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Fig. 1.

A photograph showing the median plane of the cornea.
Apparently, the central portion (C) is thinner than the periph-
eral portion (P). Scale bar=1 mm.

difference between the number of collagen lamellae in the
central portion (253 + 49 lamellae) and that in the peripheral
portion (236 + 22 lamellae). Collagen lamellae in the cen-
tral portion (796.2 £ 426.9 nm) tended to be thinner than
those in the peripheral portion (1,113.5 £ 562.9 nm) (Fig. 2).
CFT of the central portion (29.1 + 3.8 nm and 39.0 + 4.9%)
were significantly lower than those of the peripheral portion
(32.6 £ 3.5nm and 41.6 £ 4.8%) (Fig. 2). These results were
summarized in Table 1.

The difference between thickness of the central portion
and that of the peripheral portion of the cornea in the beagle
dog is somewhat consistent with that found in other species
[1, 17, 18]. Such a site-dependent difference appears to be
attributable to the difference in thickness of the substantia
propria, which occupies a large ratio of the cornea. The sub-
stantia propria is an important area for light passing through
in the cornea. In the corneal substantia propria, collagen
fibril diameter at the central portion was approximately 10%
smaller than that at the peripheral portion, and CFI was also
significantly lower at the central portion than at the periph-
eral portion by approximately 5%. These factors appeared
to be responsible for the difference in thickness of the col-
lagen lamellae, which reflected the difference in corneal
thickness.

The difference in collagen fibril diameter would reflect
difference in the composition ratio of collagen molecular
species and proteoglycans [2, 3, 7, 15, 20]. Furthermore, the
amount and types of proteoglycans could affect the arrange-
ment and density of collagen fibrils [8, 9]. Collagen from
both corneal portions was therefore extracted and site-
dependent difference in the composition ratio of collagen
molecular species was determined. As a result, type I (a2)
to type V (a1) collagen ratios in both portions were approx-
imately 75:25. In addition, ratios of decorin to lumican in
the central portion and the peripheral portion were 1:0.64
and 1:0.74, respectively (unpublished data). Although there
was no apparent site-dependent difference in the composi-
tion ratio of collagen molecular species, the amount of deco-
rin and lumican, the two major proteoglycans accumulated
in the corneal substantia propria, were found to be larger at
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Fig. 2. Transmission electron micrographs showing collagen
lamellae and collagen fibrils in the central portion and periph-
eral portion of the corneal substantia propria. Collagen lamel-
lae in the central portion (a) are thinner but more abundant than
those in the peripheral portion (b). Diameter of collagen fibrils
in the central portion (c) appeared to be smaller than that in the
peripheral portion (d) of the cornea. Scale bars=2 um (a, b)
and 200 nm (c, d).

the central portion than at the peripheral portion. Both pro-
teoglycans have been shown to inhibit an increase in col-
lagen fibril diameter and regulate fibrillar spacing [4, 9, 15].
Therefore, the larger accumulation of proteoglycans in the
central portion may be important for the production of many
small diameter collagen fibrils, resulting in thinness of the
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Table 1.

Morphological comparison of the central and periphera! portions of the cornea

Measurements

Central portion

Peripheral portion

Entire corneal thickness (mm})

Thickness ratio of substantia propria to entire cornea (%)

Number of collagen lamellae
Thickness of collagen lamellae (nm)
Collagen fibril diameter (nm)
Collagen fibril index (CFI) (%)

540.8 + 205.5% 7246+178.3
86.2 86.5
25349 236 +22
796.2 £ 426.9 1113.5+562.9
29.1 +3.8*% 326+35
39.0£4.9*% 41.6+48

Values are means + SD.

*Significantly different from peripheral cornea (p<0.05).

entire cornea. The central portion of the cornea was abun-
dant in the collagen fibrils of small diameter, which have
been shown to prevent slippage between collagen fibrils and
thereby impart their elasticity [10, 12-14, 16]. Since the
cornea covers the anterior part of the eyeball and constitutes
the outmost layer of the eyeball, these fibrils may also buffer
the direct impact of intraocular pressure on the central por-
tion of the cornea. The peripheral portion of the corneal
substantia propria was abundant in the collagen fibrils of
large diameter, which are characterized by high-density
intermolecular crosslink to provide a strong resistance to
tensile force [10, 12-14, 16]. Because the periphery of the
cornea continues with the sclera [1, 18], the abundance of
collagen fibrils with large diameter in the substantia propria
of this portion would also provide a strong resistance to ten-
sile force from the adjacent sclera. The present study has
revealed that the site-dependent difference in the cornea is
closely associated with function and maintenance of the
unique shape of the eyeball.
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Development of a New Assay System
for Evaluating the Permeability of Various Substances
Through Three-Dimensional Tissue
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A novel assay system with cell-dense three-dimensional (3D) tissue was developed for measuring the per-
meability of substances. In this paper, the permeabilities of various molecules containing nutrients, a cytokine,
and a chemokine were examined and analyzed. A single-layered cell sheet was approximately 20 um thick, and
as the number of layers of these cell sheets increased, so did the total thickness of the tissue. The diffusion rates of
glucose and pyruvic acid were reduced to approximately 30-40% by a single-layered cell sheet compared with
the control without the cell sheet, and the diffusion of both substances were completely inhibited by a qua-
druple-layered cell sheet. The diffusion rate of creatinin was reduced to approximately 50% and 15-20% by a
single-layered and by a quintuplet-layered cell sheet, respectively. On the other hand, the diffusion rate of
stromal cell-derived factor 1a, vascular endothelial growth factor, p2-microglobulin, and transferrin was re-
duced to approximately 10%, 5%, 20%, and 10%, by only a single-layered cell sheet, respectively. The diffusion of
these substances were completely inhibited by a double-layered cell sheet. These results show that the perme-
ability of substances through 3D tissue significantly decreased with the increase of the molecular weight.
Therefore, the system could give a simulated living-tissue condition for measuring the permeability of sub-
stances. To our knowledge, this is the first report about measuring the permeability of substances through cell-
dense 3D tissues without scaffolds. The assay system is believed to contribute to the progress of physiology,
metabology, biochemistry, and pharmacokinetics. Further, the system may give some hints for developing a new
dialysis membrane technology for an artificial kidney.

Introduction significantly different from that of three-dimensional (3D)

culture system in terms of their morphology, cell-to-cell

HERE ARE MANY REPORTS that described the adverse

effects, the permeability, and the uptakes of various
substances, including nutrients and drugs, by in wvitro cell
assay systems, which were designed and used model sys-
tems for the heart tissue, the small intestinal mucosa, the oral
mucosa, the blood-brain barrier, the blood-retinal barrier,
and so on.'™® These assay systems are essential in the field of
pharmacokinetics as well as in the understanding of bio-
chemistry, physiology, and metabology of tissues and or-
gans. An adequate assay system has a clear advantage as
in vitro models that could require no animal experiments. To
date, experiments in these fields have relied on assays using
two-dimensional (2D) single-layered cell cultures. Two-
dimensional culture system is too simple in comparison with
actual living tissues or organs. Cells of 2D culture system are

interactions, surrounding extracellular matrix, proliferation
rates, and differentiation.”® These differences may affect
their gene expression and other biological activities. It is
believed that 3D culture system can simulate in vivo situa-
tions.”'%"* An in vitro assay system using 3D tissues would,
therefore, be clearly desirable in the fields described above.

Three-dimensional tissues can be re-constructed in wvitro
using tissue engineering techniques.'> Conventional tissue
engineering has employed 3D scaffolds (e.g., polyglycolic
acid, collagen gel, and gelatin) that are useful as alternatives
for extracellular matrix, and cells are seeded into the scaf-
folds. However, 3D tissues fabricated by using the scaffolds
are extremely cell-sparse tissues because of insufficient cell
migration into the scaffolds."®* In an attempt to improve this
situation, our laboratory has created and utilized an original

'Institute of Advanced Biomedical Engineering and Science, TWIns, Tokyo Women’s Medical University, Tokyo, Japan.
Department of Cardiology, Keio University School of Medicine, Tokyo, Japan.
*Department of Reproductive Biology and Pathology, National Research Institute for Child Health and Development, Tokyo, Japan.

