in a Ussing chamber, as reported
previously with some modifications.20 –23 The collagen sheets23 were
obtained from the Nippi Research Institute of Biomatrix (Tokyo, Japan). Cells from HCE spheres were suspended at 5.0 ⫻ 106 cells in 1.5
mL of culture medium and transferred to individual circular collagen
sheets (10 mm in diameter). Each sheet was placed in one well of a
24-well plate, and the plate was centrifuged at 1000 rpm (176 g) for 10
minutes to enhance cell attachment. The sheets were incubated in the
culture medium for 2 days, after which nonadherent cells and debris
were removed. Human donor corneas with the epithelium removed
mechanically (n ⫽ 4), plain collagen sheets (n ⫽ 4), or HCE-coated
collagen sheets (n ⫽ 4), were mounted in the Ussing chamber.

Immunocytochemistry
Immunocytochemical examination of the spheres and their progeny
was performed after 7 days of adherent culturing on glass coverslips.
Cells were fixed with 4% paraformaldehyde (Wako) in PBS for 10
minutes. After they were washed in PBS, the cells were incubated for
30 minutes with 3% bovine serum albumin (BSA; Sigma-Aldrich) in PBS
containing 0.3% Triton X-100 (BSA/PBST; Rohm & Haas, Philadelphia,
PA) to block nonspecific binding. Next, the cells were incubated for 2
hours at room temperature with the after specific primary antibodies
diluted in BSA/PBST: mouse anti-cytokeratin three monoclonal antibody (mAb; AE-5; Progen Biotechnik GmbH, Heidelberg, Germany),
mouse anti-␣-smooth muscle actin (␣-SMA) mAb (1:400; Sigma-Aldrich), mouse anti-nestin mAb (1:400; BD Biosciences, Franklin Lakes,
NJ), mouse anti-neurofilament 145 mAb (NFM, 1:400; Chemicon, Temecula, CA), rabbit anti ␤-III tubulin polyclonal (pAb, 1:2000; Covance
Research Products, Denver, PA), rabbit anti-GFAP pAb (1:400; Dako,
Temecula, CA), and mouse anti-5-bromo2⬘-deoxyuridine (BrdU)/fluorescence mAb (1:100; Roche Diagnostics, Basel, Switzerland). Mouse
IgG (1:1000; Sigma-Aldrich) or normal rabbit serum (1:1000; Dako)
was used as the control in place of the primary antibody. After being
washed in PBS, the cells were reacted for 1 hour at room temperature
with fluorescence-labeled goat anti-mouse IgG (Alexa Fluor 488,
1:2000; Molecular Probes, Eugene, OR) and fluorescence-labeled goat
anti-rabbit IgG (Alexa Fluor 594, 1:400; Molecular Probes) as the
secondary antibody. Finally, fluorescence was detected by observation
with a fluorescence microscope (model BH2-RFL-T3 and BX50; Olympus, Tokyo, Japan).

Extraction of Total RNA and RT-PCR
Total RNA was isolated from primary sphere colonies and their progenies by using a kit (Isogen; Nippon Gene, Tokyo, Japan). The isolated
total RNA was treated with RNase-free DNase I (Stratagene, La Jolla,
CA) for 30 minutes, and then cDNA was obtained with reverse transcriptase (Super Script II; Invitrogen-Gibco, Grand Island, NY). T12VN
primer (25 ng/L) was used to make the first-strand cDNA. RT-PCR was
performed in the absence of reverse transcriptase as the negative
control. The PCR primers were based on the sequences of nestin,
ketarin-3, GFAP, ␣-SMA, and G3PDH. The nestin primers were 5⬘CACCTGTGCCAGCCTTTCTTAA-3⬘ (sense) and 5⬘-CCACCGGATTCTCCATCCTTA-3⬘ (antisense), the keratin-3 primers were 5⬘-CATCATTGCTGAAGTTGGTGC-3⬘ (sense) and 5⬘-TCTTGGAGCTTGGCATTGG-3⬘
(antisense), and the GFAP primers were 5⬘-CTGGGCTCAAGCAGTCTACC-3⬘ (sense) and 5⬘-AATTGCCTCCTCCTCCATCT-3⬘ (antisense). In
addition, the ␣-SMA primers were 5⬘-CACCTGTGCCAGCCTTTCTTAA-3⬘ (sense) and 5⬘-CCACCGGATTCTC CATCCTTA-3⬘ (antisense),
and the G3PDH primers were 5⬘-GGTGAAGGTCGG TGTGAACGGA-3⬘
(sense) and 5⬘-TGTTAGTGGGGTCTCGCTCCTG-3⬘ (antisense). Prod-
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Ex Vivo Migration and Proliferation of HCE
Spheres on Rabbit Descemet’s Membrane
All animals were handled in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. Primary HCE
spheres (cultured for 7 days) were labeled with a fluorescent cell
tracker (CM-DiI; C-7000; Molecular Probes), as described elsewhere,23
to trace their localization. Rabbit CE cells were gently scraped off four
freshly excised rabbit corneas with a sterile cotton swab, and HCE
spheres were applied to the posterior surface of each cornea, after
which the corneas were placed in 24-well plates and maintained in
culture medium for 7 days. Fluorescence of the HCE that migrated onto
the corneas was viewed under a fluorescence microscope, and the area
occupied by cells migrating from the spheres was measured by the NIH
image program (n ⫽ 10).

