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Objective: To study the effects of different matrices and co-culture systems
on cultured limbal stem cells (LSCs).
Materials and Methods: Limbal explants were co-cultured with limbal
fibroblasts (LF) and/or mouse embryonic fibroblasts (MEF) on filter inserts
coated with amniotic membrane (AM), matrigel (MAT) and collagen type |
(COL).
Results: This study revealed that AM facilitated the cell migration and
expansion significantly in comparison with other matrices. However, the
gene expression profile of stemness markers of LSCs showed no significant
differences among the experimental groups. The data indicated that at least in
two-dimensional culture systems, the mentioned matrices have no significant
effect on switching the expression of genes involved in differentiation process.
In addition, the results of the two co-culture systems in case of different
feeders, including MEF and LF were similar in growth rate and also preserving
stemness quality of cultured limbal cells.
Conclusion: To exclude the pollution of transplantable cultivated cells with
probable mouse viruses, LF with human origin is recommended as feeder.
Hence, limbal explants grown on AM in co-culture with LF will promise a quick
and safe model for preparing undifferentiated epithelial sheets suitable for
transplantation.
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Introduction

The corneais anterior, projecting transparent
part of the eye’s external tunica and the
major site of refraction of light entering
the eye. The most superficial layer of the
cornea is a stratified, squamous non-
keratinized epithelium, which is exposed
to the environment on its outer surface, so
undergoes a continuous process of self-
renewal and regeneration (1). Ultimate
cell sources for regeneration of corneal
epithelium under normal and injured states
are the cells reside at the corneo-sclera
junction, named limbal stem cells (LSCs)
and transient amplifying cells (TACs) (2-6).
Multiple diseases or injuries destroy the
LSCs, leading to a state known as limbal
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stem cell deficiency which carries the
hallmark of conjunctivalization, in that, the
corneal surface is covered by ingrowing
conjunctival epithelium containing goblet
cellsandvessels. Theresultis severe corneal
opacification followed by visual impairment
(7, 8). The in vitro culture of remaining LSCs
followed by transplantation provides a new
modality for the treatment of limbal stem cell
deficiency (9-11). Although this approach
seems very promising, the behavior of stem
cells changes when they are cultured in vitro.
Many studies indicate that the functions of
stem cells would be limited when detached
from their in vivo niche (12-16). Stem cell
niche includes soluble factors, cell-cell and



cell-extracellular matrix (cell-ECM)
interactions (17-19). So to mimic the
in vitro niche more close to those
of in vivo, one approach is to utilize
ECM in culture of stem cells (20).
There is strong evidence that culture
substrates variously affect cells. (21, 22).
To find out which ECM is more suitable
for limbal stem cell culture, we studied, for
the first time, the effects of three common
matrices of amniotic membrane (AM),
matrigel (MAT) and collagen type
| (COL) on cultured LSCs. Another
method is using fibroblast feeder layers
in co-culture with stem cells (23, 24).
Mouse embryionic fibroblasts (MEF)
has been proved to be effective in
preserving  stemness  properties  of
embryonic stem cells (25). So we used MEF
as one of experimental feeders. However,
the dual growth of cells with MEF exposes
the human LSCs to mouse retroviruses,
which may prevent the future use of these
cells in cell-based therapy. Therefore,
we used limbal fibroblasts with human
origins as a feeder layer and compared it
with MEF.

Materials and Methods

Isolation and culture of MEF and LF as feeder
layers

MEF as feeder cells derived from 12.5 days
post-qoitus pregnant mice (NMRI), which
were harvested according to Robertson’s
method (26). LF were obtained from
limbal stroma taken from organ donors.
The fibroblasts were routinely expanded
in Dulbecco’s Modified Egale’s Medium
(DMEM) (GIBCO; Invitrogen  Corp.,
Carlsbad, California, USA) supplemented
with 10% fetal bovin serum (FBS) (GIBCO).
Fibroblasts obtained from passage 4-5
were used as feeder layer. Confluent
cells was inactivated mitotically by 4ug/mi
mitomycin C (Sigma-Aldrich, Saint Louis,
Missuori, USA) for 2hr at 37 °C in a 5% CO2
atmosphere then, rinsed three times in PBS
(phosphate buffered saline), trypsinized with
trypsin/EDTA 0.02% (GIBCO) for 2 minutes
at 37 °C and seeded into 6-well culture
plates (TPP, Switzerland) at a density of
2x10* cells/cm?.
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Matrix Preparation