*These three authors contributed equally to this study.
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technology called cell sheet engineering,'® which can prepare
3D tissues without the scaffolds by layering cell sheets har-
vested from temperature-responsive culture dishes.'*™** This
method allows cell harvest to require no proteolytic treat-
ments and to preserve cell-to-cell connections completely.?%?!
The technique also can control the thickness of re-constructed
3D tissues by manipulating the number of cell layers. There-
fore, 3D tissues fabricated by the cell sheet engineering are
suitable as an in vitro cell-dense 3D tissue model.

In this study, we develop a new assay system that uses
cell-dense 3D tissues made by the cell sheet engineering in
conjunction with a modified cell culture insert, and mea-
sured the permeability of various substances, including nu-
trients, a cytokine, and a chemokine, through the cell-dense
3D tissues for verifying the usefulness of the system.

Materials and Methods

Culture of C2C12 mouse skeletal myoblast cell lines
and human endometrial gland—derived
mesenchymal cells

C2C12 mouse skeletal myoblast cell lines were purchased
from Dainippon Sumitomo Pharma (Osaka, Japan). C2C12
cells and human endometrial gland-derived mesenchymal
cells (EMCs)? were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich Japan, Tokyo) supple-
mented with 10% fetal bovine serum (Japan Bio Serum,
Nagoya, Japan) and 1% penicillin and streptomycin (In-
vitrogen, Carlsbad, CA). These cells were cultured at 37°C
in a humidified atmosphere with 5% CO,.

A device for permeability experiments

A device was developed by modifying a cell culture insert
(the membrane pore size: 3um; Becton, Dickinson and
Company, Franklin Lakes, NJ) as shown in Fig. 1. Briefly,
a round polyethylene terephthalate film (diameter: 30 mm)
having a hole in its center (diameter: 5mm) was glued to the
outside-bottom of the membrane of the cell culture insert
with cyanoacrylate adhesive (Toagosei, Tokyo, Japan) (Fig. 1).
A single cell sheet or a several layered cell sheet was then
placed on the bottom of the device, covering the permeance
hole, as described in detail below (Fig. 2A-E). Thus, sub-
stances in the upper medium could diffuse only through the
cell sheets and the permeance hole.

Preparation of cell sheets and the manipulation
of the cell sheets into layered constructs

Cell suspensions were plated onto a 35 mm temperature-
responsive culture dish (Upcell; CellSeed, Tokyo, Japan) at
6x10° cells/dish (for C2C12 cells) or 1x10° cells/dish (for
EMCs). After 3 days (C2C12 cells) or 4 days (EMCs), the
culture dishes were placed in a separate CO, incubator set at
20°C. Each cell sheet with its medium was gently aspirated
into a tip of a pipette and put on the bottom membrane of the
device one at a time. An additional medium was then poured
into the upper part of the device, having the cell sheet for
spreading out any folded portions. Once the cell sheet was
spread out, the medium was aspirated away, and the device
was incubated for 60 min at 37°C to allow the cell sheet to fully
adhere to the bottom membrane of the device. Cell sheets
were layered by repeating the following procedure: detaching
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FIG.1. A device to measure the permeability of substances.
A schematic illustration of the device as viewed from the side
is shown in (A). (B) is a photograph as viewed from the
bottom.

another cell sheet from a temperature-responsive culture dish
and stacking it onto the first cell sheet. In this manner, triple-,
quadruple-, and quintuple-layered constructs were created.
After 60 min incubation, a fresh medium was added to the
device’s upper and lower parts, and the device was incubated
at 37°C for 24 h. Upon the end of the incubation, the culture
media of the upper and lower parts were separately collected
and were used for chemical and protein analyses, and en-
zyme-linked immunosorbent assay (ELISA). The volumes of
the upper and lower media were also measured.

Histological analysis

Cell sheets on the device were fixed with 4% parafor-
maldehyde. Specimens were embedded in paraffin, sectioned,
and stained with hematoxylin and eosin. Prepared specimens
were examined by a microscope (Elipse TE2000-U; Nikon,
Tokyo, Japan).

Medium, chemical, and proteins

Glucose/pyruvic acid-deficient DMEM was purchased
from Invitrogen; creatinin, human PB2-microglobulin, and
human transferrin were from Wako Pure Chemicals (Tokyo,
Japan); human vascular endothelial growth factor (VEGF)
and human stromal-derived factor 1o (SDF-1a) were from
Funakoshi (Tokyo, Japan).

Chemical and protein analyses, and ELISA

Concentrations of glucose, pyruvic acid, and creatinin
were measured by the hexokinase UV method,” the pyruvate
oxidase method,?* and an enzymatic method by SRL (Tokyo,
Japan), respectively. Concentrations of f2-microglobulin and
transferrin were measured by a latex agglutination test (SRL).
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PET film

Cell sheet

t

% Permeance hole

FIG. 2. Morphological and histological observation of single cell sheets and of cell sheets with several layers. The photo-
graph (A) shows a monolayer EMC sheet on a new device; (B), a double-layered EMC sheet; (C), a triple-layered EMC sheet;
(D), a quadruple-layered EMC sheet; and (E), a quintuplet-layered EMC sheet. Cross-sectional observation of layered C2C12
cell sheets (F-]J) and EMC sheets (K-O). Photographs (F) and (K) show single-layered cell sheets; (G) and (L), double-layered
cell sheets; (H) and (M), triple-layered cell sheets; (I) and (N), quartet-layered cell sheets; (J) and (O), quintet-layered cell

sheets. Scale bars indicate 100 pm.

Amounts of human VEGF and SDF-12 were quantitated by a
commercially available ELISA kit (Funakoshi).

Relative permeability and relative residual amount
of each substance

Permeability of each substance was calculated by the
following equation:

The concentration of a substance
in the lower medium

100
olume of the lower medium 8

Permeability = ™
ev

For comparison, the permeability of a substance without a
cell sheet was assumed to be 100% (the control permeability),
and its relative permeability through a cell sheet was calcu-
lated by the following equation:

The permeability of a substance
through a cell sheet

The control permeability

Relative

permeability - 100

The residual amount of a substance was calculated by the
following equation:

Residual amount = [the amount of a substance remaining
in the upper medium after incubation for 24 h] + [the amount
of a substance in the lower medium after incubation for 24 h].

The residual amount without the cell sheet was estimated
at 100% (the control residual amount). Relative residual
amounts were then calculated for substances by the follow-
ing equation:

The residual amount of a substance
for 24 h with cell sheet
The control residual amount

Relative residual

x100
amount

Data are expressed as mean =+ SD.

Results
Morphologic analysis of cell sheets

The cross sections of single-layered and multi-layered cell
sheets were observed. When the culture temperature was
decreased from 37°C to 20°C, C2C12 cells or EMCs on a
temperature-responsive culture dish were detached as a
contiguous cell sheet. Those cell sheets shrunk horizontally
due to the cytoskeletal tensile reorganization. As a result,
those cell sheets consisted of two or three cell layers, and
the thickness of the cell sheets became approximately 20 um
(Fig. 2F, K). The addition of a layered cell sheet to a tissue
increased the total tissue’s thickness by the thickness of the
added cell sheet (Fig. 2F-], the C2C12 cell sheet; Fig. 2K-O,
the EMC sheet). These results show that cell sheet engi-
neering can control the thickness of 3D tissues.

Permeability of the substances
through layered cell sheets

Because nutrients (pyruvic acid and glucose) are vital for
living tissues, the permeability through the 3D tissue is a
basic factor for tissue engineering. Therefore, our first ex-
periments assessed the permeability of the nutrients through
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C2C12 cell sheets by adding DMEM into the upper section of
the device and glucose/pyruvic acid—deficient DMEM into
the lower part. The permeabilities of pyruvic acid and glu-
cose were inhibited by approximately 60% (in other words, it
was reduced to approximately 40%) by a single-layered
C2C12 cell sheet (Fig. 3A, B). As the number of layered cell
sheets increased, the permeabilities of pyruvic acid and
glucose decreased. Almost complete inhibition of the per-
meability was observed upon the use of a quadruple-layered
or a quintuple-layered cell sheet (Fig. 3A, B). Similar results
were also observed using EMC sheets (Fig. 3D, E).