Cryoinjury and Labeled HCE Sphere Injection
into the Anterior Chamber
New Zealand White rabbits (weighing 2.0 –2.4 kg, n ⫽ 24) were
anesthetized with an intramuscular injection of ketamine hydrochloride (60 mg/kg; Sankyo, Tokyo, Japan) and xylazine (10 mg/kg; Bayer,
Leverkusen, Germany). To detach the CE from Descemet’s membrane,
a brass dowel cooled in liquid nitrogen was brought in contact with
the rabbit cornea nine times, at the center and at eight peripheral sites
on the corneal epithelium. This procedure was repeated twice. Then
the anterior chamber was washed three times with PBS through a
1.5-mm width paracentesis, and 150 DiI-labeled HCE spheres or 1.0 ⫻
107 HCE were injected into the anterior chamber of each right eye.
Thereafter, the cryo (cryoinjury alone), HCE (cryoinjury and HCE
injection), and sphere eye-down (cryoinjury and sphere injection)
groups of rabbits were kept in the eye-down position (Descemet’s
membrane down), whereas the sphere eye-up group (cryoinjury and
sphere injection) was in the eye-up position (Descemet’s membrane
up), for 24 hours under deep anesthesia. Cultured HCE-injection and
the eye-up position group were not included in this study, because
corneal edema was not decreased by the treatment in our preliminary
study (Mimura T, unpublished observation, 2003). Each surgical eye
was checked twice or three times a week by external examination and
was photographed on postoperative days 7, 14, 21, and 28. Central
corneal thickness was measured with an ultrasound pachymeter
(range, 0 –1200 m; Tomey, Nagoya, Japan) and intraocular pressure
was determined with a pneumatic tonometer (model 30 Classic; Mentor O & O, Norwell, MA) at 1, 3, 7, 14, 21, and 28 days after surgery.
The average of three readings was obtained each time. One-way analysis of variance and Scheffé’s multiple comparison test were used to
compare the mean data. P ⬍ 0.05 was considered significant.
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to have migrated from the colonies. Whether cultured with 1%
or 15% FBS, less than 5% of these cells were ␣-SMA-positive
(Fig. 2c), whereas all were negative for the control IgG (Fig.
2d) and the differentiated epithelial cell marker cytokeratin 3,
as well as for nestin, ␤-III tubulin, and GFAP (not shown).
These findings indicated that a single sphere colony can give
rise to a small population of mesenchymal cells under clonogenic conditions. Nestin and ␣-SMA expression by the spheres,
as well as ␣-SMA expression by their progenies, was confirmed
using RT-PCR (Fig. 3). Positivity for ␤-III tubulin mRNA was
detected only in cultures with 1% FBS.
FIGURE 1. Sphere-forming procedure for cultured HCE cells. Cultured
HCE cells were disaggregated into single cells and plated at a density of
10 viable cells/L in basal medium containing a methylcellulose gel
matrix to prevent reaggregation. (a) A representative day-7 sphere is
shown. (b) Each colony was labeled by BrdU on day 7. There were
44 ⫾ 10 primary spheres generated per 10,000 cells (mean ⫾ SD).
Scale bar, 50 m.