AM was prepared according to the method
described previously with minor alterations
(27). After the clinical confirmation of the
absence of human HIV virus, hepatitis B and
C viruses, human placenta was obtained
shortly following cesarean surgery. Under
sterile conditions, amniotic membrane was
separated from the rest of placenta, cut
into smaller sections, and stored in DMEM
containing 50% glycerol (Sigma) at -70°c.
They were thawed gently before use,
washed with PBS, then treated with trypsin-
EDTA 0.02% for 30 minutes. The epithelial
cells were removed by gentle scrapping
using a cell scraper and were washed three
times with PBS. Amniotic membrane pieces
were placed with basement membrane side
up on filter inserts (Millipore, Billerica, USA)
fitted to 6-well tissue culture plate.

Matrigel (Sigma) and collagen | (INAMED
Corp, Fremont, USA) were mixed with DMEM
at the ratio of 1:5 and 8:1 respectively. Each
filterinsert was coated with 200l of prepared
matrices. Then, they were allowed at least
45 minutes for polymerization to occur.

Limbal epithelial cell isolation

Human eye globs (less than 72 hr post-
mortem)were obtained fromIranian Eye Bank
of Tehran. This study was approved by the
Ethics Committee of Royan Institute, Tehran,
Iran. Limbal epithelial cells were isolated
from glob applying a method described by
Grueterich (28), with minor alterations. In
brief, limbal region was removed according
to its anatomical position and then isolated
tissues were rinsed with DMEM containing
50 pg/ml gentamicin (Sigma) and 1.25 ug/
ml amphotericin B (GIBCO). Limbal stroma
was removed after incubation with dispase
Il (1.2U/ml) (GIBCO) at 37 °C for 5 minutes
under an inverted microscope. They were cut
into 1x2 mm? pieces then placed, epithelium
side up, on the bottom of culture plate filter
inserts coated previously with proposed
matrices. Then, they were transferred into
6 well plates containing treated MEF and
LF. The explants were submerged in the
supplemental hormonal epithelial medium
(SHEM), which contained Dulbecco’s
Modified Egale’s Medium/AM’s-F12
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(DMEM/F12, 1:1) (Sigma) containing
5% FBS, 0.5% DMSO, 2ng/ml hEGF
(Sigma), 5ug/ml insulin (Sigma), 5Sug/mi
apo-transferrin (Sigma), 5 ng/ml selenium
(Sigma), 0.5 ug/ml hydrocortisone (Sigma),
50 pg/ml gentamicin, and 1.25 pg/mi
amphotericin B. Cultures were incubated
at 37°C under 5% carbon dioxide and 95%
air humidity for 12+1 days. Explants were
removed after 10 days.

Analysis of cell proliferation

The expansion of cells cultured on AM, MAT,
and COL were followed under an inverted
microscope. By 12+1 days, they were
harvested with trypsin-EDTA, washed and
resuspended in PBS. The cell number was
determined by a hemocytometer count of
viable cells following trypan blue-staining.

Transmission Electron Microscopy

The samples were fixed using 2.5%
glutaraldehyde (TAAB, Berkshire, United
Kingdom) in 0.1 M PBS (pH 7.4) for 2 h.
After washing with PBS, samples were post-
fixed with 1% osmium tetroxide (TAAB) for
1.5 h, washed again in PBS, dehydrated
in an acetone series and then embedded
in epoxy resin (Arald CY). After resin
polymerization, sections of approximately
50 nm were cut and double stained with
uranyl acetate (Merk, KGaA, Darmstadt,
Germany) and lead citrate (Fluka). Electron
micrographs were taken using a Zeiss EM
900 transmission electron microscope
(Zeiss, Jena, Germany).

