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Stromal cell-derived factor-1 (SDF-1) causes chemo-
taxis of CXCR4-expressing bone marrow-derived
cells. SDF-1 is involved in the pathogenesis of various
vascular diseases, including those of the eye. How-
ever, the role of SDF-1 in neuronal diseases is not
completely understood. Here, we show higher SDF-1
levels in the vitreous humor of patients with retinal
detachment (RD) compared with normal patients.
SDF-1 correlated positively with the duration as well
as the extent of RD. Furthermore, SDF-1 correlated
significantly with levels of interleukin-6 and interleu-
kin-8, but not with vascular endothelial growth fac-
tor. Western blot analysis results showed significant
SDF-1 up-regulation in detached rat retinas compared
with normal animals. Immunohistochemistry data
showed that SDF-1 was co-localized with the glial cells
of the detached retina. SDF-1 blockade with a neutral-
izing antibody increased photoreceptor cell loss and
macrophage accumulation in the subretinal space.
The retinal precursor cell line R28 expressed CXCR4.
SDF-1 rescued serum starvation-induced apoptosis in
R28 cells and enhanced their ability to participate in
wound closure in a scratch assay. Our results indicate
a surprising, protective role for SDF-1 in RD. This
effect may be mediated directly or indirectly through
other cell types. (4m J Pathol 2010, 177:2268-2277; DOI:
10.2353/ajpath.2010.100134)

Chemokines are a family of polypeptides that act as
potent chemoattractants. They are structurally grouped
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into two subfamilies, CXC-family and CC- subfamily, based
on the characteristic presence of four conserved cysteine
residues.'™® Stromal cell-derived factor-1 (SDF-1) is a
CXC-chemokine with important roles in hematopoiesis.®
Mice lacking SDF-1 or its receptor CXCR4 are embryon-
ically lethal, exhibiting defects in various organs includ-
ing heart, brain, large vessels, and bone marrow.>€ In
bone marrow, endothelial cells and stromal cells express
SDF-1, which not only recruits hematopoietic stem cells
to the bone marrow niche, but also supports their sur-
vival and proliferation.”® SDF-1/CXCR4 also recruits
bone marrow-derived cells to neovascularization and
regeneration sites in heart, liver,®'° and eye.'"?
SDF-1 levels are elevated in the vitreous of ischemic
ocular diseases, such as proliferative diabetic retinopa-
thy (PDR) and retinopathy of prematurity.’®'® Previously,
we reported elevated vitreous levels of SDF-1 in patients
with retinal vein occlusion.’ In addition, SDF-1/CXCR4
potentially mediates ocular inflammation by recruiting
CD4™ T-cells, and is potentially involved in the formation
of proliferative membranes in eyes with proliferative vit-
reoretinopathy.'®'® Therefore, interest in understanding
the role of SDF-1/CXCR4 in non-neovascular inflamma-
tory or proliferative ocular diseases remains great.
Retinal detachment (RD), the physical separation of
the neural layer of the retina from the subjacent retinal
pigment epithelium, results in photoreceptor cell
death.'”'® Because of the irreversible nature of the dam-
age, a long duration of RD can cause permanent vision
loss."® Thus, new insights into the photoreceptor protec-
tion in RD would be of great clinical interest, as they could
lead to new treatments. Because, the retina is an acces-
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sible part of the brain, it also offers a unique opportunity
for studies of the central nervous system. Given that RD
usually occurs without infectious inflammation or destruc-
tive ischemia, it provides a suitable context for investigat-
ing morphological changes in neural disorders and a
local sterile inflammation.

The CC chemokine monocyte chemotactic protein-1,
erythropoietin, and interleukin (IL)-6 have recently been
implicated in neuro protection.?®2' Monocyte chemotac-
tic protein-1 is a critical mediator of RD-induced photo-
receptor apoptosis.?

This study elucidates the role of SDF-1 in RD by using
human vitreous samples in vivo and in vitro.

