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Abstract—We compared aged adult and fetal retinal pigment
epithelium (RPE) migration and proliferation in cell culture.
Aged adult RPE resurfaced on dishes coated with human or
mouse laminin, human or rat collagen I, human or mouse col-
lagen IV, or human fibronectin. Resurfacing was best on
bovine corneal endothelial cell extracellular matrix. Resurfac-
ing was worst on mouse laminin. Fetal RPE resurfacing was
robust on all surfaces studied except human and mouse lami-
nin. In general, fetal RPE resurfacing was much greater than
that seen with aged RPE on comparable surfaces. The degree
of cell proliferation (labeled by Ki-67) was much greater in
fetal than adult RPE cells.
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INTRODUCTION

Age-related macular degeneration (AMD) is a major
cause of irreversible loss of central vision among persons
over the age of 55 and among U.S. veterans [1-5].
Approximately 70 percent of cases of severe visual loss
in AMD are due to growth of abnormal blood vessels
from the choriocapillaris into the subretinal space. This
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abnormal vessel growth is caused by choroidal neovascu-
larization (CNV) and leads to exudative retinal detach-
ment, subretinal hemorrhage, lipid exudation, and outer
retinal degeneration [6-8]. Current proven treatments for
CNV are generally associated with poor visual outcome,
and not all AMD patients with CNV are eligible for treat-
ment with these modalities because of the size of the
neovascular complex or its lesion components (e.g., pres-
ence of mixed classic-occult neovascularization or large
pigment epithelial detachment) [9-14]. As a result of
these limitations, a number of different approaches to
CNV management are being explored, including pharma-
cological therapy, gene therapy, macular translocation,
and cell transplantation. At this time, whether any of
these approaches will be both sight restoring and applica-
ble to the majority of AMD patients with CNV is unclear.

Abbreviations: AMD = age-related macular degeneration,
ANOVA = analysis of variance, BCE-ECM = bovine corneal
endothelial cell extracellular matrix, CNV = choroidal neovas-
cularization, DMEM = Dulbecco’s modified Eagle’s medium,
ECM = extracellular matrix, ICL = inner collagenous layer,
PBS = phosphate buffered saline, RPE = retinal pigment epithelium.
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CNV excision can be done with vitrectomy and spe-
cialized microsurgical instruments for subretinal surgery.
CNV excision offers the possibility of removing large CNV
while preserving the overlying retina, thus preventing/
reversing the photoreceptor damage and blindness associ-
ated with subretinal bleeding and scarring in AMD. How-
ever, visual recovery after CNV excision in AMD patients
is usually poor because of removal of adjacent native reti-
nal pigment epithelium (RPE) and damage to the subjacent
Bruch’s membrane (i.e., removal of the RPE basement
membrane and, to varying degrees, portions of the inner
collagenous layer [ICL] of the Bruch’s membrane) [15-16]
as well as incomplete RPE growth into the dissection bed
with subsequent choriocapillaris and photoreceptor atrophy
[15,17]. While these findings indicate that RPE transplanta-
tion might improve visual outcome after CNV excision in
AMD patients, allogeneic RPE transplants in AMD patients
that have undergone CNV excision have failed with poor
visual outcome and, in patients who are not immune sup-
pressed, subretinal fibrosis and chronic fluid leakage in the
dissection bed [18-22]. Immune rejection and graft failure
may underlie these results.

An alternative to RPE transplantation is to stimulate
RPE regrowth from the edge of the dissection bed [23].
Using aged submacular human Bruch’s membrane
explants in organ culture, we reproduced the incomplete
and aberrant RPE resurfacing seen in AMD patients fol-
lowing CNV excision [24]. These experiments demon-
strated that resurfacing was significantly better when
RPE basement membrane or the ICL immediately below
the RPE basement membrane was present. Poor or no
resurfacing was noted if the deeper ICL or the lamina
elastica was exposed. Primary extracellular matrix
(ECM) ligands in RPE basement membrane include col-
lagen 1V and laminin [25]. The ICL comprises predomi-
nantly fibronectin and collagen I. Fibronectin is present
mostly in the superficial ICL and immediately beneath
the RPE basement membrane [26]. The results of these
wound-healing studies led us to pose the following two
questions. First, is the poor wound healing by aged RPE
because of the aging of RPE cells? Second, is the differ-
ence in RPE wound healing on different layers of Bruch’s
membrane caused by altered availability of different
ECM ligands on aged submacular Bruch’s membrane?