Histologic Examination
To examine DiI fluorescence, the eyes were removed 1 month after
transplantation and viewed as wholemounts under a fluorescence
microscope. Then the corneas were excised and bisected. Postoperative endothelial morphology was evaluated using half of the divided
cornea after staining with 3% trypan blue and 5% alizarin red to
determine the CE density. The number of cells in a 0.1 ⫻ 0.1-mm
square was counted at four different sites on each of the six treated
corneas. Next, the corneas were immersed in a fixative composed of
4% paraformaldehyde in 0.1 M PBS (pH 7.4), and were embedded in
OCT compound (Tissue-Tek; Miles Laboratories, Naperville, IL) at
⫺20°C. Frozen sections were cut at a thickness of 8 m. The other half
of each cornea was immediately fixed in 10% formalin and used for HE
staining.

HCE Morphology, and Transport Activity of HCE
Sheets Reconstituted with Cultured Spheres
We differentiated spheres by culture in DMEM containing 10%
FBS and investigated whether the differentiated cells showed
an HCE-like hexagonal morphology, contact inhibition as an
antiproliferative mechanism,25 and or possessed transport activity. Confluent cells derived from cultured HCE spheres were
found to show the single layered characteristic hexagonal
shape (Fig. 4a) and contact inhibition during proliferation. We
also measured the potential difference and short-circuit current
in a standard Ussing chamber system,20 –23 because HCE should
have significant transport activity. Changes of the potential
difference (Fig. 4b) and short-circuit current (Fig. 4c) are compared in Figure 4 between normal human donor corneas and
HCE sheets constructed with cells from spheres. The average
potential difference and short-circuit current of the spherederived HCE sheets at 1, 5, and 10 minutes ranged from 81% to
100%, which corresponds to the range for normal human
donor corneas denuded of epithelium. These findings suggested that the cultured HCE spheres could generate HCE-like
cells with adequate transport activity.

RESULTS
Isolation of Sphere Colonies
Spheres formed after 7 days of culture (Fig. 1a), whereas
nonproliferating cells were eliminated. Many of the cells in
each colony were BrdU positive (Fig. 1b), indicating that such
cells were proliferating. These findings suggest that spheres
were derived from single isolated cultured HCE and that the
sphere-forming cells had proliferative activity. The number of
sphere colonies obtained from the HCE after 7 days of culture
was 44 ⫾ 10 per 10,000 cells (mean ⫾ SD). Replating of
primary spheres to generate secondary sphere colonies was
less efficient, indicating that the cells had only limited selfrenewal capacity.

Immunocytochemistry and RT-PCR of Sphere
Colonies and Their Progeny
The spheres were immunostained with nestin, which is a
marker of immature cells,24 and with ␣-SMA as a mesenchymal
myofibroblast marker. Some cells in the spheres were immunoreactive for nestin (Fig. 2a) and ␣-SMA (Fig. 2b). We have
previously demonstrated that primary spheres derived from
human donor CE express ␤-III tubulin and a mature glial cell
marker, glial fibrillary acidic protein (GFAP), as well as nestin
and ␣-SMA,6 but these markers were negative in the spheres
derived from cultured HCE. The spheres were next transferred
to PLL/fibronectin-coated glass coverslips in 24-well plates and
cultured in a differentiation medium containing 1% and 15%
fetal bovine serum (FBS). After 7 days, many cells were found
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FIGURE 2. Immunocytochemistry of a sphere colony and progeny. A
day-7 sphere shows nestin (a) and ␣-SMA staining (b). Less than 5% of
the progeny cells are immunostained by the mesenchymal cell marker
␣-SMA (c, arrow), and there is no staining for the control IgG (d). Scale
bar, 100 m.
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FIGURE 3. RT-PCR analysis of spheres and progenies. cDNA was obtained from cultured HCE spheres and progenies in 1% FBS or 15% FBS.
GAPDH was detected in all samples, except those without reverse
transcriptase (RT). Nestin mRNA expression can be detected in the
cultured HCE spheres, but not in progenies cultured in either 1% or
15% FBS. cDNAs of all three samples yielded ␣-SMA-mRNA.