Materials and Methods

Human Vitreous Samples

This study was approved by the institutional ethical com-
mittee at University of Kagoshima, and was performed in
accordance with the Declaration of Helsinki. All surgeries
were performed at Kagoshima University Hospital. All
patients provided informed consent before receiving
treatment. Undiluted vitreous fluid samples (0.5 to 0.7 ml)
were obtained from the same sites of the anterior vitreous
by pars plana vitrectomy. Vitreous humor was collected
in sterile tubes, placed immediately on ice, centrifuged to
remove cells and debris, and stored at —80°C until anal-
ysis. The clinical histories of all patients were obtained
from their medical records. In patients with rhegmatog-
enous RD (RRD), preoperative data collection included
time from onset of symptoms to surgery and extent of
detached retina.

Measurements of vitreous levels of SDF-1«, vascular
endothelial growth factor (VEGF), and inflammatory cyto-
kines/chemokines (IL-1B, IL-6, IL-8, IL-10, IL-12p70, and
tumor necrosis factor-a) were measured as we described
previously.?® SDF-1a and VEGF were quantified by using
commercial enzyme-linked immunosorbent assays (Hu-
man CXCL12/SDF-1 « Quantikine ELISA Kit, Human VEGF
Quantikine ELISA Kit; R&D Systems, Minneapolis, MN). Six
inflammatory cytokines/chemokines were quantified by us-
ing commercial multiplex Cytometric Bead Array systems:
Human Inflammation Kit (BD Biosciences Pharmingen, San
Diego, CA). All concentrations less than the detection level
were assigned a value of O in the subsequent analysis.

Animals and RD Induction

All experiments were performed in accordance with the
Association for Research in Vision and Ophthalmology
statement for the Use of Animals in Ophthalmic and Vision
Research and approval of our institutional animal care com-
mittee. Brown Norway rats (Kyudo, Fukuoka, Japan),
postnatal 8 weeks, were studied as follows. RD was in-
duced in the right eyes as we described previously.® The
rats were anesthetized with an intramuscular injection of
ketamine and xylazine, and their pupils were dilated with
topical 1% tropicamide and 2.5% phenylephrine hydrochlo-
ride. The retinas were detached by using a subretinal injec-
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tion of 1% sodium hyaluronate (Opegan; Santen, Osaka,
Japan) with an anterior chamber puncture to reduce in-
traocular pressure. Sclera was penetrated at the ocular
nasal equator with a 30-Gauge needle. Then, sodium hyal-
uronate (0.05 ml) was gently injected through the sclera into
the subretinal space to enlarge the RDs. These procedures
were performed only in the right eye, with the left eye serv-
ing as a control. Eyes with lens injury, vitreous hemorrhage,
infection, and spontaneous reattachment were excluded
from the analysis.

Intravitreal Injection

In some eyes, immediately after RD induction, 1 ug anti-
SDF-1a antibody (MAB310; R&D Systems) or 1 ug iso-
type control 1IgG1 monoclonal antibody (MAB002; R&D
Systems) was injected intravitreally from the temporal
limbus of the same eye by using a 33-Gauge needle
(Hamilton, Reno, NV) in a 10-ul volume. Doses were
based on previous studies in mice.?* The rats were sac-
rificed on days 3 and 7 after treatment, and the eyes were
harvested for study.

Western Blot Analysis of Experimental RD

SDF-1 expression in the detached retinas was examined
by Western blot, as described previously.?® The rats were
sacrificed 3 days after RD induction. The eyes were
enucleated immediately, and the anterior segment and
vitreous were removed. The detached portion of the neu-
rosensory retina was carefully peeled and harvested.
Retinas were resuspended in lysis buffer (30 mmol/L Tris,
pH 7.5, 150 mmol/L NaCl, 1 mmol/L phenylmethylsulfonyl
fluoride, 1 mmol/L Na3VO4, 1% Nonidet P-40, and 10%
grycerol), and centrifuged for 10 minutes at 4°C. Protein
concentration in the supernatant was calculated by using
the micro bicinchoninic acid protein assay kit (Pierce,
Rockford, IL). An aliquot of 50 ug total extract was mixed
with protein loading buffer containing methoxyethanol,
and boiled for 5 minutes before being loaded onto 15%
SDS-polyacrylamide gels, then transferred onto a polyvinyli-
dene difluoride membrane. The membrane was blocked by
incubation with blocking buffer (Tris-buffered saline [pH 7.5]
with 5% nonfat dry milk and 0.1% Tween-20) for 1 hour at
room temperature. The membrane was then incubated with
rabbit polyclonal anti-SDF-1a antibody (1:1000; Abcam,
Cambridge, UK) at 4°C overnight. The blots were subse-
quently probed with secondary anti-rabbit antibodies con-
jugated to horseradish peroxidase, and images were
developed by using the enhanced chemiluminescence sys-
tem plus (GE Health care, Tokyo, Japan).