This study answers these questions by comparing
migration and proliferation of aged RPE versus fetal RPE
on bovine corneal endothelial ECM (BCE-ECM) and on
individual ECM ligands (i.e., laminin, collagen 1V,

fibronectin, and collagen 1). Previous studies indicate that
aged human RPE can grow on BCE-ECM [27]. In addi-
tion, we compared the ability of aged adult and fetal cells
to migrate on human versus nonhuman ligands.

METHODS

Donor Eyes

Aged human donor eyes were obtained through the
National Disease Research Interchange (Philadelphia,
Pennsylvania) and the North Carolina Eye Bank (Salem,
North Carolina), a Vision Share member eye bank. The
donor inclusion criteria were (1) no history of chemother-
apy or radiation to the head, (2) not on a ventilator prior to
death, (3) 5 h from death to enucleation with eyes pre-
served in a moist chamber and stored on ice immediately
after removal, (4) 48 h from death to experimentation,
and (5) intact RPE under the macula as visualized through
a dissecting microscope. Fetal eyes were obtained from
the Central Laboratory for Human Embryology (Univer-
sity of Washington, Seattle, Washington). This research
followed the tenets of the Declaration of Helsinki and was
approved by the institutional review board of the New
Jersey Medical School.

Isolation of Human RPE Microaggregates

Eyes were immersed briefly in 10 percent povidone-
iodine (Betadine® solution; Purdue Frederick Company,
Norwalk, Connecticut) after remnants of conjunctiva,
Tenon’s capsule, extraocular muscles, and orbital fat were
removed carefully under a dissecting microscope. Eyes
were then rinsed in Dulbecco’s modified Eagle’s medium
(DMEM) (Mediatech, Herndon, Virginia) twice for 5 min
each. A circumferential incision was made posterior to the
ora serrata through the sclera and underlying choroid
so that by cutting the retina around the optic disc, the vitre-
ous, neural retina, and anterior segment were removed
without damaging the RPE surface. RPE-choroid layers
were detached from the sclera and incubated in 0.4 mg/mL
collagenase type 1V for 30 to 45 min for adult RPE and
0.8 mg/mL collagenase type IV for 1 to 2 h for fetal RPE.
The conditions for harvesting adult RPE were determined
in a previously published study [27]. Optimal conditions
for fetal RPE harvesting were not conducive to healthy
adult RPE harvesting [27]. The harsher conditions (i.e.,
higher collagenase concentration, longer incubation time)
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do not appear to affect fetal RPE attachment or growth as
evidenced by the results of this study and unpublished
observations on establishment of fetal RPE cell lines used
routinely by this laboratory. RPE sheets were dissected care-
fully from the choroid at the end of the incubation and gen-
tly trimmed to form microaggregates. RPE microaggregates
were then plated on BCE-ECM [28] or ECM ligand-coated
cultured dishes/wells. Cells were cultured in DMEM con-
taining 15 percent fetal bovine serum, 2 mM L-glutamine,
2.5 g/mL amphotericin B, 0.05 mg/mL gentamicin, and
1 ng/mL basic fibroblastic growth factor at 37 °C in 10 per-
cent carbon dioxide. Culture medium was changed every
other day.

Monitoring Ongoing RPE Growth

RPE growth was observed daily with an inverted
phase microscope (Axiovert 135, Carl Zeiss, Oberkochen,
Germany), and photographs were taken at Day 1 when the
patches were fully attached and again at Day 10 before the
patches were fixed for immunocytochemistry.