Observations in the Rabbit Model
Our findings suggest that cultured HCE precursors have a
limited self-renewal capacity and mainly differentiate into HCElike cells. Therapeutic use of precursors derived from cultured
HCE was investigated in a rabbit model of CE deficiency. To
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estimate the number of spheres needed to cover the inner
surface of the cornea (Descemet’s membrane), DiI-labeled
spheres were prepared and seeded onto the denuded Descemet’s membrane in culture. Figure 5a shows that cells migrated
from DiI-labeled spheres and that the mean area covered per
sphere was 1.2 ⫾ 0.2 mm2 on day 7 (Fig. 5b). Therefore, the
number of spheres needed per cornea was calculated to be 75.
To allow for loss of spheres that failed to adhere, 150 spheres
were injected to the anterior chamber of rabbit eyes subjected
to cryoinjury, and the rabbits were maintained in the eye-down
position (Descemet’s membrane down) for 24 hours to allow
attachment (sphere eye-down group, n ⫽ 6). Cryoinjury alone
(cryo group, n ⫽ 6), injection of cultured HCE with the
eye-down position for 24 hours (HCE group, n ⫽ 6), and
injection of spheres with the eye-up position (Descemet’s
membrane up; sphere eye-up group, n ⫽ 6) was the control. In
the cryo and HCE groups, the mean corneal thickness ranged
from 953 ⫾ 182 to 1200 ⫾ 0 m (mean ⫾ SD) as shown in
Figure 6. The mean corneal thickness of the sphere eye-up
group (704 ⫾ 174 m) was significantly less than that of the
cryo (1011 ⫾ 190 m; P ⫽ 0.006) and HCE (953 ⫾ 182 m;
P ⫽ 0.022) groups after 28 days of observation, but the corneas
were still edematous. In contrast, the corneal thickness decreased rapidly in the sphere eye-down group, and the cornea
was significantly thinner than in the other three groups after 14
(672 ⫾ 90 m), 21 (483 ⫾ 84 m), and 28 (394 ⫾ 26 m) days
(*P ⬍ 0.006; Fig. 6a). As shown in the representative anterior
segment photographs from the cryo (Fig. 6b), HCE (Fig. 6c),
and sphere eye-up (Fig. 6d) groups, the corneas were edematous with stromal opacity. In contrast, corneas from the sphere
eye-down group corneas became clear and the anterior chamber was clearly visible (Fig. 6e). No apparent inflammatory
reactions suggesting immunologic rejection were observed
with a slit lamp microscope during the follow-up period. On
day 14, intraocular pressure in the sphere eye-up group was

FIGURE 4. Morphology and transport activity of cells from cultured
HCE spheres. (a) Confluent cells cultured in DMEM containing 10% FBS
show the characteristic hexagonal
shape of CE cells. Time-course changes
(mean ⫾ SD) of the potential difference (b) and short-circuit current (c)
in studies of human donor corneas
and cultured HCE-like collagen sheets
(coated with HCE spheres). The
mean potential difference and shortcircuit current after 1, 5, and 10 minutes ranged from 81% to 100% in the
HCE sheets, similar to the range for
human donor corneas denuded of
epithelium, indicating that the HCElike cells had adequate transport activity. After the Na⫹-K⫹ ATPase inhibitor ouabain was added to the
chamber, the potential difference fell
to 0 mV, and the short-circuit current
to 0 A in all cases.
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FIGURE 5. Migration of sphere-derived cells during culture for 7 days.
DiI-labeled spheres were seeded onto
the denuded Descemet’s membranes
of rabbit corneas in a humidified incubator with an atmosphere of 5%
CO2 and cultured for 1 week. The
corneas were photographed, and cell
migration was calculated on computer. (a) Representative photographs
of the changes around an adherent
DiI-labeled sphere. Scale bar, 100 m.
(b) The mean area covered per sphere
increased gradually and reached 1.2 ⫾
0.2 mm2 on day 7 (n ⫽ 10)

significantly higher than that in the cryo group (P ⫽ 0.013).
Except the day 14, however, there was no increase of intraocular pressure, a possible side effect, in any group during the
observation period (Table 1).