Immunofluorescent Staining

The eyes were fixed in 4% paraformaldehyde at 4°C over-
night. The anterior segment and the lens were removed,
and the remaining eye cup was cryoprotected with 10% to
30% sucrose in PBS. The eye cups were then frozen in an
optimal cutting temperature compound (Sakura Finetech,
Tokyo, Japan). Frozen sections (8 um) were dried and
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blocked with blocking buffer for 1 hour. The antibodies used
for staining were rabbit polyclonal anti-SDF-1a antibody,
rabbit polyclonal anti-CXCR4 antibody (each 1:50; Abcam),
monoclonal anti-glial fibrillary acidic protein (GFAP) anti-
body (Sigma, St. Louis, MO), mouse anti-CD68 monoclonal
antibody (ED1; 1:800; Serotec, Raleigh, NC), and mouse
anti-CD31 monoclonal antibody (PECAM-1; 1:100; Abcam).
Normal rabbit or mouse IgG was used instead of primary
antibody as a negative control in each case. Secondary
antibodies were Alexa-Fluor 488-conjugated goat anti-
mouse IgG F(ab), fragment and Alexa-Fluor 594-conju-
gated goat anti-rabbit 1IgG F(ab), fragment (each 1:400;
Molecular Probes, Carlsbad, CA). Slides were counter-
stained with 4,6-diamidino-2-phenylindole (DAPI), mounted
with Shandon PermaFlour (Thermo Scientific, Waltham,
MA), and viewed with a Olympus fluorescence microscope
(Olympus, Tokyo, Japan). Images were captured by using
the same exposure time for each comparative section. Con-
focal Laser Scanning Microscopy images were taken on an
Olympus FV-500 confocal microscope (Olympus). For all
experiments, at least three sections from each eye were
evaluated.

Immunofluorescent staining for CXCX4 was performed
on R28 cells by using the same method.

Quantification of Outer Nuclear Layer Thickness
and ED1 Positive Macrophages

To evaluate the change of outer nuclear layer (ONL) thick-
ness after RD, we compared the thickness of the ONL with
the entire retina (defined as the distance between the inter-
nal limiting membrane to the external limiting membrane) in
histological sections (three sections each point) stained
with hematoxylin and eosin. Three separate measurements
of retinal thickness were obtained from each retinal section
by using image analysis software, Image J (National Insti-
tutes of Health, Bethesda, MD). To assess the number of
ED1 positive macrophages infiltrating the subretinal space,
we performed double immune-fluorescence staining with
rabbit polyclonal anti-CXCR4 antibody and ED1. The num-
ber of ED1 positive cells was counted at three random fields
in each eye in a masked fashion.

Cell Culture

The rat immortalized retinal precursor cell line R28, a gift
from Dr. G. M. Siegel (The State University of New York,
Buffalo), was cultured in Dulbecco’s modified Eagle’s
medium high glucose supplemented with 10% fetal bo-
vine serum, 10 mmol/L nonessential amino acids, and 10
mg/ml gentamicin as described previously.?® Cells were
incubated at 37°C in a 5% CO, incubator and subcultured
with 0.05% trypsin-EDTA. Subconfluent cultures were
trypsinized and seeded for the following experiments.