Immunocytochemistry with Confocal Microscope

We identified proliferating RPE cells by immuno-
labeling them with an antibody against Ki-67, a nuclear
antigen present in the proliferating cells. At Day 10, RPE
patches were fixed lightly in 4 percent formaldehyde for
1 h followed by extensive rinsing with phosphate buffered
saline (PBS). Patches were then blocked with 2 percent
normal goat serum, 0.5 percent bovine serum albumin,
and 0.1 percent Triton X-100 for 45 min. Prediluted Ki-67
antibody (Zymed Laboratories, Inc, San Francisco, Cali-
fornia) was then applied. Following incubation at 4 °C
overnight and extensive rinses with PBS, patches were
incubated in secondary antibody (Cy5, conjugated goat
antimouse antibody [Jackson Immuno-Research Labora-
tories, Inc, West Grove, Pennsylvania]) in the dark at
room temperature for 1.5 h. Immunofluorescent labeling
was observed with a confocal microscope (LSM 510
META, Carl Zeiss, Oberkochen, Germany; 633 nm [long
pass 650 nm for Cy5] and 488 nm [long pass 505 for RPE
autofluorescence]). To document RPE cell proliferation,
we took photographs of Ki-67 labeling and RPE autofluo-
rescence with a maximum laser pinhole. Fetal RPE were
counterstained with crystal violet following fluorescence
imaging. To image crystal violet staining, we obtained
bright-field images and resized them to correspond to the
confocal images.
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Experimental Design

Five pairs of adult human donor eyes of age 62 to 80
(mean age * standard deviation = 72.0 + 7.3) and three
pairs of fetal donor eyes (101, 108, and 120 days of age)
were used to study RPE migration and proliferation on
BCE-ECM or human ECM ligand-coated 96-well culture
dishes (i.e., laminin, fibronectin, collagens | and IV
[CytoMatrix cell adhesion strips, Chemicon International,
Temecula, California]). We used another three pairs of
human donor eyes of ages 64, 70, and 71 to compare RPE
growth on human fibronectin versus nonhuman ECM
ligands: BCE-ECM, mouse laminin, mouse collagen 1V,
and rat collagen | were coated onto 35 mm culture dishes
(BD Scientific, Franklin Lakes, New Jersey). In addition,
we used one pair of fetal donor eyes (108 days) to study
RPE outgrowth on 35 mm culture dishes coated with
mouse laminin, rat collagen I, BCE-ECM, and human
fibronectin. Human fibronectin was included in these
studies for comparison with cell migration on a human
ECM ligand for each group of donor cells. One to five
RPE patches from a pair of donor eyes were studied for
each ligand. For 96-well culture dishes, one patch was
placed in each well; for 35 mm culture dishes, widely sep-
arated patches were placed on a single ligand-coated dish.

Image Analysis

Montages of phase or crystal violet staining and Ki-67-
labeling images at Day 10 were created from individual
images with Adobe Photoshop 6.0 (Adobe Systems, Moun-
tain View, California). Original edges of RPE patches were
marked on phase or crystal violet images by overlaying
Day 1 images onto Day 10 montages. To measure the
amount of RPE outgrowth between samples and to normal-
ize for the differences in size of the original patches, we
expressed the migration “index” as the area of RPE out-
growth divided by the area of the original RPE patch. For
adult RPE, before combining and averaging migration indi-
ces for all donors on a single ligand, we used single factor
analysis of variance (ANOVA) to detect whether a signifi-
cant difference occurred between donors. We used ANOVA
and Tukey multiple comparison tests to compare migration
indices between different ECM ligands. We were unable to
accurately assess area covered by fetal RPE in 96-well cul-
ture dishes (human ECM ligands and BCE-ECM) since on
some of the ligands studied (e.g., BCE-ECM), rapid out-
growth and/or asymmetrical attachment of the patches led to
areas of outgrowth abutting the edge of the well by Day 10.
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Therefore, assessment of fetal RPE outgrowth in 96-well
dishes, estimated from overlays, was scored on a scale of 1
to 4 by assigning patches with no or minimal outgrowth a
score of 1 and those with the most outgrowth a score of 4.
The location and amount of Ki-67 labeling was evaluated
with the original edge of the RPE patch and the leading edge
at Day 10 as points of reference.