In the next set of experiments, the permeabilities of creati-
nin, B2-microgloblin, and transferrin were examined, because
these are important substances for measuring the kidney
glomerulus function.””® DMEM containing creatinin, $2-
microglobulin, or transferrin was added to the upper part of
the device, while DMEM without these substances was added
to the lower part. The permeability of creatinin was inhibited
by approximately 50% by a single-layered C2C12 cell sheet
(Fig. 3C). Again, as the number of layered cell sheets in-
creased, the sheets’ collective inhibitory effects increased. The
permeability of creatinin was inhibited by approximately 85%
by a quintuple-layered cell sheet (Fig. 3C). On the other hand,
the permeabilities of p2-microglobulin and transferrin were
inhibited by approximately 80% and 90% by only a single-
layered C2C12 cell sheet, respectively, and both were almost
completely inhibited by a double-layered cell sheet (Fig. 4A,
B). Similar results were also observed using EMC sheets (Figs.
3Fand 4D, E).

In the third set of experiments, the permeabilities of VEGF
and SDF-1o were examined, because these substances are
important in the regeneration of tissues.”””® DMEM con-
taining either SDF-1a or VEGF was added to the upper part
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of the device, while DMEM was added to the lower part.
C2C12 cells secreted SDF-1a, and EMCs secreted VEGF, but
not SDF-10. (data not shown). A human-specific VEGF ELISA
kit, which is unable to cross react with mouse VEGF, was
used to detect VEGF. Therefore, only C2C12 cell sheets were
used for determining the permeability of VEGF, and only
EMC sheets were used for determining the permeability of
SDF-1c.. The permeability of VEGF was inhibited by ap-
proximately 95% (in other words, it was reduced to 5%) by a
single-layered C2C12 cell sheet and was almost completely
inhibited by a double-layered cell sheet (Fig. 4C). Likewise,
the permeability of SDF-1a was inhibited by approximately
90% by a single-layered EMC sheet and was almost com-
pletely inhibited by a double-layered cell sheet (Fig. 4F).

The rate of consumption of glucose and pyruvic acid in-
creased as the number of cell sheets increased. Once tissues
had more than triple-layered cell sheets, the increase of the
rate slowed (Fig. 5A, B). Similar tendency was also observed
in the experiments using EMC sheets (Fig. 5C, D). In contrast,
the amount of creatinin, SDF-1x, VEGF, p2-microglobulin,
and transferrin was hardly changed during incubation with
layered cell sheets (data not shown).

Discussion

Many reports have already been published regarding the
permeability and uptake of various substances through a
single-layered of cells.”® The present study is unique and
original because our new assay system can measure the per-
meability of substances through cell-dense 3D tissues rather
than a single-layered of cells. The cell-dense 3D tissue was
prepared by cell sheet engineering, and the device was made
by our laboratory.
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Permeability of low-molecular-weight substances. The graph (A) shows pyruvic acid experiment through C2C12 cell

sheets; (B), glucose; and (C), creatinin. The graph (D) shows pyruvic acid experiment through EMC sheets; (E), glucose; and

(F), creatinin. The data are expressed as mean=+SD (n=4).
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First, we used our assay system to examine the perme-
ability of nutrients across 3D tissues (Fig. 3). The results
suggested that the cells that were separated from their nu-
trient source by more than triple-layered cell sheets were
severely starved of nutrients. Both in vivo and in vitro, cell
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death was found to be common in engineered tissues of
more than triple-layered cell sheets, though the same kinds
of cells usually survive without necrosis in tissues consisting
of a single-, 2 double-, or a triple-layered cell sheet® (Sekine,
W., Haraguchi, Y., Shimizu, T., Umezawa, A., and Okano, T.,

FIG.5. Consumption of nutrients during
incubation with layered cell sheets. The
graph (A) shows relative residual amount
of pyruvic acid after incubation with
C2C12 cell sheets, and (B) shows that of
glucose. The graph (C) shows relative
residual amount of pyruvic acid after
incubation with EMC sheets, and (D)
shows that of glucose. The amounts of
substances taken after 24 h without the cell
sheet were assumed to be 100%. The data
are expressed as mean £ SD (n=4).
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unpublished observation). Our results suggested that insuf-
ficient diffusion of nutrients induces a rapid cell death in the
thick tissues. Other reports, in contrast, have claimed that
glucose could penetrate into 3D tissues via a scaffold con-
taining skeletal muscle myoblasts.*® The report showed that
glucose concentrations only decreased from 4.28 mmol/L at
the edge of the tissue to 3.18 mmol/L. at the depth of 2 mm.»
This result is profoundly different from ours; the inconsis-
tency is probably due to different cell densities of 3D tissues
of the two studies. In this study, 3D tissues, which were
fabricated by cell sheet engineering, were constructed with-
out 3D scaffolds described above and were, therefore, very
cell dense. In contrast, in the reported study, 3D tissues fab-
ricated using scaffolds were very cell sparse due to insuffi-
cient cell migration into the scaffolds. Nevertheless, both our
study and that of Davis et al.** present important data that are
relevant to the field of tissue metabology.

In another set of experiments, the permeability of
high-molecular-weight substrates (SDF-1e, VEGF, f2-
microglobulin, and transferrin) was completely inhibited by
a double-layered cell sheet. These results show that cells in
tissues that are only one or two layers thick can be deficient
in growth factors or cytokines. We propose that the forma-
tion of functional microvessels is necessary to supply these
large molecules into the interiors of 3D tissues. On the other
hand, VEGF and SDF-1a have received a great deal of at-
tention from the field of regenerative medicine.””*® The for-
mer is intimately involved in angiogenesis, and the latter
with stem cell homing. In fact, VEGF has even been used in
clinical therapy, and in animal experiment; SDF-la could
improve myocardial function after infarction**”® It is
thought that the effectiveness of these factors depends on the
efficiency of diffusion into the treated area. In the present
study, we showed that these factors were unable to diffuse
efficiently into the cell-dense tissues. Thus, the successful
implementation of cytokine therapy will require a develop-
ment of techniques that can help these factors diffuse effi-
ciently. Our assay system using cell-dense 3D tissues may be
useful for the development of efficient cytokine therapy.

In this article, the permeability of substances through cell-
dense 3D tissue was shown to be significantly reduced
depending on the molecular weight (Figs. 3 and 4). This
observation agrees with a report that the permeability of
mannitol (molecular weight: 182) through a single-layered of
brain capillary endothelial cell lines on a cell culture insert
was approximately twice as great as that of inulin (molecular
weight: 5,000).% These results showed that the permeability
of substances through 2D cell culture and 3D tissues was
significantly reduced with the increase of molecular weight,
and that our assay system is feasible as an assay system to
measure the permeability of substances through 3D tissues.

Drug development requires the development of in vitro
assay systems that simulate actual living tissues and organs.
In addition, an adequate assay system has a clear advantage
as an in vitro model that require no animal experiments. The
researcher should try as much as possible to replace the
animal model with an alternative nonanimal model® It is
generally thought that 3D culture systems resemble in vivo
situations much more closely than 2D culture systems.”'%"!
Cell sheet engineering gives the fabrication of cell-dense 3D
tissues without biodegradable scaffolds. Therefore, for ex-
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ample, layered cardiomyocyte sheets interact directly with
each other and can couple electrically, resulting in synchro-
nously beating 3D myocardial tissues in vitro. 3> In vivo
subcutaneous transplantation of layer cardiomyocyte sheets
also demonstrated that these synchronously beating heart-
like tissues survive for over 1 year.™® Our in vitro 3D assay
system using cell sheet engineering is thought to be proper
for in vivo situation. Therefore, our assay system has poten-
tial to reduce animal experiment. In addition, the cell sheet
engineering also enables the fabrication of complicated
heterogeneous tissues. In fact, our laboratory previously re-
ported about heterogeneous 3D coculture comprising hepa-
tocytes and endothelial cells using the technique’* The
hepatocytes of the 3D culture system showed a differentiated
cell shape and the extensive albumin expression of hepato-
cytes, which were never seen in hepatocyte monoculture. ™
Combination of our assay system and heterogeneous layer-
ing cell sheets can allow us to analyze pharmacologically
and pharmacokinetically complicated 3D tissues such as the
blood-brain barrier, the small intestinal mucosa, and the
kidney glomerulus. For example, the blood-brain barrier
model can be fabricated by a combination of an endothelial
cell sheet, a pericyte sheet, and an astrocyte sheet.