Trypan Blue Dye Exclusion Assay

To induce cell death by serum starvation, R28 cells at
50% confluence in 24-well tissue culture plates were

washed with PBS twice, and the culture medium was
replaced with serum-free Dulbecco’s modified Eagle’s
medium containing 0.1% bovine serum albumin. After 6
hours of synchronization, recombinant SDF-1a (Pepro-
Tech, London, UK) or PBS was added to the wells at the
indicated concentrations. After incubation for 48 hours,
cell survival was assessed by trypan blue dye exclusion
assay in a masked fashion, as described previously.?”

Terminal Deoxynucleotidy! Transferase-Mediated
dUTP Nick-End Labeling Staining

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) procedure and quantification of
TUNEL-positive cells were performed by using an ApopTag
fluorescein direct in situ apoptosis detection kit (Chemicon
International, Temecula, CA) according to the manufactur-
er's instructions. The number of TUNEL-positive cells was
counted in a masked fashion.

Scratch Wound Assay

For scratch wound assay, R28 cells were grown to 90%
confluence in 6-well tissue culture plates and serum starved
for 6 hours before experiment. Then, R28 cells were
scratched with a sterile 0.1- to 10-ul pipette tip (TipOne;
USA Scientific, Ocala, FL) to remove cells with three parallel
linear scrapes. The debris of damaged cells was removed
by washing, and the cells were refed with serum-free Dul-
becco’s modified Eagle’s medium containing 0.1% bovine
serum albumin in the presence or absence of recombinant
(rSDF-1) (100 ng/ml). The progression of wound healing
was photographed immediately and 24 hours after
wounding, at the same field near the marked point, using
an inverted microscope (Olympus CKX41; Olympus)
equipped with a digital camera. The extent of healing is
defined as the ratio of the area difference between the
original wound and the remaining wound 24 hours after
injury compared with the original wound.?® The wound area
was determined by the number of pixels in histogram (Pho-
toshop CS3; Adobe, San Jose, CA).

Western Blot Analysis of Bcl-2 or ERK-1/2
Activation

R28 cells (5 X 10°) were subcultured on 6-cm tissue
culture dishes. The cells were serum-starved for 6 hours
and then stimulated with or without rSDF-1 (100 ng/ml) for
24 hours.?° For inhibition studies, U0126 (Promega, Mad-
ison, WI) was added 1 hour before SDF-1 treatment. In
brief, whole cells were lysed with SDS sample buffer and
a 80-ug volume of protein extracts was loaded onto 15%
SDS-polyacrylamide gels, then transferred onto a polyvi-
nylidene difluoride membrane. After blocking, the mem-
brane was reacted with anti-Bcl-2 antibody (1:1000; Cell
Signaling Technology, Beverly, MA) at 4°C overnight. The
blots were subsequently probed with secondary antibod-
ies and images were developed. To analyze activation of
ERK-1/2, the membrane was reacted with phospho-ERK-
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Table 1. Patient Characteristics
Characteristics PDR RRD ERM MH P
Subjects, no. 30 44 11 18
Age (yr) 62 (31-80) 59 (44-86) 69 (50-75) 68 (49-78) 0.184*
Female sex no. (%) 15 (50) 18 (41) 6 (55) 11 (61) 0.849"

Values are expressed as the median (range) or number (%).
*Kruskal-Wallis variance analysis.
T\ test.

1/2 (1:1000; Cell Signaling Technology). After detection
of phospho-ERK-1/2, the blot was stripped and re-
probed with an antibody against total ERK-1/2 (1:1000;
Cell Signaling Technology), as described previously.3°

Statistical Analysis

The vitreous inflammatory cytokine/chemokine concentra-
tions in each group were compared by using the Mann-
Whitney U-test. The correlation between inflammatory cyto-
kines/chemokines in RD samples was analyzed by using a
simple linear regression analysis and Spearman’s rank cor-
relation coefficient. All in vitro and vivo data are presented
as mean *= SEM, and the significance of differences be-
tween groups was determined by Student'’s t-test. P values
less than 0.05 were considered significant.