Immunostaining analysis

Immunostaining was done in order to detect
P63, a transcriptional nuclear factor and
also the ATP-binding cassette transporter
G2 (ABCG2), a member of the multiple-drug
resistance family of membrane transporters
as markers for LSCs/TACs. Monoclonal
antibodies  anti-cytoplasmic  cytokeratin
K3 and anti-transmembrane protein Cx 43
were used to detect differentiated corneal
cells. For this purpose, cultures were fixed
in 2% paraformaldehide (Sigma) at room
temperature for 10 minutes. Nonspecific
staining was blocked with 10% goat serum
for 20 minutes. Monoclonal antibodies were
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used to detect P63 (0.2mg/ml) (Chemicon,
Temecula, California, USA), ABCG2 (500ug/
ml) (R&D Systems, Inc., McKinley Place NE
Minneapolis, USA), K3 (1mg/ml) (Chemicon)
and Cx 43 (1:200) (Sigma) were applied and
incubated for one hour at 37°C. Samples
were washed 3 times, for 5 minutes each,
in PBS, and then incubated with anti-mouse
IgG, FITC conjugate secondary antibody
(1:200) (Sigma) for one hour. The nuclei
were counterstained with Hoechst 33342
and/or propidium iodide (10pg/mL). Sections
were examined and photographed with an
epifluorescent microscope (Olympus, BX51)
and a digital camera (Olympus, DP70).

Semi-quantitative RT-PCR

Semiquantitative RT-PCR was performed
to assess the expression of a set of genes
that may be markers of stemness and
differentiation of proposed cells. RNA
samples were digested with DNase | to
remove contaminating genomic DNA.
Nucleospin RNA Il kit was used to extract
total RNA from samples. Standard RT was
performed using the RevertAid H Minus
First Strand cDNA Synthesis Kit. Reaction
mixtures for PCR included 2.5 yL cDNA, 1x
PCR buffer (AMS, CinnaGen, Tehran, Iran),
200 uM dNTPs, 0.5 yM of each antisense
and sense primer and 1 U Taq DNA
polymerase. PCR amplification was carried
out with specific primer pairs designed
from published human gene sequences
(Table 1) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an
internal control.

Table 1: Primer sequences used for semi-quantitative
RT-PCR

Gene DNA sequence

P63 Forward: CGG ACC TGA GTGACC CCAT
Reverse: TCC GTG ACG TCG TGA GGT
ABCG2  Forward: TGC GAG CTC TAG AAG AGG CTA
Reverse: CCT CGT GGT TCT TCA TGT A
K19 Forward: TGC GAG CTC TAG AAG AGG CTA
Reverse: CCT CGT GGT TCT TCATGT A
K3 Forward: GAG CGG AGC AGG TGG CTT T
Reverse: GGT CAG TCT CCA CTT TGA G
GAPDH  Forward: GAG GCG TAC AGG GAT AGC AC
Reverse: GTG GGC ATG GGT CAG AAG

Semi-quantitative RT-PCR was stablished
at intervals of 20, 25, 30, 35, and 40 cycle
for each primer pairs and the products were
analyzed using Bandmap software.



Statistical analysis

All experiments were done at least three
times in six experimental groups. The
differences within the two feeder groups
and the three matrix groups were calculated
using mann-withney and kruskal-wallis
tests, respectively. p<0.05 was considered
statistically significant. The data are
presented as the meantSEM.

Results

Phase-contrast Microscopy of Outgrowth
Cultures on AM started to grow on days 2+1,
whereasthosein MAT and COLgroupsbegan
to grow on days 4+1. Some explants failed
to start outgrowth. There was a significant
difference (p<0.05) in the rate of growth
start between all the groups. The most rate
of success in growth start was observed
in AM and the least in COL groups. There
were no significant differences between the
subgroups of feeder layers (Fig 1).
Phase-contrast microscopy showed that the
morphology of expanded epithelial limbal
cells on AM were small, compact, and
uniform with round cell borders. Expansion
area was continuous with semi-circular and
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regular margins. The outgrowth was about
to cover the membrane within 12 days
(Fig 2A, C, E).