Several novel therapies containing a hybrid bioartificial
kidney for the treatment of kidney failure are tried clinical-
ly.* The hybrid bioartificial kidney is combined with dialysis
membrane and cells. In this study a device by modifying a
cell culture insert was used. By the replacement of the device
dialysis membrane and cell sheet, a new hybrid-type artifi-
cial kidney model device can also be fabricated easily.
Therefore, our assay system may be applied in the field of
dialysis membrane technology.

Conclusions

We have developed a new model system that measures
the permeability of substances through cell-dense 3D tissues
using cell sheet engineering and a modified cell culture in-
sert, and analyzed in detail the permeability of various
molecules. It has been shown that our assay system is fea-
sible as an assay system to measure the permeability of
substances through 3D tissues using substances that have
various molecular weights. This is the first report about
measuring the permeability of substances through cell-dense
3D tissues without scaffolds. The thickness of the tissues can
be also controlled easily as shown in Figure 2. Our assay
system represents a significant advancement and offers
much exciting potential in the fields of biochemistry, physi-
ology, metabology of tissues, cytokine therapy, drug devel-
opment, and dialysis membrane technology.
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Corneal epithelial stem cells (CESCs) are essential for maintaining the ocular surface. However, the lack of
surface markers for CESCs remains a serious obstacle in the identification of CESCs. Previously, we
showed that rabbit limbal epithelial side population (rLE-SP) cells exhibited stem cell phenotypes includ-
ing increased expression of CD61, a marker for mouse hematopoietic stem cells. Here, we demonstrate
that nectin-3, an immunoglobulin-like cell-cell adhesion molecule, is highly expressed in rLE-SP cells.
Additionally, nectin-3* cells were significantly enriched among CD61°rLE-SP cells as compared to
CD61rLE-SP cells. In mouse bone marrow side population cells, a correlation between expression of nec-

:it;:‘p?;lulm i tin-3 and CD61 was also observed. These data strongly suggest that nectin-3 may contribute to the iden-
Nectin-3 tification of CESCs.

CD61 © 2009 Elsevier Inc. All rights reserved.
Introduction including maintenance of quiescent state, which is unlike previ-

In stem cell biology, the identification of markers that distin-
guish stem cells from their differentiated progeny is essential for
a clear understanding of stem cell properties. In the corneal epithe-
lial system, stem cells are thought to reside in the basal layer of the
limbal epithelium [1-3], a transitional zone between the cornea
and the peripheral bulbar conjunctiva. Corneal epithelial stem cells
(CESCs) maintain the ocular surface by generating transient ampli-
fying cells that migrate, proliferate and differentiate to replace lost
or damaged corneal epithelial cells [3-5]. However, the lack of
definitive surface markers remains a serious obstacle to the
unequivocal identification of CESCs. Although colony-forming as-
says and pulse-chase experiments with labeled thymidine are tra-
ditionally used to identify epithelial stem cells, these cannot
accurately assess their function.

We previously demonstrated that the rabbit limbal epithelium
contains side population (SP) cells with stem cell-like phenotypes

Abbreviations: CESC, corneal epithelial stem cell; HSC, hematopoietic stem cell;
CD34KSL, CD34 " /c-kit*/Sca-1*/Lineage~; SP, side population; rLE-SP, rabbit limbal
epithelial side population; mBM-SP, mouse bone marrow side population; TPS-A,
tryprostatin-A; NSP, non-side population; ABCG2, ATP binding cassette transporter
G2; jam-b, junction adherence molecule-b; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

* Corresponding author. Fax: +81 3 3358 7428.
E-mail address: myamato@abmes.twmu.ac.jp (M. Yamato).

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.08.130

ously defined epithelial stem cells that showed high proliferation
ability in vitro under the culture conditions for epithelial cells [6].
This strongly suggested that rabbit limbal epithelial SP (rLE-SP)
cells might allow for new insights into epithelial stem cell popula-
tions. Moreover, we recently found that high expression of CD61
was commonly observed in SP cells derived from either mouse
bone marrow or rabbit limbal epithelium, and we demonstrated
that the CD61"8" population exhibited superior ability for long-
term repopulation in mouse bone marrow SP (mBM-SP) cells or
CD34 " [c-kit*/Sca-1*/Lineage~ (CD34 KSL) cells, which is regarded
as one of the most enriched HSC populations [7,8]. Recently, nec-
tin-3, an emerging immunoglobulin (Ig)-like cell-cell adhesion
molecule at adherence junctions (AJs), was reported to play pivotal
roles in the cross-talk between cell-matrix and cell-cell junctions
as well as the formation of cadherin-based AJs by cooperating with
CD51/CD61 (integrin ayB3) signals [9].

In the present study, we found that nectin-3 was highly ex-
pressed in rLE-SP cells exhibiting high expression of stem cell
markers, suggesting that nectin-3 might be a marker of CESCs.

Materials and methods

Cell preparation. Cell suspensions of rabbit limbal epithelial cells
and mouse bone marrow were prepared from New Zealand white
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rabbits and C57BL/6 mice, respectively, as described previously
[6,10].

Hoechst 33342 exclusion assay using fluorescence activated cell
sorting (FACS). Analysis and sorting of SP cells were performed as
described previously [6,10]. Briefly, isolated rabbit limbal epithelial
cells or mouse bone marrow Lineage™ cells obtained by magnetic
cell sorting (Auto MACS system, Miltenyi Biotec, Inc., Bergisch
Gladbach, Germany) were stained with 5 pg/ml Hoechst 33342
(Sigma, St. Louis, MO) for 90 min at 37 °C. For inhibition experi-
ments, 50 uM of tryprostatin-A (Alexis Biochemicals, Carlsbad,
CA) was added to the staining medium 30 min before the addition
of Hoechst 33342. Analysis and cell sorting were then performed
using an EPICS® ALTRA FACS analysis system (Beckman Coulter,
Fullerton, CA).

Gene expression analysis. Gene expression analysis was per-
formed as described previously [6,10]. Briefly, total RNA was ob-
tained from 10,000 cells of each population using Isogen
(Nippongene, Tokyo, Japan), followed by synthesis of single
stranded cDNA with the Superscript First-strand System III for
RT-PCR (Invitrogen, Carlsbad, CA). Primer pairs and TagMan®
MGB probes were designed for the indicated genes with the Taq-
Man® gene expression assay™ (Applied Biosystems, Foster City,
CA). Quantitative PCR was performed with a 7300 Real Time PCR
System (Applied Biosystems). mRNA expression levels were nor-
malized with the expression level of GAPDH.

Immunofluorescence analysis. Cells isolated by FACS were fixed
with 4% paraformaldehyde, followed by permeabilization with
0.2% Triton X-100. After incubation with 5% bovine serum albumin
(Sigma) to block nonspecific reactions, cells were incubated with
anti-nectin-3 antibody (H-245, Santa Cruz Biotechnology, Inc., San-
ta Cruz, CA) and anti-CD61 antibody (C-20, Santa Cruz Biotechnol-
ogy, Inc.) for 1 h at room temperature and washed three times with
Dulbecco’s phosphate buffer saline (PBS). Cells incubated identi-
cally with normal rabbit and goat IgG were used as negative con-
trols. After incubation with Alexa Fluor® 546-conjugated anti
rabbit IgG antibody (Molecular Probes, Eugene, OR) and Alexa
Fluor® 488-conjugated anti goat IgG antibodies (Molecular Probes)
for 1 h at room temperature, cells were again washed three times
with PBS. Stained cells were finally counter-stained with 10 pg/
ml Hoechst 33258 to visualize cell nuclei and observed using con-
focal laser scanning microscopy (LSM510 Laser Scanning Micro-
scope, Carl ZIEEZ, Germany).

Results

Rabbit limbal epithelial cells were subjected to a Hoechst 33342
dye efflux assay that detected a distinct SP cell population with re-
duced Hoechst 33342 blue/red fluorescence (Fig. 1A; 0.40% gated
cells). Treatment with tryprostatin-A (TPS-A), a specific inhibitor
of a mediator of the SP phenotype (ATP binding cassette trans-
porter G2, or ABCG2), eliminated this population (Fig. 1B). More-
over, much higher expression of ABCG2 was observed in rLE-SP
cells than in non-SP (NSP) cells. In addition, compared to NSP cells,
rLE-SP cells showed higher expression of stem cell markers such as
jam-b (junction adherence molecule-b), which is highly expressed
in several stem cells [11]; nucleostemin, which controls the cell cy-
cle and maintenance capacities of various stem cells [12-14]; and
CD61 (Fig. 1B). These results strongly supported the idea that rLE-
SP cells are enriched with CESCs.