RESULTS

Migration and Proliferation of Aged Human RPE
on Human ECM Ligands and BCE-ECM

By Day 2, all patches seeded onto 96-well culture
dishes coated with BCE-ECM and human ECM ligands
were attached and some cells had spread out from the origi-

nal RPE patches on all surfaces. At Day 10, the covered
areas on all surfaces were significantly enlarged (Figure 1,
Table 1). Although the underlying substrate appeared to
affect outgrowth, robustness of outgrowth was also donor
dependent. Most cells covering the surfaces appeared flat-
tened and in contact with each other. Single migrating cells
were also seen at the migration leading edge. The covered
areas were not significantly different between all surfaces
studied (ANOVA, p > 0.05).

At Day 10, Ki-67-positive RPE cells were observed
throughout the covered areas outside the original patch,
with most of the positive cells seen in the zone between
the original edge and the outgrowing leading edge (an
area termed the transitional zone) (Figure 2). The num-
bers of proliferating RPE cells did not appear different
between all surfaces studied.

(a) (b) (©)
(d) (e)
Figure 1.

Aged human retinal pigment epithelium (RPE) (donor age = 80 yr) migration and proliferation on human extracellular matrix (ECM) ligands.
Patches of RPE were seeded onto (a) human laminin, (b) human collagen IV, (c) human collagen I, and (d) human fibronectin. (e) Cells seeded
onto bovine corneal endothelial cell ECM are included for comparison. (a—€) 10 days in culture. Outline = original patch edge. Magnification

bar = 400 um.
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Table 1.

Migration of aged human retinal pigment epithelium (RPE) onto human
extracellular matrix (ECM) ligand-coated 96-well dishes (boving corneal
endothelial ECM [BCE-ECM] included for comparison) (N=5").

Ligand Migration Indext
Laminin 8.86 £ 3.05
Collagen IV 10.74 £7.00
Fibronectin 10.71£7.26
Collagen | 543+251
BCE-ECM 12.86 £ 5.70

*Number of donor eye pairs. RPE from each donor pair combined prior to
seeding; 1 to 5 patches from each donor pair studied per ECM ligand.

TTotal area covered at Day 10 divided by area of original patch. No significant differ-
ence is present between ligands (analysis of variance, p > 0.05). Data presented as
mean + standard of error of the mean.

Migration and Proliferation of Aged Human RPE
on BCE-ECM, Nonhuman ECM Ligands, and Human
Fibronectin

By Day 2, all RPE patches seeded onto 35 mm cul-
ture dishes coated with BCE-ECM, mouse collagen 1V,
rat collagen I, and human fibronectin were attached and
some cells had spread out from the original patches. For
RPE seeded onto mouse laminin-coated dishes, all
patches were attached by Day 2 in two donors, whereas
most patches were floating at Day 2 and became attached
at Day 4 in one donor. At Day 10, the covered areas on
BCE-ECM, mouse collagen IV, rat collagen I, and human
fibronectin were significantly enlarged with most out-
growing cells appearing flattened and in contact with
each other (Figure 3, Table 2). Single migrating cells
were at the migration leading edge. Although the under-
lying substrate appeared to affect outgrowth, robustness
of outgrowth was also donor dependent.