Histologic Examination and Evaluation of HCE
Examination of HE-stained sections revealed that corneas in the
cryo (Fig. 7a), HCE (Fig. 7b), and sphere eye-up (Fig. 7c)
groups were thick, and there were no cells detectable on
Descemet’s membrane. In contrast, the corneas showed a
monolayer of cells formed on Descemet’s membrane, no
edema, and no mononuclear cell infiltration of the posterior
stroma in the sphere eye-down group (Fig. 7d).
In the cryo (Figs. 8a, 8e), HCE (Figs. 8b, 8f), and sphere
eye-up (Figs. 8c, 8g) groups, no HCE (Figs. 8a– c) with DiIpositive staining (Figs. 8e– g) were found on Descemet’s membrane at the central cornea in flatmount preparations. In contrast, HCE-like hexagonal cells were present at this location in
the sphere eye-down group (Fig. 8d) and these cells were
DiI-positive (Fig. 8h), indicating an origin from the injected
spheres and not from the host rabbit. In the sphere eye-down
group, DiI-negative cells were present in the peripheral cor-

nea, but cells in the central and paracentral cornea (8 mm in
diameter) were all DiI-positive. The density of HCE in the six
grafts of the sphere eye-down group at 28 days after surgery
ranged from 2625 to 2875 cells/mm2 (mean ⫾ SD, 2781 ⫾ 92
cells/mm2). Before operation, CE density of rabbit cornea was
from 3300 to 3500 cells/mm2. In the sphere eye-down group,
DiI-positive cells were barely detected in the inferior trabecular
meshwork and iris surface, whereas a number of DiI-positive
cells were attached thereto in the HCE and sphere eye-up
groups (data not shown).

DISCUSSION
We produced spheres from cultured HCE and evaluated their
morphology and function. Spheres derived from cultured HCE
showed high proliferative activity, as indicated by BrdU uptake. Self-renewal capacity was also demonstrated by the ability
of progeny of individual spheres to form secondary spheres,
but not tertiary spheres, suggesting that the self-renewal capacity was limited. Moreover, individual spheres and their progeny
produced mesenchymal cell lineage marker–positive cells. Although we cannot show direct evidence that the spheres give

TABLE 1. Mean Intraocular Pressure after Surgery
Days after Surgery
Group

0

7

14

21

28

Cryo
HCE
Sphere eye-up
Sphere eye-down

12.7 ⫾ 1.9
11.8 ⫾ 1.5
13.2 ⫾ 2.0
13.5 ⫾ 3.2

10.8 ⫾ 1.8
11.6 ⫾ 2.8
9.9 ⫾ 1.9
8.7 ⫾ 2.1

10.5 ⫾ 4.3*
12.3 ⫾ 4.5
17.2 ⫾ 4.0*
14.8 ⫾ 2.2

11.0 ⫾ 1.6
11.8 ⫾ 2.2
13.3 ⫾ 3.4
13.7 ⫾ 1.7

10.2 ⫾ 1.5
11.5 ⫾ 2.8
10.5 ⫾ 3.1
11.7 ⫾ 1.9

n ⫽ 6 each, (mean ⫾ SD) mm Hg;
* P ⫽ 0.013
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FIGURE 6. Changes of corneal thickness and other findings in the rabbit
model. (a) Corneal thickness was
measured with an ultrasound pachymeter. Mean corneal thickness decreased gradually in the sphere eyedown group (F, n ⫽ 6), being significantly less (*P ⬍ 0.001) than in the
cryo (E, n ⫽ 6), HCE (Œ, n ⫽ 6), and
sphere eye-up (‚, n ⫽ 6) groups on
days 14, 21, and 28 after treatment.
(b–e) Representative photographs of
corneas. Corneas were opaque in the
cryo (b), HCE (c), and sphere eye-up
(d) groups, and the anterior chamber
was not clearly visible. In contrast,
no corneal opacity was seen in the
sphere eye-down group (e).