To identify candidate CESC markers, we focused on six surface
molecules (MMP-14, CD47, CD36, nectin-1, nectin-3, and necl-5)
that were reported to be associated with CD61. MMP-14, also
known as MT1-MMP, was reported to activate MMP-2 by cooper-
ating with CD51/CD61 [15,16]. CD47, also known as integrin-asso-
ciated protein (IAP), is physically and functionally associated with
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Fig. 1. Rabbit limbal epithelial SP (rLE-SP) cells strongly express stem cell markers.
Epithelial cells were removed from the limbus and analyzed for Hoechst 33342
efflux by FACS. SP cells were detected in limbal epithelial cells after Hoechst 33342
staining (A). In the dot plot of (a), the cells denoted by each enclosed area were
regarded as rLE-SP cells or rLE-NSP cells for further characterization. Limbal
epithelial cells were pre-treated with tryprostatin-A (TPS-A), a specific inhibitor of
ABCG2 (b), prior to staining with Hoechst 33342. Using isolated rLE-SP cells and
rLE-NSP cells, expression of stem cell markers was examined with real-time
quantitative PCR (B). Relative expression of the selected genes was normalized to
that of GAPDH for each sample. mRNA expression of ABCG2 (a), jam-b (b),
nucleostemin (c), and CD61 (d) are shown. Expression levels were determined from
rLE-SP cells: black bars, and rLE-NSP cells: white bars, for each individual mRNA.
Data represent the mean value from four to six samples. Error bars indicate the SD
(*p < 0.05).

CD61 (CD51/CD61) and involved in the increase in intracellular
calcium concentration that occurs upon endothelial cell adhesion
to the extracellular matrix [17]. CD36, also known as thrombo-
spondin receptor/scavenger receptor, was also reported to associ-
ate with CD61 [18]. Nectin-1, nectin-3, and necl-5, members of
the nectin/necl family, were reported to regulate cell functions
such as migration, proliferation and AJ formation by cooperating
with CD51/CD61 [19].

Quantitation of the expression of these genes in rLE-SP cells
using real-time quantitative RT-PCR revealed that nectin-3 and
necl-5 are more highly expressed in rLE-SP cells than in NSP cells
(Fig. 2e and f). In contrast, differential expression of nectin-1 and
CD47 was not observed between rLE-SP cells and NSP cells
(Fig. 2b and d), and neither CD36 nor MMP-14 expression was de-
tected in any of the fractions (Fig. 2a and c). Therefore, these results
suggest that the expression of nectin-3 and necl-5 is specifically
enhanced in CESCs.

Since SP phenotype is accepted as a common property of so-
matic stem cells, we speculated that the expression pattern of
genes concerned with characters of somatic stem cells may be con-
served among SP cells isolated from various tissues. Therefore, fur-
ther screening was performed by gene expression assays for
molecules highly expressed in rLE-SP cells using mBM-SP cells,
which were regarded as a population of quiescent HSCs. When



276 R. Kusanagi et al. / Biochemical and Biophysical Research Communications 389 (2009) 274-278

b c d c d
01r 80r 0.1 1.5 6 ar
™ (o
60} st
= o L
P 1 4}
<
) 40} 2F
k] 0.5} 2t
o
X 20} 1F
olyonn. o olrono O 0 0
MMP-14 CD47 CD36 nectin-1 nectin-3 necl-5

Fig. 2. Expression of CD61-associated molecules in rLE-SP cells. Using total RNA
derived from rLE-SP cells and rLE-NSP cells, expression of the indicated CD61-
associated molecules was investigated by real-time quantitative PCR. Relative
expression of the selected genes was normalized to that of GAPDH for each sample.
mRNA expression of MMP-14 (a), CD47 (b), CD36 (c), nectin-1 (d), nectin-3 (e), and
necl-5 (f) are shown. Expression levels were determined from rLE-SP cells: black
bars, and rLE-NSP cells: white bars, for each individual mRNA. Data represent the
mean value from four to six samples. Error bars indicate the SD (*p < 0.05).

the expression of nectin-3 and necl-5 was examined in mouse bone
marrow, only nectin-3 showed significantly higher expression in
SP cells compared to NSP cells (Fig. 3). Therefore, we focused on
nectin-3 as a candidate CESC marker.

Since the gene expression analysis showed that higher mRNA
expression of nectin-3 was observed in rLE-SP cells, rLE-SP cells
were subjected to immunofluorescent staining to confirm expres-
sion of nectin-3 at the protein level. Analysis with a confocal laser
microscope revealed that a portion of rLE-SP cells expressed nec-
tin-3 (Fig. 4A). Additionally, the frequency of nectin-3* cells was
higher in rLE-SP cells than in NSP cells (Fig. 4A). In mouse bone
marrow, the relationship between nectin-3* cells and SP cells
was similar to that in rabbit limbal epithelium (Fig. 4A).

Previously, we demonstrated that CD61"€" fractions signifi-
cantly contained more HSCs than CD61%"Y fractions in SP and
CD347KSL cells [7,8]. Therefore, we examined the expression of
nectin-3 in a CD61"8" population of rLE-SP cells, since rLE-SP cells
also display enhanced CD61mRNA levels (Fig. 1). When limbal epi-
thelial cells were stained with anti-CD61 antibody, the frequency
of CD61" cells was also higher in rLE-SP cells than in NSP cells (data
not shown). Moreover, the majority of the CD61" fraction in rLE-SP
cells showed expression of nectin-3 (Fig. 4A and B). In contrast, the
CD61~ fraction in rLE-SP cells contained hardly any nectin-3" cells
(Fig. 4A). In mBM-SP cells, nectin-3* cells were also enriched in the

CD61" fraction, but not in the CD61~ fraction (Fig. 4A and B). Thus,
these results strongly support the idea that CESCs preferentially
express nectin-3.

Discussion

Herein, we demonstrated that nectin-3 is highly expressed in
both rLE-SP cells (Fig. 2) and mBM-SP cells (Fig. 3). Moreover, fur-
ther enhanced expression of nectin-3 was observed in CD61" frac-
tions of rLE-SP and mBM-SP cells (Fig. 4). Therefore, these results
indicate that CESCs exhibit high expression of nectin-3. However,
it seems that expression of nectin-3 is not a completely specific
phenotype for CESCs, since a small portion of NSP cells (the per-
centage is low but not dismissible) showed expression of nectin-
3 in limbal epithelium (Fig. 4). Therefore, combination with an-
other stem cell marker (such as the SP phenotype (ABCG2)) is
essential for high-grade identification and isolation of CESCs.

Unlike generally accepted epithelial stem cells that display high
proliferative potential in vitro, rLE-SP cells exhibited no prolifera-
tive capability in vitro under normal culture conditions for epithe-
lial cells [6]. However, rLE-SP cells had stem cell-like properties,
including growth arrest in the quiescent state [6], thus meeting
the criteria of other adult stem cells [20]. To accurately identify
epithelial stem cells, it seems important to meet the criteria shared
with various adult stem cells such as HSCs that are regarded to
generally reside in the quiescent state [20]. We previously focused
on CD61 by comparison between SP cells derived from rabbit lim-
bal epithelium versus mouse bone marrow [7]. In the present
study, the possibility that CESCs highly express nectin-3 was raised
from the genes whose expression is commonly increased in these
SP cells. Thus, comparisons between SP fractions derived from dif-
ferent tissues seem likely to contribute to screening for a marker of
somatic stem cells.