In most cases, the covered areas were not significantly
different between the various nonhuman ECM ligands and
the human fibronectin. However, the covered area on
mouse laminin was significantly less than on other ECM
ligands, with only a few cells migrating outside the origi-
nal patches by Day 10 (Tukey multiple comparison tests,
g> 0.05, 10, 5 for p = 0.05). Cells growing on mouse
laminin were small and less flat than on other surfaces.
Rounded cells were also seen on the mouse laminin. For
all other nonhuman ECM ligands, Ki-67-positive RPE
cells were observed throughout the covered areas outside
the original patch at Day 10, with most positive cells in the
transitional zone and at the outgrowing leading edge. This
pattern of Ki-67 labeling was similar to that of cells
migrating on human fibronectin. The numbers of prolifer-
ating RPE cells did not appear to be significantly different
between the various ECM ligand coated surfaces studied.

WANG et al. Migration and proliferation of retinal pigment epithelium

Figure 2.

Role of cell proliferation in resurfacing bovine corneal endothelial cell
extracellular matrix Ki-67 staining. (a) Adult human retinal pigment
epithelium (RPE) (donor age = 70 yr); Ki-67 (red), autofluorescence
in adult RPE (green). (b) Fetal human RPE, crystal violet image
overlaid with red Ki-67 label. Proliferation is much greater in fetal
than adult specimens. Outline = original patch edge. Magnification
bar =400 um.
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Figure 3.

Aged human retinal pigment epithelium (RPE) (donor age = 70 yr) migration and proliferation on rodent extracellular matrix (ECM) ligands.
(a) Patches of human RPE seeded onto mouse laminin, (b) mouse collagen 1V, and (c) rat collagen I. (d) Cells seeded onto human fibronectin
and (e) bovine corneal endothelial ECM (BCE-ECM) are included for comparison. (a—e) 10 days in culture. Note that migration on BCE-ECM
and fibronectin is more vigorous than that observed in Figure 1, probably because of donor variability. Outline = original patch edge.

Magnification bar = 400 pm.

Table 2.

Migration of aged human retinal pigment epithelium (RPE) onto
nonhuman extracellular matrix (ECM) ligand-coated 35 mm dishes
(human fibronectin included for comparison) (N = 3%).

Ligand Migration Index®
Laminin (mouse) 6.56 + 3.25
Collagen IV (mouse) 32.95+4.33
Fibronectin (human) 36.39 £ 3.92
Collagen I (rat) 33.95+5.20
BCE-ECM 29.46 + 9.66

*Number of donor eye pairs. RPE from each donor pair combined prior to
seeding; 1 to 5 patches from each donor pair studied per ECM ligand.

Total area covered at Day 10 divided by area of original patch. Data presented as
mean + standard error of the mean. Migration on laminin is significantly differ-
ent from other ligands studied. Tukey multiple comparison tests show calculated
g>0.05, 10, 5 for p=0.05.

BCE-ECM = bovine corneal endothelial extracellular matrix.

Migration and Proliferation of Fetal Human RPE
on BCE-ECM and Human ECM Ligands

By Day 2, all patches seeded onto 96-well culture
dishes coated with BCE-ECM, human collagen 1V, human
collagen I, human laminin, and human fibronectin were
attached and some cells had spread out from the original
patches. At Day 10, the covered areas on BCE-ECM,
human collagen 1V, human collagen I, and human
fibronectin were enlarged significantly (Table 3). Most
outgrowing cells appeared flattened and in contact with
each other. Single migrating cells were seen at the migra-
tion leading edge. In the BCE-ECM-coated plates particu-
larly, the amount of coverage approached 100 percent. The
covered area on human laminin was significantly less than
on other ECM ligands (Table 3, Figure 4). At Day 10, Ki-
67-positive RPE cells were seen throughout the covered
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areas in all surfaces studied. The frequency of proliferat-
ing cells was significantly greater than that of aged adult
RPE on the same ECM ligands (Figure 2).

Table 3.

Migration of human fetal retinal pigment epithelium (RPE) onto
extracellular matrix (ECM) ligand-coated 96-well dishes (bovine corneal
endothelial ECM [BCE-ECM] included for comparison).