Results

Vitreous SDF-1 and Inflammatory
Cytokine/Chemokine Levels in Patients with RD,
Epiretinal Membrane, and Macular Hole

To investigate the role of SDF-1 in non-neovascular ocu-
lar diseases, we quantified the levels of human vitreous
SDF-1 in RRD, epiretinal membrane (ERM), and macular
hole (MH). PDR, a neovascular disease with high levels of
SDF-1 in the vitreous, was used as a positive control.®’
Samples were harvested from 30 eyes with PDR, 44 eyes
with RRD, 11 eyes with ERM, and 18 eyes with MH. There
were no statistically significant differences in age and sex
of patients (Table 1).

SDF-1 concentration of RRD (58.5 pg/ml) was signifi-
cantly higher than that of ERM (21.2 pg/ml, P = 0.012 and
P < 0.016 after Bonferroni correction). Significant differ-
ences were not found between RRD and MH (10.0 pg/
ml), or between MH and ERM (Figure 1A). The vitreous
VEGF level in PDR was highest and comparable to that of
SDF-1. In contrast, there was surprisingly no VEGF de-
tectable in RRD, ERM, and MH (Figure 1B).

Next, we examined whether there is a relation between
vitreous SDF-1 concentration and pathological condition
in eyes with RRD, in terms of duration of disease (range,
3 to 120 days) and extent of detached retina (range, 0.5
to 4 quadrants; Table 2). The vitreous SDF-1 level in RRD
was positively correlated with duration of disease and
extent of detached retina in RRD by a simple linear re-
gression (r = 0.501, P < 0.001, r = 0.339, P = 0.024,
respectively) and by a Spearman’s rank correlation coef-

ficient (r = 0.347, P = 0.025, r = 0.323, P = 0.040,
respectively; Figure 1, C and D).

Furthermore, vitreous SDF-1 showed a positive corre-
lation with IL-6 (r = 0.484, P = 0.002) and IL-8 (r = 0.400,
P = 0.009) by Spearman’s rank correlation coefficient
(Figure 1, E and F), but not by simple linear regression.
The vitreous IL-6 in RRD positively correlated with the
extent of detached retina by a Spearman’s rank correla-
tion coefficient (r = 0.342, P = 0.027; data not shown);
however, it did not correlate with disease duration.

SDF-1 and CXCR4 Expression in
Experimental RD

To investigate SDF-1 and CXCR4 expression in the retina
after RD, 3 days after detachment was induced in Brown
Norway rats, neurosensory retina was harvested and ex-
pression of these proteins was analyzed by Western blot-
ting. The SDF-1 protein level in the detached retina was
substantially higher (P < 0.01), 3 days after RD, com-
pared with the untreated control (Figure 2, A and B).

Immunofluorescent staining revealed sparse SDF-1
expression in the inner border and the outer plexiform
layer of the retina in the control. In contrast, up-regula-
tion of the expression of SDF-1 occurred with RD (Fig-
ure 3, A and B), which seemed to be colocalized with
the activated GFAP-positive astrocytes or Muller cells
(Figure 3, C-F).

In the normal retina, CXCR4 staining mainly was
present in the ganglion cell layer and the inner nuclear
layer of the retina. Additionally, CXCR4 was strongly pos-
itive in the outer nuclear layer and photoreceptor inner
segments of the detached retina (Figure 4, A-D). Double
immunofluorescent staining of CXCR4 showed strong
staining in some ED-1-positive macrophages infiltrating
into the subretinal space (Figure 5, A-C).

Vitreal SDF-1 Neutralization Causes ONL Cell
Loss and Accumulation of Subretinal ED-1
Positive Macrophages

To further define the role of SDF-1 in RD, after sodium
hyaluronate injection into the subretinal space, some rats
were intravitreally injected with anti-SDF-1 antibody or
nonbinding control antibody. Three days after RD, there
were no apparent morphological differences between the
Ab-injected animals and normal controls. Seven days
after RD, there was thinning of the outer nuclear layer due
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Figure 1. Analysis of human vitreous levels of SDF-1. A: Vitreous levels of PDR, RRD, ERM, and MH. The vitreous SDF-1 level of RRD was significantly higher
than that of ERM. Bars indicate average values. B: Vitreous levels of VEGF. C and D: Scatter plot for the correlation between vitreous levels of SDF-1 and (C)
duration of disease (simple linear regression, = 0.501, P < 0.001; Spearman’s rank correlation coefficient, » = 0.347, P = 0.025) or (D) extent of detached retina
(simple linear regression, » = 0.339, P = 0.024; Spearman’s rank correlation coefficient, » = 0.323, P = 0.040) in eyes with RRD. E and F: Scatter plot for the
correlation between vitreous levels of SDF-1 and (E) IL-6 (simple linear regression, r = 0.410, P = 0.000; Spearman’s rank correlation coefficient, r = 0.484,
P = 0.002) or (F) IL-8 duration of disease (simple linear regression, » = 0.081, P = 0.061; Spearman’s rank correlation coefficient, » = 0.400, P = 0.009)
in eyes with RRD.