The nectin family is associated with afadin via its intracellular
domain, which regulates many biological events such as cell adhe-
sion, polarity, proliferation and migration by modulating outside-
in signals via integrin family and cytokine receptors [9,19,21].
Actually, nectin-3 was reported to cis-interact with CD51/CD61
at nectin-based cell-cell adhesion sites, and activation of CD51/
CD61 was controlled by nectin signaling in response to the condi-
tion of AJs [9]. Previously, we suggested that CD61 was involved in
HSC function due to the correlation between expression of CD61
and the ability for long-term repopulation [7,8]. In the present
study, we showed that the majority of CD61" rLE-SP cells express
nectin-3, and these molecules co-localize on the plasma membrane
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Fig. 3. Expression of CD61-associated molecules in mouse bone marrow SP (mBM-SP) cells. Mouse bone marrow Lineage ™ cells obtained by MACS were stained with Hoechst
33342 (A) and sorted into SP and NSP cells, respectively (a). Lineage™ cells were pre-treated with tryprostatin-A (TPS-A), a specific inhibitor of ABCG2 (b), prior to staining
with Hoechst 33342. After isolation, total RNA extracted from mBM-SP cells and mBM-NSP cells was subjected to real-time quantitative PCR (B). The expression of the
selected genes was normalized to that of GAPDH for each sample. mRNA levels of nectin-3 (a) and necl-5 (b) are shown. Expression levels were determined from mBM-SP
cells: black bars, and mBM-NSP cells: white bars, for each individual mRNA. Data represent the mean value from four to six samples. Error bars indicate the SD (*p < 0.05).
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A Rabbit Mouse

limbal epithelium  bone marrow

NSP 0.78 (8/1349) 2.28 (11/482)

SP 3.20 (46/1436) 8.05 (38/472)

CD61- SP 0.72 (10/1381) 1.16 (5/430)

cD61* sP 65.5 (36/55) 78.6 (33/42)

% of nectin-3* cells
B Rabbit Mouse
limbal epithelial bone marrow
SP cells SP cells

Hoechst 33258

CD61

nectin-3

Marge

Fig. 4. Nectin-3 positive cells were observed in SP cells. Immunofluorescence analysis was performed using SP cells derived from both limbal epithelium and mouse bone
marrow. The table presents the percentage of nectin-3* cells in each indicated fraction (A). Nectin-3" cells and total cells are indicated by the numbers in parentheses. The
panels represent CD61"SP cells with expression of nectin-3, which were stained with Hoechst (blue), anti-CD61 antibody (green) and anti-nectin-3 antibody (red). Scale bars

represent 10 um.

(Fig. 4B). Thus, these data suggest that cross-talk between outside-
in signals via CD61 and nectin-3 may be involved in the control of
CESCs.

In addition, trans-interactions of nectin-3 with itself were also
reported to recruit the cadherin family following the establishment
of AJs [20]. Recently, some reports suggested that N-cadherin was
involved in the somatic stem cell niche. N-cadherin® cells residing
in limbal epithelium were reported to show high expression of
stem cell markers and colony-forming efficiency [22]. Moreover,
HSCs contacted osteoblasts (an HSC niche cell candidate) via N-
cadherin [20,23]. Thus, these results suggest that nectin-3 may also
be involved in cadherin-based AJs in tissue-specific stem cells.

By contrast, in addition to the genes (ABCG2, Bmi-1, and nestin)
previously reported by us [6], the present study demonstrated that
rLE-SP cells show high expression of the stem cell markers jam-b,
nucleostemin, and CD61. jam-b is an Ig-like protein consisting of
two extracellular Ig domains, a short cytoplasmic tail and a PDZ-
domain-binding motif. Expression of jam-b was reported to be
commonly observed in embryonic stem cells, HSCs and neural
stem cells, but not in their differentiated progeny [11]. In limbal
epithelium, expression of jam-b was observed in rLE-SP cells but
not in NSP cells (Fig. 1B). Thus, the increased expression of jam-b

in SP cells also seems likely to contribute to distinguishing CESCs
from their differentiated progeny in limbal epithelium.

Nucleostemin is a nucleolar protein detected in embryonic stem
cells, adult central neural system (CNS) stem cells, primitive cells
in the bone marrow and cancer cells [13,14,24]. Moreover, nucleos-
temin has been suggested to play a role in controlling cell-cycle
progression in several stem cells and cancer cells [14,25]. Recently,
it was reported that high expression of nucleostemin was essential
for the maintenance of capacities in germline stem cells [12]. In
limbal epithelium, expression of nucleostamin was enhanced in
rLE-SP cells compared to NSP cells (Fig. 1B). Therefore, increased
nucleostamin expression may also be involved in the maintenance
of stem-ness in CESCs.

CD61, also known as integrin B3 or GPIIIb, functions as a receptor
for the extracellular matrix by heterodimerization with a proper
integrin o subunit. Previously, CD61 was reported to be commonly
expressed in rLE-SP cells and mBM-SP cells [7]. Moreover, the pres-
ent study demonstrated that rLE-SP cells showed higher expression
of CD61 mRNA (Fig. 1B) and were confirmed to contain CD61" cells
(Fig. 4A). Moreover, the frequency of CD61" cells was higher in
rLE-SP cells than in NSP cells (data not shown). Although it was gen-
erally known that differentiated epithelial cells barely expressed
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CD61, it was reported that mammary gland epithelial cancer stem
cells showed high expression of CD61 {26]. In addition, the CD61ie
fraction exhibited a higher capacity for long-term repopulation than
the CD61°Y fraction in mBM-SP cells {7]. Therefore, these results
strongly suggest that the extraction of the CD61'8" fraction from
the rLE-SP fraction also contributes to greater enrichment for CESCs.
Thus, the increased expression of these stem cell markers in rLE-SP
cells strongly supports the idea that CESCs that reside in the quies-
cent state are enriched in rLE-SP cells, and it suggests that jam-b,
nucleostemin, and CD61 can also be used as markers of CESCs.

However, unlike the hematopoietic system where there is an
established and accepted in vivo reconstitution assay, an analogous
model for the corneal epithelial system is currently lacking. This is
a serious obstacle to the accurate assessment of CESC functions
such as self-renewal and long-term maintenance. In addition,
due to the lack of a commercially available antibody against rabbit
nectin-3, we have not been able to show that CESCs can be isolated
by expression of nectin-3. However, the analyses of stem cell mar-
ker expression more strongly support the idea that CESCs are con-
centrated among rLE-SP cells (Fig. 1B), and the increased
expression of nectin-3 in the majority of CD61* rLE-SP cells sug-
gests that CESCs express nectin-3 (Fig. 4).

In conclusion, our findings indicate that CESCs strongly express
nectin-3, and this may contribute to the identification and isolation
of CESCs as well as to the determination of stem-ness properties of
CESCs such as niche interactions and quiescence.
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Histological evaluation of mechanical epithelial

separation in epithelial laser in situ
keratomileusis

Takeshi Soma, MD, Kohji Nishida, MD, PhD, Masayuki Yamato, PhD, Seiichi Kosaka, Joseph Yang,

Ryuhei Hayashi, MSc, Hiroaki Sugiyama, MSc, Naoyuki Maeda, MD, PhD,
Teruo Okano, PhD, Yasuo Tano, MD, PhD

PURPOSE: To evaluate the effect of mechanical epithelial separation with an epikeratome on the his-
tologic ultrastructure of epithelial flaps and stromal beds from human corneas.

SETTING: Departments of Ophthalmology, Osaka University Medical School, Osaka, and Tohoku
University School of Medicine, Sendai, and Institute of Advanced Biomedical Engineering and Sci-
ence and Medical Research Institute, Tokyo Women’s Medical University, Tokyo, Japan.

METHODS: Eye-bank eyes were deepithelialized using an Epi-K epikeratome. Epithelial flaps and
stromal beds were assessed by light and electron microscopy. Immunofluorescence staining for
types IV and VII collagens, integrins o and B4, and laminin 5 was also performed.

RESULTS: Four eyes were evaluated. On scanning electron microscopy, the cleavage planes of ep-
ithelial flaps and stromal beds were relatively smooth. On transmission electron microscopy, epi-
thelial flaps were separated partially within the lamina fibroreticularis and partially within the
famina lucida. Immunofluorescence showed positive staining for type VIl collagen and discontinu-
ous staining for type IV collagen in stromal beds. Discontinuous linear staining for types IV and VII
collagens was observed in epithelial flaps. Staining for integrins a5 and B4 was positive in some re-
gions and discontinuous in other regions of epithelial flaps. In stromal beds, integrins o and p4 had
a patchy expression pattern. Staining for laminin 5 was intermittently positive along the basal side of
epithelial flaps and stromal beds.

CONCLUSIONS: Epithelial flaps created with an epikeratome were mechanically separated partly
within the lamina fibroreticularis and partly within the lamina lucida. Stromal beds had relatively
smooth surfaces with no obvious trauma to Bowman layer.