However expanded cells in COL group
showed larger size with polygonal borders.
In contrast with AM group, uncontinuous
cell expansions with irregular leading edges
were observed in COL group. They usually
did not reach confluence in 12 days (Fig 2B,
D, F).
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Fig 1, Table 2: Growth start (%). A significantly higher
rate of growth start was noted in AM than other groups.
(*p<0.05 vs MAT and COL), (#p<0.05 vs AM, COL),
(op<0.05 vs AM, MAT). AM=amniotic membrane, MAT=
matrigel, COL= collagen, LF= limbal fibroblast, MEF=
mouse embryonic fibroblasts.
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Fig 2: Phase-contrast microscopy of the outgrowth revealed a homogenous pattern of
small, uniform and compact cells (A), continuously expanded (C) to reach confluence on
AM matrix (E) and in COL group with larger size and less uniform (B), irregular leading
edges (D) and less rate of outgrowth than the former (F).
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Then, the cell expansions from limbal
explants were harvested and stained
with trypan blue. The living cells were
counted using a hemocytometer. The
most cell count was founded in AM and
MAT (p<0.05). However the cell number
in different feeder layers of the same
matrices were similar (Fig 3).
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Fig 3: Comparison of cell number between different
groups.

*p<0.05 vs AM, MAT. AM= Amniotic membrane, MAT=
matrigel, COL= collagen, LF= limbal fibroblast, ME F=
mouse embryonic fibroblast

Ultrastructural examination
Inphotomicrographs oftransmission electron
microscope (TEM), we observed that the
expanded epithelium was consisted of 4 or
5 cell layers in all groups. Cell expansions
in AM group were elongated with round
borders and high nucleus-to-cytoplasm (N/C)
ratio while in COL, they exhibited polygonal
borders with low N/C ratio (Fig 4A, B).

Cell expansions on MAT have an
intermediate status. Precise observation of
the basal domain of the cultured cells on
AM revealed small patches of discontinuous
electron-dense structures of the basal
lamina with evidence of hemidesmosome-
like attachments (focal adhesions) in some
areas (Fig 4C, D). No organized basement
membrane layer was observed, and
correspondingly, no hemidesmosomes were
formed in other matrix groups. Numerous
ribosomes and extensive rough endoplasmic
reticulum and Golgi stacks and mitochondria
were observed in the cytoplasm of the
cultured cells in all groups (Fig 4E).

i

e

Fig 4: Ultrastructural futures of cultured limbal cells on amniotic membrane (A) and collagen (B) after 12 days:
Both cultures produced an epithelial sheet with 5-6 layers. (C, D) The basal lamina: arrow (1), hemidesmosome
junction: heading (V ), Interdigitation junction: (ID). (E) Nucleus (NU), rough endoplasmic reticulum (rER), lipid
(L), mitochondria (M), cytokeratin (C), Golgi (G). (F) desmosome junction: short arrow.
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Vacuoles and  degenerating nuclei
were more common in cells cultured on
COL Matrix. There was no prominent
diversity in the distribution of cytokeratins
and lipid droplets between different
matrix  groups. Desmosomes  were
prominent at the lateral surfaces of
cultured cells, and some interdigitations
were formed resembling that of the tissue
(Fig 4F). There was no obvious difference
between mentioned ultrastructures in
corresponding LF and MEF co-culture
systems in all groups.
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Immunocytochemical and semi-quatitative RT-
PCR

Immunostaining analysis was carried out to
determine the expression of  transcription
factor P63, cytoplasmic cytokeratin K19,
and transmembrane protein ABCG2, which
were known to be expressed exclusively
by LSCs/TACs in limbal region as well as
cytokeratin K3 and transmembrane protein
Connexin 43 (Cx43), known as the markers
of differentiated corneal cells (5). ABCG2
and p63 were detected in all groups. The
immunostaining, however, was negative for
K3 and Cx 43 (Fig 5).

ey
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Fig 5: Immunofluorescence analysis of LSCs/TACs with (A) P63 in the nucleus and (C) ABCG?2 in the cytoplasm
and cell surface. The results were negative for K3 and Cx 43 (E and G). Hoechst 33342 was used as a counterstaining
(B, D, F and H). Scale bars: 30um. (This Figures has also been printed in full-color at the end issue)
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The profiles of the gene expressions in
different culture groups were compared using
semi-quantitative RT-PCR. Primary culture
of cells in different groups expressed P63,
ABCG2 and K19 but K3 was not detectable
in any group (Fig 6).
A B C D E F
P63