rise to HCE, the characteristic hexagonal morphology, contact
inhibition as an antiproliferative mechanism,25 and the HCElike transport activity determined in the Ussing chamber20 –23
suggest that the spheres generated HCE-like cells with sufficient transport activity to modulate corneal hydration. Taken
together, these findings indicate that spheres isolated from
cultured HCE contain bipotential precursors and that their
progenies display essential HCE functions.
Our previous study demonstrated that spheres derived from
donor corneal HCE express an immature cell marker (nestin),
an immature neuronal marker (␤-III tubulin), and a mature glial
cell marker (GFAP), whereas their progenies express ␤-III tubulin and nestin.6 In contrast, the spheres and their progenies
in this study did not express neuronal markers and showed
decreased expression of immature cell markers. These findings

suggest that the precursors were closer in nature to the original
tissue and underwent differentiation during culture. Thus, precursors obtained from cultured HCE may be a more appropriate cell source than those from donor corneal HCE, because
precursors that efficiently differentiate into the original tissue
are an ideal tool for tissue regeneration or cell transplantation.
Sphere injection in the eye-down position, but not injection
of differentiated cultured HCE or sphere injection in the eye-up
position, restored HCE function and decreased corneal edema
in our rabbit bullous keratopathy model. Cells adhering to the
inner surface of the cornea, Descemet’s membrane, were DiIpositive in the sphere eye-down group, evidence that these
were HCE derived from injected spheres and not residual host
CE. DiI-positive spheres were barely detected in the trabecular
meshwork and iris surface, and injected spheres mainly at-

FIGURE 7. Histologic findings on HE staining. In the cryo (a), HCE (b),
and sphere eye-up (c) groups, corneal stromal edema was prominent
and no cells are present on Descemet’s membrane at the central
cornea. In contrast, a monolayer of cells can be detected on Descemet’s membrane in the sphere eye-down group. No mononuclear cell
infiltration is observed near Descemet’s membrane, suggesting no
immunologic rejection of the xenogeneic cells. Scale bar, 100 m.

FIGURE 8. Flatmount preparation under phase-contrast (a–d) and fluorescence (e–h) microscopy. At the central cornea, there are no cells
on Descemet’s membrane in the cryo (a, e), HCE (b, f), and sphere
eye-up (c, g) groups. In contrast, HCE-like hexagonal cells are present
in the sphere eye-down group (d). These cells are DiI positive (h).
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tached to and spread over the cornea in the sphere eye-down
group, suggesting that injection of spheres derived from cultured HCE and maintenance of an eye-down position may have
potential as a treatment strategy with minimal invasiveness for
CE deficiency instead of conventional full-thickness corneal
transplantation.
To perform regenerative medicine, amplification of stem
cells is required for each tissue or organ. Although much
attention has been paid to maintenance of the undifferentiated
nature (“stemness”) of stem cells and to promoting their amplification, the molecular mechanisms of stem cell replication
and differentiation are still not fully understood.26 In comparison with the amplification of adult stem cells, cultured cells
may be more easily used to produce original tissue-committed
precursors by the cell culture and sphere-forming method
demonstrated in this study. Similar techniques to produce
abundant precursors should be tested for various tissues as a
method of obtaining cells for regenerative medicine.
Allograft rejection is a leading cause of the failure of conventional full-thickness human corneal allografting with local
and/or systemic immunosuppressants.27,28 In a full-thickness
murine corneal xenotransplantation model, corneal xenografts
are rejected at approximately 2 to 16 days after transplantation.29 –33 In contrast, mouse corneal allografts34 and xenografts35 containing CE that are inserted into the anterior chamber can survive indefinitely or for 4 weeks, respectively,
without evidence of inflammation or rejection. No apparent
inflammatory reaction suggesting immunologic rejection has
been detected, even in the case of human-to-rabbit HCE sheet
xenotransplantation23 or HCE sphere xenotransplantation.
These findings suggest that HCE transplantation may have
some advantages over full thickness corneal grafting and that
the transplanted cells may survive in the anterior chamber
without rejection. This may be because antigen-presenting
cells of the recipient cannot efficiently recognize HCE located
between Descemet’s membrane and the aqueous humor, or
that the anterior chamber immune environment permits longterm acceptance and survival of histoincompatible cells.36,37
Long-term investigation of immunologic mechanisms is needed
to determine whether allograft or xenograft rejection occurs
after HCE transplantation.
We have established a method of mass production by isolation of precursors from cultured HCE using the sphere-forming assay. Transplantation of precursors into the anterior chamber and short-term maintenance of the eye-down position was
a simple and effective treatment strategy for rabbit bullous
keratopathy. This method of managing CE deficiency may replace conventional full-thickness corneal grafting and compensate for the worldwide shortage of donor corneas.