to photoreceptor loss and deconstruction of the inner and
outer segments of the photoreceptors. The ratio of the
thickness of the ONL to the entire retina differed signifi-
cantly between the noninjected (0.278 *= 0.015) and anti-
SDF-1 Ab group (0.228 = 0.011, P < 0.05), or between
anti-SDF-1 Ab and control Ab group (0.294 = 0.018, P <
0.01), respectively. No significant difference was found
between noninjected and control Ab group (Figure 6, A
and B). In normal eyes without detachment, SDF-1 block-
ade did not cause apparent retinal morphological
change (data not shown). This suggests that SDF-1
blockade results in photoreceptor cell loss only at the site
of detachment.

TUNEL staining of rat eyes 3 days after detachment

rophages was counted after immunostaining with ED-1.
The number of ED-1 positive macrophages that infiltrated
the subretinal space was markedly increased in anti-
SDF-1 Ab group, compared with both noninjected (P <
0.05) and control Ab group (P < 0.05; Figure 6, E and F).

SDF-1/CXCL12 Enhances R28 Survival and
Apoptosis

To assess whether SDF-1 is a survival factor for retinal
cells, we performed in vitro experiments with R28 cells, a

revealed significantly higher percentages of TUNEL-pos- A B o, ——
itive cells in the ONL of retinas treated with anti-SDF-1 Ab '
compared with those treated with control Ab (P < 0.05) or 2"
untreated control (P < 0.05; Figure 6, C and D). SDF-1 — §40
To assess the impact of SDF-1 blockade on the recruit- 550
ment of inflammatory cells, the number of infiltrated mac- o-tubulin % 20
D10

Table 2. Clinical State of Rhegmatogenous Retinal

Detachment

15 (3-120)
1.5 (0.5-4)

Duration of disease (days)
Extent of detached retina (quadrants)

Values are expressed as the median (range).

0

RD + RD — +

Figure 2. Western blot analysis of SDF-1 protein expression in retinas of
normal rats and 3 days after detachment. Experimental retinal detachment was
created by injection of sodium hyaluronate. The neurosensory retina was har-
vested and analyzed by Western blotting. A: Immunoreactive band for SDF-1 in
rat retinal tissue with or without detachment. B: Quantification of the relative
SDF-1 expression (72 = 3). Results are the mean £ SEM. *P < 0.01.
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Figure 3. Confocal images of SDF-1 expression in detached rat retina. Retinal
sections from control eyes (A, C, and E) or 3 days after detachment (B, D, and
F). A: Untreated control, showing some immunofluorescent staining in the inner
border and the outer plexiform layer of the retina. B: Three days after detach-
ment, SDF-1 was also expressed radially, in the border of inner retina, and some
nonspecific staining was found in the photoreceptor outer segment. C and D:
GFAP staining. E and F: Merged image of SDF-1 (red), GFAP (green), and DAPI
(blue). Colocalization of SDF-1 and GFAP was found regardless of RD, but
stronger in detached retina compared with control. INL, internal nuclear layer;
ONL, outer nuclear layer. Original magnifications, X200.