K19

ABCG2
K3

GAPDH

Fig 6: Representative semiquantitative RT-PCR profiles
showing mRNA expression of P63, K19, ABCG2, K3, and
GAPDH by six populations of LSCs/TACs cultured on
AM/LF (A), AM/MEF (B), MAT/LF (C), MAT/MEF (D),
COL/LF (E), COL /MEF (F). AM= Amniotic membrane,
MAT= matrigel, COL= collagen, LF= limbal fibroblast,
MEF= mouse embryonic fibroblast.

Semi-quantitative RT-PCR and
immunocytochemical results  showed
no significant differences between the
expression patterns of differentiation and
stemness markers in the populations of
cultured LSCs/TACs.

Discussion

A new modality for the treatment of corneal
disorders is transplantation of LSCs cultured
in vitro (12, 29). However, the problem of
failure in the expansion of limbal biopsies has
remained unsolved. Recently, it has been
reportedthat stromal niche thatincludes ECM
and also soluble factors secreted by feeder
cells modulate the behavior and fate of the
cultured stem cells (17, 18). Considering the
important role of niche in the control of stem
cell behavior, it seems that a proper niche
might enhance the in vitro expansion of
limbal biopsies, and make them appropriate
for transplantation. Nevertheless, carefully
conducted experimental manipulations of
LSCs to examine the effect of different ECM
and feeders on improving their expansion
are mostly lacking. Thus, it prompted us to
examine the effect of three different matrices
and also two kinds of feeder cells on the
growth and differentiation of cultured LSCs/
TACs. The results of this study may provide
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the ground for the development of more
appropriate microenvironment for culture of
limbal biopsies suitable for transplantation.
In this study, we compared the effectiveness
of inactive LF with MEF in the growth and
differentiation state of cultured limbal cells.
It has been assumed that soluble factors
secreted by LF in the eye act as possible
regulators of limbal basal epithelium (30).
Hence, we selected LF with human origin as
one of the feeder groups. On the other hand,
the effect of MEF as feeder in maintaining
stemness quality has been addressed
for many years (25), however, the risk of
cross-contamination of the cultured cells
with infectious animal agents from the MEF
remains problematic, making such cultured
cells undesirable for clinical application. Our
results revealed thatinactive LF derived from
adults are as effective as MEF in support and
maintaining the stemness quality of cultured
cells. Moreover, there were no significant
differences in the growth state of cultured
cells between the two groups. Thus, to
exclude the cell contamination with probable
mouse viruses, use of LF with human origin
as a feeder for limbal biopsies could be a
suitable substitution for clinical use.

To clarify the effects of different ECM on
cultured limbal cells, three different matrices
of AM, MAT, and COL were used as
substrates in our culture model. We observed
that AM compared to COL was significantly
(p<0.05) more effective for enhancing the
initiation of cell outgrowth and also (p<0.05)
provided a significantly better condition
for the expansion of cells. No significant
differences in growth rate were observed
between AM and MAT. Since MAT is too
expensive and difficult to handle, preparation
for coating and also transfer of sheets to eye
for final transplantation, we concluded that
AM might provide a more suitable substrate.
Consistent with these findings, previous
studies reported that AM contains purified
soluble lumican glycoprotein that can
facilitate the proliferation and migration of
corneal epithelial cells during wound healing
(31). Moreover, neural growth factor (NGF),
which is a mitogen for cultured rabbit corneal
and limbal epithelial cells, has been detected
in AM too (20,32). When topically applied,



NGF facilitates epithelial healing and helps
the recovery of the corneal sensitivity in
patients suffering from neurotrophic ulcers
(33-36). The proliferation and migration
promoting factors of AM mentioned above
are similar to the corneal stroma (37). These
facts put more evidence for the preference
of AM in case of improving cell expansion
in our designed culture model. Recently,
the effectiveness of AM as a patch in eye
surgeries has been proved (38-42). The
data provided in this study by cell culture on
AM may be useful in understanding how AM
enhances healing in eye surgeries. Here, we
showed that COL acted as a poor matrix in
enhancing LSCs/TACs growth. Our results
provide more evidence for other studies
indicating that integrins involved in signal
transduction from COL, do not support
cell survival signal transduction pathways
in mouse mammary epithelial cells and
mammary cell lines (43).