5.

6.

7.

8.

9.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

Acknowledgments
21.
The authors thank volunteer editor Dongli Yang (University of Michigan, Ann Arbor, MI) for editing the manuscript.
22.

References
1. Nunes MC, Roy NS, Keyoung HM, et al. Identification and isolation
of multipotential neural progenitor cells from the subcortical
white matter of the adult human brain. Nat Med. 2003;9:439 – 447.
2. Krause DS, Theise ND, Collector MI, et al. Multi-organ, multilineage engraftment by a single bone marrow-derived stem cell.
Cell. 2001;105:369 –377.
3. Toma JG, Akhavan M, Fernandes KJ, et al. Isolation of multipotent
adult stem cells from the dermis of mammalian skin. Nat Cell Biol.
2001;3:778 –784.
4. Coles BL, Angenieux B, Inoue T, et al. Facile isolation and the

Downloaded From: http://iovs.arvojournals.org/ on 10/02/2017

23.

24.
25.

26.

3643

characterization of human retinal stem cells. Proc Natl Acad Sci
USA. 2004;101:15772–15777.
Uchida S. Yokoo S, Yanagi Y, et al. sphere formation and expression of neural proteins by human corneal stromal cells in vitro.
Invest Ophthalmol Vis Sci. 2005;46:1620 –1625.
Yokoo S, Yamagami S, Yanagi Y, et al. Human corneal endothelium
precursors isolated by sphere-forming assay. Invest Ophthalmol
Vis Sci. 2005;46:1626 –1631.
Young HE, Duplaa C, Romero-Ramos M, et al. Adult reserve stem
cells and their potential for tissue engineering. Cell Biochem Biophys. 2004;40:1– 80.
Jeltsch H, Yee J, Aloy E, et al. Transplantation of neurospheres after
granule cell lesions in rats: cognitive improvements despite no
long-term immunodetection of grafted cells. Behav Brain Res.
2003;143:177–191.
Eriksson C, Bjorklund A, Wictorin K. Neuronal differentiation following transplantation of expanded mouse neurosphere cultures
derived from different embryonic forebrain regions. Exp Neurol.
2003;184:615– 635.
Zhang ZG, Jiang Q, Zhang R, et al. Magnetic resonance imaging
and neurosphere therapy of stroke in rat. Ann Neurol. 2003;53:
259 –263.
Wu S, Suzuki Y, Kitada M, et al. Migration, integration, and differentiation of hippocampus-derived neurosphere cells after transplantation into injured rat spinal cord. Neurosci Lett. 2001;312:
173–176.
Brady SE, Rapuano CJ, Arentsen JJ, Cohen EJ, Laibson PR. Clinical
indications and procedures associated with penetrating keratoplasty. Am J Ophthalmol. 1989;108:118 –122.
Mannis MJ, Krachmer JH. Keratoplasty: a historical perspective.
Surv Ophthalmol. 1981;25:333–338.
Cosar CB Sridhar MS, Cohen EJ, et al. Indications for penetrating
keratoplasty and associated procedures, 1996 –2000. Cornea.
2002;21:148 –151.
Mimura T, Yamagami S, Yokoo S, et al. Sphere therapy for corneal
endothelium deficiency in a rabbit model. Invest Ophthalmol Vis
Sci. 2005;46:3128 –3135.
Miyata K, Drake J, Osakabe Y, et al. Effect of donor age on
morphologic variation of cultured human corneal endothelial
cells. Cornea. 2001;20:59 – 63.
Reynolds BA, Weiss S. Generation of neurons and astrocytes from
isolated cells of the adult mammalian central nervous system.
Science. 1992;255:1707–1710.
Gritti A, Frolichsthal-Schoeller P, Galli R, et al. Epidermal and
fibroblast growth factors behave as mitogenic regulators for a
single multipotent stem cell-like population from the subventricular region of the adult mouse forebrain. J Neurosci. 1999;19:3287–
3297.
Kawase Y, Yanagi Y, Takato T, Fujimoto M, Okochi H. Characterization of multipotent adult stem cells from the skin: transforming
growth factor-beta (TGF-beta) facilitates cell growth. Exp Cell Res.
2004;295:194 –203.
Hodson S, Wigham C. The permeability of rabbit and human
corneal endothelium. J Physiol. 1983;342:409 – 419.
Wigham C, Hodson S. The effect of bicarbonate ion concentration
on trans-endothelial short circuit current in ox corneas. Curr Eye
Res. 1981;1:37– 41.
Wigham CG, Turner HC, Swan J, Hodson SA. Modulation of corneal endothelial hydration control mechanisms by Rolipram.
Pflugers Arch. 2002;440:866 – 870.
Mimura T, Yamagami S, Yokoo S, et al. Cultured human corneal
endothelial cell transplantation with a collagen sheet in a rabbit
model. Invest Ophthalmol Vis Sci. 2004;45:2992–2997.
Lendahl U, Zimmerman LB, McKay RD. CNS stem cells express a
new class of intermediate filament protein. Cell. 1990;60:585–595.
Joyce NC, Harris DL, Mello DM. Mechanisms of mitotic inhibition
in corneal endothelium: contact inhibition and TGF-beta2. Invest
Ophthalmol Vis Sci. 2002;43:2152–2159.
Sorrentino BP. Clinical strategies for expansion of haematopoietic
stem cells. Nat Rev Immunol. 2004;4:878 – 888.