rat retinal progenitor cell line.3233 Cell surface expression
of CXCR4 was found by immunofluorescent staining (Fig-
ure 7A). To induce cell apoptosis, we first cultured R28
cells under serum-starvation with or without SDF-1, and
assessed cell survival by trypan blue dye exclusion as-
say after 48 hours of culturing. Serum starvation for 48
hours caused a 36.1% reduction of cell survival, com-
pared with serum-containing medium. SDF-1 treatment
dose dependently rescued serum starvation-induced cell
death by 19.1% at 100 ng/ml rSDF-1 (P < 0.05, Figure
7B). The effect of SDF-1 was completely reversed by
treatment with anti-SDF-1 antibodies (1 ug/ml; Figure
7B). TUNEL staining revealed that 11.8 £ 6.1% of cells
were apoptotic after 48 hours of serum starvation. By
contrast, treatment with SDF-1 significantly reduced the
frequency of TUNEL-positive cells (6.5 + 5.2%, P < 0.05;
Figure 7, C and D). Less than 1% of the cells were
TUNEL-positive with serum-containing medium. These
results indicate that SDF-1 inhibits the apoptosis induced
by serum starvation in R28 cells.
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Figure 4. Confocal images of CXCR4 expression in detached rat retina. The
retinal sections were derived from control eyes (A and C) or 3 days after
detachment (B and D). A: Untreated control retina, showing positive staining
in the ganglion cell layer and the inner nuclear layer of the retina. B: Three
days after detachment, CXCR4 was strongly positive in the outer nuclear layer
and photoreceptor inner segments of the detached retina. C and D: Merged
images of CXCR4 (red) and DAPI (blue). INL, internal nuclear layer; ONL,
outer nuclear layer. Original magnifications, X200.

SDF-1 Increases Wound Healing

To study the effects of SDF-1 on wound healing, we
performed a scratch wound healing assay in the pres-
ence of SDF-1. The 90% confluent monolayers of R28

CXCR4
ED1
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<
a
=
=
o
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Q
g

Figure 5. CXCR4 is expressed in the macrophages infiltrating into subretinal
space. The retinal sections were derived at 3 days after detachment. A:
CXCR4 staining was positive in the macrophages infiltrating into subretinal
space. B: ED-1 stained macrophages in subretinal space. C: Merged image of
CXCR4 (red), ED1 (green), and DAPI (blue). ONL, Outer nuclear layer; IS,
inner segment. Original magnifications, X400.
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Figure 6. Effect of SDF-1 inhibition on retinal
ONL thickness. Anti-SDF-1 Ab or control Ab was
intravitreally injected immediately after RD in-
duction. The rats without intravitreal injections
served as controls. A: No apparent morpholog-
ical differences among the three groups, 3 days
after RD. By day 7 after RD, ONL thickness in
anti-SDF-1 Ab-injected eyes was significantly
lower compared with normal controls or control
Ab-injected eyes. Original magnifications, X200.
B: Graph summarizing effects of intravitreal in-
jection on ONL thickness of rat retinas at 3 and 7
days after detachment. Results are the mean =+
SEM. *P < 0.05; control Ab versus anti-SDF-1 Ab
injection at day 7. *P < 0.01; control versus
anti-SDF-1 Ab injection at day 7. C: TUNEL stain-
ing (green) and DAPI (blue) of detached rat
retinas treated with anti-SDF-1 Ab or control Ab
at day 3 after RD. D: Quantification of TUNEL-
positive cells in ONL among three groups. Re-
sults are the mean = SEM. *P < 0.05; control
versus anti-SDF-1 antibody injection. E: Immu-
nofluorescent staining for ED1 (green) and DAPI
(blue) showing infiltrated cells into the subreti-
nal space at day 7 after RD. Original magnifica-
tions, X200. F: Quantification of the number of
ED-1-positive macrophages among the three
groups. Results are the mean = SEM. *P < 0.01;
control versus anti-SDF-1 antibody injection.

Figure 8A). Subsequently, the dimensions of the healing
areas were calculated (Figure 8B).