Ligand N> Migrationt
Laminin 2 2
Collagen IV 2 3
Fibronectin 3 3
Collagen | 2 3
BCE-ECM 3 4

*Number of donor eye pairs. RPE from each donor pair combined prior to
seeding; 1 to 5 patches from each donor pair studied per ECM ligand.
TAssessment of migration and area covered is qualitative and is expressed on
scale of 1 to 4 (1 = no or little growth; 4 = maximum growth).

(b)

(d)

Figure 4.

WANG et al. Migration and proliferation of retinal pigment epithelium

Migration and Proliferation of Fetal RPE on
Nonhuman ECM Ligands and Human Fibronectin

Compared with aged adult RPE at Day 10, fetal RPE
patches showed significantly greater coverage on all
ECM ligands except mouse laminin-coated dishes,
on which minimal coverage was observed (Table 4,
Figure 4). For fetal RPE, the covered area on BCE-ECM
appeared to be the greatest and no obvious difference was
observed between the area covered on fibronectin versus
collagen 1.

At Day 10, Ki-67-positive RPE cells were seen
throughout the covered area in all surfaces studied except
for mouse laminin. The frequency of proliferating cells
was significantly greater than that of aged adult RPE on
the same ECM ligands.

Fetal human retinal pigment epithelium (RPE) migration and proliferation on rodent versus human extracellular matrix (ECM) ligands. Patches of
fetal RPE were seeded onto (a) rat and (b) human collagen | and (c) mouse and (d) human laminin after 10 days in culture. (e) Cells seeded onto
bovine corneal endothelial cell ECM are included for comparison. Outline = original patch edge. (b—e) Crystal violet counterstain. Magnification

bar =400 um.
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Table 4.

Migration of human fetal retinal pigment epithelium (RPE) onto
extracellular matrix (ECM) ligand-coated 35 mm dishes (human
fibronectin included for comparison) (N = 1).

Ligand Migration Index*t
Laminin (mouse) 0.51
Fibronectin (human) 365.5
Collagen I (rat) 313.6
BCE-ECM 809.4
*Number of donor eye pairs; 1 to 2 patches from each donor pair studied per
ECM ligand.

TTotal area covered at Day 10 divided by area of original patch.
BCE-ECM = bovine corneal endothelial extracellular matrix.

DISCUSSION

The results of these experiments indicate that age-
related changes in RPE cells may compromise RPE
wound healing, but a high density of single ECM ligands
can support aged RPE migration. The source of collagen
(rat or mouse) did not appear to adversely affect out-
growth of RPE. The results observed with migration on
laminin, however, indicate that the source of the ECM
ligand can play an important role in the migratory ability
of the cells. In view of the limited native RPE resurfacing
observed in areas of localized RPE debridement using
organ cultures of aged submacular human Bruch’s mem-
brane [24], ECM ligand bioavailability is likely compro-
mised in the submacular area of aged human eyes.
Development of Bruch’s membrane treatments that foster
RPE migration into the dissection bed might be accom-
plished with a high density of single or complex ligand
surfaces. In this regard, we note that RPE resurfacing was
consistently best on BCE-ECM. The composition of
BCE-ECM is documented [29-34]. We suspect that
BCE-ECM had the greatest effect on RPE resurfacing
because (1) it contains a high density of relevant ECM
ligands and (2) the ECM ligands are organized in a suit-
able three-dimensional array.

CONCLUSIONS

The goal of our research is to develop sight-restoring,
cell-based therapy for people with AMD. Combining RPE
transplantation with CNV excision may provide a sight-
restoring therapy for selected AMD patients. In view of the
challenges of RPE transplantation (e.g., management of
transplant rejection), stimulation of RPE resurfacing seems

attractive, since it essentially uses the patient’s native RPE
cells to support cell-based therapy. The availability of tech-
nigues to manufacture surfaces that are biocompatible and
that exhibit ECM ligands supporting cell attachment, pro-
liferation, and survival renders biochemical reconstruction
of Bruch’s membrane a viable approach for managing RPE
cell loss after surgical excision of CNVs as well as in cases
of geographic atrophy [35-36].
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