J Cataract Refract Surg 2009; 35:1251-1259 © 2009 ASCRS and ESCRS

Laser in situ keratomileusis (LASIK) is currently the
most popular technique to surgically correct refractive
errors. Compared with photorefractive keratectomy
(PRK), LASIK provides several advantages including
rapid visual recovery, reduced postoperative pain,
and minimal corneal haze."> However, LASIK compli-
cations related to the corneal flap, such as buttonholes,
free flaps, flap striae, epithelial ingrowth, and corneal
ectasia, can develop postoperatively.>~

In 1999, Camellin introduced laser-assisted subepi-
thelial keratectomy (LASEK), a modification of con-
ventional PRK. With this technique, an epithelial flap
is created using a dilute ethanol solution to loosen
the epithelial layer (U. Cimberle, “LASEK May Offer
the Advantages of Both LASIK and PRK,” Ocular Sur-
gery News, March 1, 1999, page 28). After ablation, the

© 2009 ASCRS and ESCRS
Published by Eisevier Inc.

epithelial flap is repositioned on the stromal bed.
Therefore, LASEK can avoid the flap-related complica-
tions observed with LASIK because no stromal flap is
created. Researchers report that LASEK is more effec-
tive than conventional PRK in the correction of moder-
ate myopia®” and that LASEK is better than LASIK in
the uniformity of the corneal topography, corrected
visual acuity, and contrast sensitivity 6 months post-
operatively.® Despite these promising results, there
are substantial concerns about the possible toxicity of
ethanol to the epithelial flap and the underlying
stroma after LASEK.”1°

In 2003, Pallikaris et al.'! introduced the refractive
surgical technique of epithelial LASIK (epi-LASIK).
In this technique, an epithelial flap is created by me-
chanical separation using an epikeratome, a device

0886-3350/09/$—see front matter 1251
doi;10.1016/).jcrs.2009.02.025
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similar to a microkeratome. After mechanical separa-
tion and photoablation on the underlying stromal
bed, the epithelial flap is replaced on the stroma, sim-
ilar to the LASEK method. Because epi-LASIK proce-
dures do not require alcohol or other chemical agents
to create an epithelial flap, researchers have theorized
that mechanical separation can avoid the toxic effects
of alcohol on the epithelial flap and stromal bed and
provide an automated surgical procedure with a short
learning curve for LASIK surgeons.'?

During mechanical separation in epi-LASIK proce-
dures, the points of anchoring between the corneal ep-
ithelium and stroma are cleaved. At these positions,
hemidesmosomes normally connect the basal epithe-
lial cells to the basement membrane. Within the hemi-
desmosomes of basal corneal epithelial cells, the
transmembrane proteins integrin o and integrin B4
adhere to laminin 5, which is a major basement mem-
brane component.’>** The basement membrane com-
prises 3 layers: the lamina lucida, the lamina densa,
and the lamina fibroreticularis. The lamina densa is
a sheet-like structure made up of the extracellular ma-
trix (ECM) molecules type IV collagen, laminin, entac-
tin-nidogen, and perlecan. The lamina fibroreticularis
lies beneath the lamina densa, contains anchoring fi-
brils comprising type VII collagen, and forms a com-
plex network with type I and type V collagens to
attach the epithelium and its basement membrane to
the underlying Bowman layer (Figure y§ ey

Although the clinical outcomes of epi-LASIK have
been evaluated,'®?” the exact site of epithelial separa-
tion during epi-LASIK remains unclear. Pallikaris
et al'?> found that the epithelial separation was
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Figure 1. Schematic diagram of epithelial anchorage to the stroma.
(Distances and sizes are not to scale.)

beneath the basement membrane with intact basal
cells. Kollias et al.?! found that the basal cell layer of
the epithelial flap had normal morphology with inter-
ruptions of the basement membrane. However, Tanio-
ka et al.” report that the basement membrane was lost
and the basal cells were damaged in some regions. In
addition, a detailed study of the cleavage planes in
the epithelial flap and stromal bed in epi-LASIK has
not been performed.

In the current study, we evaluated the cleavage
plane of the epithelial flap mechanically separated
with an epikeratome and the underlying stromal bed
in epi-LASIK. We also identified details of the exact
site of cleavage in the epithelial flap after mechanical
separation.

MATERIALS AND METHODS

This study adhered to the tenets of Declaration of Helsinki
regarding the use of human tissue specimens.

Mechanical Separation

Intact human donor eyes (Northwest Lions Eye Bank)
were obtained 5 hours 16 minutes to 5 hours 28 minutes after
donor death and stored in a conventional moist chamber for
3 to 6 days at 4°C. Epithelial separation was performed using
the Epi-K epikeratome (Moria). This device has a disposable
oscillating head (oscillation rate 15000 rpm) encasing a preas-
sembled noncutting stainless-steel blade to mechanically
separate the epithelial layer from the underlying stroma us-
ing 3 speeds (low, 0.05 mm/s; medium, 0.25 mm/ sec; nor-
mal, 0.50 mm/s). The assembled head, handpiece, and
suction ring were placed on the eye, and suction was acti-
vated. After adequate suction (=65 mm Hg) was confirmed
by Barraquer tonometry and a stable reading of lower pres-
sure on the epikeratome console was obtained, the oscillat-
ing head was advanced to the horizontal corneal plane at
low speed. When the epithelial flap rose and was visible be-
tween the separator and the applanation plate, the device
was shifted to medium speed, cleaving the epithelial layer.
Just after the edge of the separator reached the center of
the suction ring, the epithelial flap was cleaved at top speed.
When the head reached the stopping point, the footpedal
was released and low vacuum was activated. After a stable
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low-vacuum level was confirmed, the head was moved
backward and the device was removed from the eye.

Tissue Processing

Immediately after epithelial separation, the epithelial flaps
were excised along the hinge and trisected. The stromal beds
were also excised from the globe and trisected. One of each of
the specimens was placed in neutral buffered formalin 10%
(Nacalai Tesque) and routinely processed for conventional
histologic examination. Another specimen from each tissue
was immersed in glutaraldehyde 2.0% (Nacalai Tesque) in
0.1 M phosphate buffer (pH 7.4) for scanning electron mi-
croscopy (SEM) and transmission electron microscopy
(TEM). The third group of specimens was frozen in OTC
compound (Tissue-Tec, Sakura Finite) for processing into
frozen sections and subsequent immunofluorescence
staining.

Histological Analysis

Formalin-fixed specimens were dehydrated with a graded
series of ethanol, washed with xylene solution, and pro-
cessed into 3 pm thick paraffin-embedded sections. Conven-
tional hematoxylin-eosin staining was then performed, and
the sections were visualized by light microscopy (BX50,

Olympus).

Scanning Electron Microscopy

Glutaraldehyde-fixed specimens were rinsed in phos-
phate buffer and postfixed in osmium tetroxide 2% for 2
hours at 4°C. The specimens were then dehydrated through
a graded series of ethanol and 3-methylbutyl acetate before
critical-point drying. The samples were mounted on alumi-
num stubs, coated with an osmium plasma coater, and
examined by SEM (54300, Hitachi High-Tech). Cleavage
surfaces of the epithelial flaps and stromal beds were exam-
ined at 4 magnifications (x20, x50, x1000, x10000).

Transmission Electron Microscopy

Glutaraldehyde-fixed specimens were rinsed in phos-
phate buffer and postfixed in osmium tetroxide 2% for 2
hours at 4°C. The specimens were dehydrated through
a graded series of ethanol and methyl glycidyl ether and em-
bedded in epoxy resin according to standard techniques.
Semi-thin sections (5 um) were then stained with toluidine
blue, and a suitable area was chosen. The blocks were
trimmed and thin-sectioned (100 nm), stained with uranyl
acetate-Reynold lead nitrate 4%, and examined by TEM
(H-7100 or H-7650, Hitachi High-Tech).