The results of ultrastructural studies showed
some differences between morphology of
cells expanded on AM compared with MAT
and COL groups. Cell expansions on MAT
and COL showed polygonal borders, while
those cultured on AM were elongated with
round borders, which were more similar
to the morphology of undifferentiated
limbal epithelial cells. Small patches of
discontinuous electron-dence structure of
basal lamina with rare hemidesmosomes
in some areas was detecteded in AM
group, while no organized basal lamina
was observed in the other two groups.
These results indicate that epithelial sheets
cultured on AM have more similarity to those
in vivo. Increased number of some organels
like mitochondria and rER in AM and MAT
groups may indicate more metabolic activity
in those expanded on these matrices.
Vacuoles were more commonly seen in cells
cultured on COL group in comparison with
AM and MAT. Taken together, it seems that
cells may start a degenerative process on
this matrix. However, mechanisms involved
in this process remains to be elucidated.
Extracellularmicroenvironmentcaninfluence
cellular responses from attachment and
migration to differentiation and production of
new tissue (44). Hence, we also examined
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the effect of mentioned matrices on
differentiation state of the cultured limbal
cells by immunocytochemistry and RT-
PCR techniques. The results showed that
there were no significant differences in
the stemness state of cultured limbal cells
among different matrices. This may indicate
that mentioned matrices have no significant
effect on differentiation pathways of these
cells, at least in our two-dimensional design
of culture systems. Regarding a significant
difference among AM and MAT with COL in
outgrowth rate and growth state of cultured
cells, it seems that mentioned substrates
may mostly influence attachment, migration,
and survival of LSCs/TACs. There is also
the possibility that the culture of these cells
in a three-dimensional matrix or addition of
inductive substances provide stronger tools
for affecting differentiation pathways and
switch of gene expression from stemness
markers to the differentiated ones. The exact
mechanisms involved in this regard needs
further investigations.

Conclusion

According to the results of the study, we
conclude that the cultivation of human limbal
explants on AM as a matrix in co-culture with
human LF on polarized condition similar to
the model provided in this study will promise
a quick, cheap and safe model for preparing
undifferentiated epithelial sheets suitable for
transplantation.

Acknowledgements

We gratefully thank the technical assistance
of Ehsan Taghiabadi. This project was
supported by center for women and family
affairs.

References

1. Voelker R. Stem cells hold vision for the future.
JAMA. 1997; 278:1477-1478

2. Daniels JT, Dart JK, Tuft SJ, Khaw PT. Corneal
stem cells in review. Wound Repair Regen. 2001;
9: 483-494

3. Boulton M, Albon J. Stem cells in the eye. Int J
Biochem Cell Biol. 2004; 36: 643-657

4. Chen Z, Paiva CS, Luo L, Kretzer FL, Pflugfelder
SC, Li DQ. Characterization of putative stem cell
phenotype in human limbal epithelia. Stem Cell.
2004; 22: 355-366

5. Lavker RM, Tseng SC, Sun TT. Corneal epithelial

54 Yakhteh Medical Journal, Vol 10, No 1, Spring 2008



ECM and Co-Culture Effect on LSCs

stem cells at the limbus: looking at some old
problems from a new angle. Exp Eye Res. 2004;
78: 433-446

6. Schlotzer-Schrehardt U, Kruse FE. Identification
and characterization of limbal stem cells. Exp Eye
Res. 2005; 81: 247-264

7. Dua HS, Azuara-Blanco A. Limbal stem cells of
the corneal epithelium. Surv Ophtalmol. 2000; 44:
415-425

8. Espana EM, Grueterich M, Romano AC, TouAMi
A, Tseng SC. Idiopathic limbal stem cell deficiency.
Ophthalmol. 2002; 109: 2004-2010