3644

Mimura et al.

27. Wilson SE, Kaufman HE. Graft failure after penetrating keratoplasty. Surv Ophthalmol. 1990;34:325–356.
28. Price FW Jr, Whitson WE, Marks RG. Graft survival in four common
groups of patients undergoing penetrating keratoplasty. Ophthalmology. 1991;98:322–328.
29. Ross JR, Howell DN, Sanfilippo FP. Characteristics of corneal
xenograft rejection in a discordant species combination. Invest
Ophthalmol Vis Sci. 1993;34:2469 –2476.
30. Larkin DF, Takano T, Standfield SD, Williams KA. Experimental
orthotopic corneal xenotransplantation in the rat: mechanisms of
graft rejection. Transplantation. 1995;60:491– 497.
31. Yamagami S, Isobe M, Yamagami H, Hori J, Tsuru T. Mechanism of
concordant corneal xenograft rejection in mice: synergistic effects
of anti-leukocyte function-associated antigen-1 monoclonal antibody and FK506. Transplantation. 1997;64:42– 48.
32. Tanaka K, Yamada J, Streilein JW. Xenoreactive CD4⫹ T cells and
acute rejection of orthotopic guinea pig corneas in mice. Invest
Ophthalmol Vis Sci. 2000;41:1827–1832.

Downloaded From: http://iovs.arvojournals.org/ on 10/02/2017

IOVS, October 2005, Vol. 46, No. 10
33. Tanaka K, Yamagami S, Streilein JW. Evidence that Th2 cell derived cytokines and eosinophils contribute to acute rejection of
orthotopic corneal xenografts in mice. Transplantation. 2005;79:
1317–1323.
34. Yamada J, Streilein JW. Induction of anterior chamber-associated
immune deviation by corneal allografts placed in the anterior
chamber. Invest Ophthalmol Vis Sci. 1997;38:2833–2843.
35. Tanaka K, Yamada J, Joyce N, Streilein JW. Immunobiology of
xenogeneic cornea grafts in mouse eyes. I. Fate of xenogeneic
cornea tissue grafts implanted in anterior chamber of mouse eyes.
Transplantation. 2000;69:610 – 616.
36. Streilein JW, Niederkorn JY. Induction of anterior chamber-associated immune deviation requires an intact, functional spleen. J Exp
Med. 1981;153:1058 –1067.
37. Streilein JW. Anterior chamber associated immune deviation: the
privilege of immunity in the eye. Surv Ophthalmol. 1990;35:67–
73.