Immunofluorescence

Frozen specimens were cut into 10 um-thick sections using
a cryostat (Jung CM3000, Leica) at —20°C, mounted on glass
slides coated with magnesium aluminosilicate glass, air
dried, and stored at —80°C. Sections were incubated with
a 1:20 dilution of polyclonal goat anticollagen IV (1340-01,
Southern Biotechnology Associates), a 1:1000 dilution of
monoclonal mouse anticollagen VII (LH 7.2, Sigma),
a 1:100 dilution of monoclonal mouse antiintegrin o (4F10,
Chemicon International), a 1:200 dilution of monoclonal
mouse antiintegrin B4 (ASC-8, Chemicon International), or
a 1:200 dilution of monoclonal mouse antilaminin 5 (P3H9-2,

R&D Systems) overnight at 4°C. The sections were then incu-
bated with fluorescein isothiocyanate-conjugated mouse
anti-goat immunoglobulin G (IgG) or goat anti-mouse IgG
(both Jackson ImmunoResearch Laboratories) for 2 hours at
room temperature. The stained sections were counterstained
with Hoechst 33342 for 10 minutes at room temperature to
visualize the cell nuclei. Sections incubated identically with
equal concentrations of normal mouse and goat Ig or a second-
ary antibody alone served as negative controls. All sections
were viewed by confocal laser scanning microscopy (Fluoview
FV1000, Olympus).

RESULTS
Four eye-bank eyes were used in the study.

Epithelial Flaps

Light microscopic examination of the epithelial flap
showed that normal stratification and cell morphology
were well preserved in all 4 eyes after mechanical sep-
aration using the epikeratome. No obvious trauma or
blebs were observed in the basal cells of the epithelial
flap (Figure 2).

Scanning electron microscopy of the epithelial flaps
at low magnification (x50) showed that the bottom
surface of the epithelial flap had a relatively smooth
surface with little debris (Figure 3, A). At a magnifica-
tion of x1000, the underside of the epithelial flaps had
regions of 2 differing thicknesses in all eyes (Figure 3,
B). In the thinner regions, the basement membrane ap-
peared to be mostly absent from the epithelial flap
(Figure 3, B). In contrast, in the thicker regions, the
basement membrane seemed to be present on the pos-
terior surface of the epithelial flap (Figure 3, B). Over-
all, in all eyes the thin regions were mainly in the
center of the epithelial sheets, resembling spot-like for-
mations, while the thick regions were in the surround-
ing areas. At higher magnification (x10000), columnar
structures and several depressions were seen in the
areas of the epithelial flaps without a basement mem-
brane (Figure 3, C). However, in the thick regions,
the posterior surface of the basement membrane
was relatively rough with numerous protuberances

t

Figure 2. Light micrograph of an epithelial flap after mechanical
separation. The arrow indicates the basal side of the epithelial sheet
(bar = 50 pm).
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(Figure 3, D). No obviously disrupted basal cells were
seen in any cleavage plane in the 4 eyes.

Transmission electron microscopy showed that the
epithelial flaps had 2 cleavage planes in all eyes. The
first plane was along the lamina lucida (Figure 4, A),
and the second plane was within the lamina fibroreti-
cularis (Figure 4, B). In regions of the epithelial flap
where there was no basement membrane, the basal ep-
ithelial cells had fewer hemidesmosomes and several
small blebs were observed (Figure 4, A). In these areas,
the plasma membrane on the basal side of the epithe-
lial cells was also occasionally disrupted. Light micros-
copy and SEM showed no obvious disruption of the
basal cells. Hemidesmosome attachments were also
cleaved with the lamina lucida.

In contrast, in other regions the epithelial flap was
cleaved along with the entire lamina lucida, the intact

Figure 3. A: Scanning electron mi-
croscopy of an epithelial flap after
mechanical separation at low mag-
nification (x50) (bar = 200 pm).
B: Higher magnification (x1000)
view of the panel A shows a flap
with no basement membrane in
the thin regions (single asterisk)
and a basement membrane on the
basal side of the flap in the thick re-
gions (double asterisk) (bar = 20 pm).
C: High magnification (x10000) of
the thin region of panel B shows co-
lumnar structures and some de-
pressions on the posterior surface
of the epithelial flap (bar = 2 pm).
D: Higher magnification (x10000)
of the thick region in panel B shows
several crest-like protuberances on
the underside of the epithelial flap
(bar = 2 pm).

lamina densa, and a portion of lamina fibroreticularis
(Figure 4, B). Transmission electron microscopy
showed that the basal epithelial cells and their intracel-
lular contacts had normal morphology and that the an-
choring of the hemidesmosomes to the basement
membrane remained intact. In these regions, the epi-
thelial flap was separated from the underlying stromal
bed along with a portion of the basement membrane
into the lamina fibroreticularis.

Immunostaining results showed discontinuous lin-
ear staining of type IV collagen along the basal side
of the epithelial flaps (Figure 5, A). Staining for type
VII collagen was consistent with that of type IV colla-
gen at all sites (Figure 5, B). Integrin as had 2 distinct
patterns in the epithelial flaps after mechanical separa-
tion. Continuous linear expression of integrin as was
seen beneath the basal epithelial cells in some regions,

Figure 4. Transmission electron mi-
crographs of epithelial flaps after
mechanical separation. A: The epi-
thelial flaps have no epithelial base-
ment membrane. There are fewer
hemidesmosomes (arrowhead) on
the basal side of the epithelial basal
cells (BC), which has several small
intracellular blebs. B: The epithelial
flap with the lamina lucida (LL), the
lamina densa (LD), and part of the
lamina fibroreticularis (LF). The
cell morphology and intracellular
structure of the basal cells (BC) are
well preserved, and the hemides-
mosomes (arrowhead) adhere to the
basal lamina (bars = 200 nm).
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and inconsistent staining was observed in other areas
(Figure 5, C). The staining patterns for integrin B, also
had the 2 characteristic arrangements that were similar
to those of integrin ¢ (Figure 5, D). Within the epithe-
lial flaps, laminin 5 was expressed linearly along the
basal side of the epithelial layers (Figure 5, E). These
findings suggest that the cleavage plane of the epithe-
lial flap was created within the lamina fibroreticularis
in the regions of the positive staining for types IV and
VII collagens, integrins o, and By, and laminin 5. In
contrast, when epithelial separation was within the
lamina lucida, no positive staining for types IV and
VII collagens or laminin 5 was observed. The patchy
staining of integrin a and integrin B4 suggests that ep-
ithelial flaps were not cleaved in the deeper regions of
the lamina lucida but were cleaved only beneath the
cell membrane of the basal cells.

Stromal Beds

Hematoxylin-eosin staining of the stromal beds
showed that Bowman layer and the corneal stroma
were well conserved after mechanical separation. All
specimens also had smooth surfaces with no trauma
to Bowman layer (Figure 6).

Scanning electron microscopy of the stromal beds at
low magnification (x50) showed that the surface of the
stromal beds was relatively smooth with little debris
(Figure 7, A). High-resolution observation (x1000) of
the surface of the stromal bed indicated that the ex-
posed areas were mostly within Bowman layer;

Figure 5. Immunostaining of an ep-
ithelial flap for types IV and VII col-
lagens, integrin a¢ and B4, and
laminin 5. A: Discontinuous posi-
tive staining of type IV collagen
along the basal side of the epithelial
basal cells (arrows). B: Discontinu-
ous positive staining of type VII col-
lagen along the basal side of the
epithelial basal cells (arrows). C:
Linear staining (arrows) and patchy
expression (arrowheads) of integrin
a6 along the bottom of the epithelial
flap. D: Linear staining (arrows) and
patchy expression (arrowheads) of
integrin B4 along the bottom of the
epithelial flap. E: Discontinuous
positive staining of laminin 5 along
the basal side of the epithelial basal
cells (arrows) (bars = 50 pm).

however, portions of the basement membrane were
present in some regions (Figure 7, B). The 2 differing
stromal surfaces were observed in all eyes. The regions
of the stromal bed with portions of the basement mem-
brane were generally seen as several island-like forma-
tions mainly in the center of the stromal bed, with the
surrounding areas having mostly exposed regions of
Bowman layer. At higher magnification (x10000),
the anterior surface of the mostly exposed Bowman
layer comprised a network of straight and curved fi-
bers with some debris, which may have been part of
the lamina fibroreticularis (Figure 7, C). In the regions
with portions of the basement membrane, there were
granular and amorphous components of the ECM on
the surface of the basal lamina (Figure 7, D). At the

Figure 6. Light micrograph of a stromal bed after mechanical sepa-
ration (bar = 50 um).
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