9. Schwab IR, Reyes M, Isseroff RR. Successful
transplantation of bioengineered tissue replacement
in patients with ocular surface disease. Cornea.
2000; 19: 421-426

10. Ang LPK, Tan DTH. Ocular surface stem
cells and diseases: current concepts and clinical
applications. Ann Acad Med Singapore. 2004; 33:
576-580

11. Higa K, Shimmura S, Kato N, Kawakita T,
Miyashita H, Itabashi Y, et al. Proliferation and
differentiation of transplantable rabbit epithelial
sheets engineered with or without an amniotic
membrane carrier. Invest Ophthalmol Vis Sci,
2007; 48, 597-604

12. Koizumi N, Inatomi T, Suzuki T, Sotozono C,
Kinoshita S. Cultivated corneal epithelial stem
cell transplantation in ocular surface disorders.
Ophtalmol 2001; 108: 1569-1574

13. Rama P, Bonini S, Lambiase A, Golisano O,
Paterna P, De Luca M, et al. Autologous fibrin-
cultured limbal stem cells permanently restore the
corneal surface of patients with total limbal stem cell
deficiency. Transplantation. 2001; 7: 1478-1485
14. Nishida K, Yamato M, Hayashida Y, Watanabe
K, Maeda N, Watanabe H, et al. Functional
bioengineered corneal epithelial sheet grafts
from corneal stem cells expanded ex vivo on a
temperature -responsive cell culture surface.
Transplant 2004; 77: 379-385

15. Lin Q, Lu L, Han B, Jin T. Transplantation of
bioengineered corneal epithelium for the treatment
of total limbal stem cell deficiency in rabbit.
Zhonghua Yan Ke Za Zhi. 2006; 42: 679-685

16. Sudha B, Madhavan HN, Sitalakshmi G,
Malathi J, Krishnakumar S, Mori Y, et al. Cultivation
of human corneal limbal stem cells in Mebiol gel-A
thermo-reversible gelation polymer. Indian J Med
Res. 2006; 124: 655-664

17. Watt FM, Hogan BL. Out of Eden: Stem cells
and their niches. Science. 2000; 127: 1427-1430
18. Espana EM, Kawakita T, Romano A, Di
Pascuale M, Smiddy R, Liu CY, et al. Stromal niche
controls the plasticity of imbal and corneal epithelial
differentiation in a rabbit model of recombined
tissue. Invest Ophtalmol Vis Sci. 2003; 44: 5130-
5135

19. Grueterich M, Espana EM, Tseng SC. Ex vivo
expansion of limbal epithelial stem cells: Amniotic

55

membrane serving as a stem cell niche. Surv
Ophtalmol. 2003; 48:631-646

20. Li X, Li Z, Qiu L, Zhao C, Hu Z. Nerve growth
factor modulate proliferation of cultured rabbit
corneal endothelialcells and epithelial cells. J
Huazhong Univ Sci Technolog Med Sci. 2005; 25:
575-577

21. Williams DF, Burke JM. Modulation of Growth
in Retina-Derived Cells by Extracellular Matrices.
Invest Ophthalmol Vis Sci, 1990; 31: 1717-1723
22. Kanai N, Fujita Y, Kakuta T, Saito A. The
effect of various extracellular matrices on renal
cell attachment to polymer surfaces during the
development of bioartificial renal tubules. Artificial
organs, 1998; 23(1): 114-118

23. Umemoto T, Yamato M, Nishida K, Yang J, Tano
Y, Okano T. Limbal epithelial side-population cells
have stem cell-like properties, including quiescent
state. Stem Cells. 2006; 24: 86-94

24. Park KS, Lim CH, Min BM, Lee JL, Chung HY,
Joo CK, et al. The side population cells in the rabbit
limbus sensitively increased in response to the
central cornea wounding. Invest Ophthalmol Vis
Sci. 2006; 47: 892-900

25. Xie CH, Luo K, Lin G, Luo SH, Lu G. Newly
expressed proteins of mouse embryonic fibroblasts
irradiated to be inactive. Biochem Biophysic Res
Com. 2004; 315: 581-588

26. Robertson EJ. Embryo-derived stem cell lines,
in: teratocarcinoma and embryonic stem cells-a
practical approach. IRL Press. Washington, DC.
1987

27. Kim JC, Tseng SC. Transplantation of
preserved human amniotic membrane for surface
reconstruction in severely damaged rabbit corneas.
Cornea 1995; 14: 473-484

28. Pellegrini G, Traverso CE, Franze AT, Zingirian
M, Cancedda R, De Luca M. Long term restoration
of damaged corneal surfaces with autologous
cultivated corneal epithelium. Lancet 1997; 349:
990-993

29. Ang LPK, Tan DTH. Ocular surface stem
cells and diseases: current concepts and clinical
applications. Ann Acad Med Singapore, 2004; 33:
576-580

30. Shimmura S, Miyashita H, Higa K, Yoshida
S, Shimazaki J, Tsubota K, Proteomic analysis of
soluble factors secreted by limbal fibroblasts. Mol
Vis. 2006; 2: 478-484

31. Yeh L, Chen W, Li W, Espana EM, Ouyang J,
Kawakita T, et al. Soluble Lumican Glycoprotein
Purified from Human Amniotic Membrane
Promotes Corneal Epithelial Wound Healing. Invest
Ophthalmol Vis Sci. 2005; 46: 479-486

32. Toubami A, Grueterich M, Tseng SC. The
role of NGF signaling in human limbal epithelium
expanded by amniotic membrane culture. Invest
Ophthalmol Vis Sci. 2002; 43, 987-994

33. Lambiase A, Manni L, Rama P. Clinical
application of nerve growth factor on human corneal



ulcer. Arch Ital Biol. 2003; 141: 141-148

34. Cooper LJ, Kinoshita S, German M, Koizumi N,
Nakamura T, Fullwood NJ. An investigation into the
composition of amniotic membrane used for ocular
surface reconstruction. Cornea. 2005; 24: 722-729
35. Cellini M, Bendo E, Bravetti GO, Campos EC.
The use of nerve growth factor in surgical wound
healing of the cornea. Ophthalmic Res. 2006; 38:
177-1781

36. Micera A, Lambiase A, Puxeddu I, Aloe L,
Stampachiacchiere B, Levi-Schaffer F, et al. Nerve
growth factor effect on human primary fibroblastic-
keratocytes: possible mechanism during corneal
healing. Exp Eye Res. 2006; 83: 747-57

37. Michelacci YM. Collagens and proteoglycans
of the corneal extracellular matrix. Braz J Med Biol
Res.2003; 36: 1037-1046

38. Lee SH, Tseng SC. Amniotic membrane
transplantation for persistent epithelial defects with
ulceration. Am J Ophthalmol. 1997; 123: 303-312
39. Tseng SC, Prabhasawat P, Lee SH. Amniotic
membrane transplantation for conjunctival surface
reconstruction. Am J Ophthalmol. 1997; 124:

Ahmadiankia et al.

765-774

40. Anderson DF, Prabhasawat P, Alfonso E, Tseng
SC. Amniotic membrane transplantation after the
primary surgical management of band keratopathy.
Cornea. 2001; 20: 354-361

41. Prabhasawat P, Kosrirukvongs P, Booranapong
W, Vajaradul Y. Amniotic membrane transplantation
for ocular surface reconstruction. J Med Assoc Thai
2001; 84: 705-718

42. Prabhasawat P, Tesavibul N, Prakairungthong
N, Booranapong W. Efficacy of amniotic membrane
patching for acute chemical and thermal ocular
burns. J Med Assoc Thai. 2007; 90: 319-326

43. Boudreau N, Werb Z, Bissell MJ. Suppression of
apoptosis by basement membrane requires three-
dimensional tissue organization and withdrawal
from the cell cycle. Proc Natl Acad Sci USA. 1996;
93: 3509-3513

44. Yim EK, Pang SW, Leong KW. Synthetic
nanostructures inducing differentiation of human
mesenchymal stem cells into neuronal lineage.
Exp Cell Res. 2007; [Epub ahead of print]

56  Yakhteh Medical Journal, Vol 10, No 1, Spring 2008