SDF-1

treatment

significantly increased wound

closure by 24.2% compared with control (P < 0.01).
SDF-1's effect was reduced by the addition of anti-
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Figure 7. SDF-1 supports R28 cell survival sup-
pressing serum starvation-induced apoptosis. Az
Double immunofluorescent staining of CXCR4
(green) and DAPI (blue) of R28 cells. CXCR4 was
predominantly expressed on the cell surface.
Original magnifications, X1000. B: The effect of
SDF-1 on cell survival. R28 cells were serum-
starved and treated with PBS or rSDF-1 at the
indicated doses. After 48 hours of culture, the
surviving cells were counted by trypan blue dye
exclusion assay (1 = 4 cach). The effect of
SDF-1 was reversed by anti-SDF-1 antibody but
not by control antibody. Results are the mean =+
SEM. *P < 0.05 versus PBS-treated control. C and
D: TUNEL staining (C) and quantitative analysis
of the TUNEL-positive apoptotic nuclei (D) in
serum-starved R28 cells treated with PBS or
tSDF-1 (7 = 4 each). The cells growing in se-
rum-containing medium were used as controls.
Results are the mean = SEM. *P < 0.05.
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Figure 8. Effect of SDF-1 on wound healing in R28 cells. A: Serum-starved R28 cells at confluence were injured with a 10-uL pipette tip. Wounded cells were
allowed to heal for 24 hours in the presence or absence (control) of rSDF-1 (100 ng/ml). The extent of healing was improved by SDF-1 treatment. The effect of
SDF-1 was reversed by anti-SDF-1 antibody but not by control antibody. Original magnifications, X40. B: Changes in the extent of healing in R28 cells. Results

are the mean = SEM. *P < 0.01; versus control.

SDF-1 Ab (0.151 = 0.020), but not control Ab (0.201 =
0.019).

SDF-1 Caused Bcl-2 Up-Regulation and
ERK-1/2 Phosphorylation

To investigate the cytosolic signaling involved in survival-
enhancing activity of SDF-1, we performed Western blot-
ting by using anti-Bcl-2 antibody. The R28 cells were
serum-starved and cultured with or without rSDF-1 (100
ng/ml). After 24 hours of culturing, whole cell lysates were
analyzed. Western blot analysis showed increased Bcl-2
protein expression in R28 cells with SDF-1 treatment (P <
0.01; Figure 9, A and B).

In addition, we incubated the cells with 100 ng/ml
rSDF-1 after 6 hours of serum starvation, and examined
activation of signaling molecules by Western blotting by
using phosphospecific antibodies. SDF-1 treatment of
the R28 cells caused rapid activation of ERK1/2, which
was statistically significant starting at 15 minutes (P <
0.01; Figure 9, C and D). The blockade of ERK signaling
pathway by U0126 caused a significant reduction of
Bcl-2 expression (P < 0.01; Figure 9, E and F).

Discussion

The present study shows the role of SDF-1 in non-neo-
vascular ocular diseases. SDF-1 and its receptor,
CXCR4, are highly expressed in the detached retina, and
vitreal SDF-1 correlates with the RD pathology in pa-
tients. SDF-1 neutralization increases photoreceptor
apoptosis after RD, indicating its surprising role in
neuroprotection. In vitro, SDF-1 increases cell survival
by reducing apoptosis and improving cell migration. To
our knowledge, this is the first report showing increased
intraocular levels of SDF-1 and its critical role in photore-
ceptor survival in RD.

SDF-1 has received widespread attention for its in-
volvement in VEGF-associated ocular neovasculariza-
tion, and neuroprotection through the recruitment of bone
marrow-derived cells.®2* For example, SDF-1 and VEGF
positively correlate in diabetic retinopathy.®' Such a cor-

relation was also found in the PDR eyes of the present
study, confirming the role of SDF-1 in the PDR pathogen-
esis. Previously, Butler et al'® reported that SDF-1 is
necessary and sufficient to promote proliferative retinop-
athy. In contrast, despite high SDF-1, significant neovas-
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Figure 9. A: SDF-1 induced up-regulation of Bcl-2 protein expression. R28
cells were serum-starved and cultured with rSDF-1 (100 ng/ml) for 24 hours,
and total cell lysates were analyzed by Western blot. B: Quantification of the
relative expression of Bcl-2. Results are representative of three independent
experiments, expressed as the mean * SEM. **P < 0.01. C: SDF-1 induced
the phosphorylation of ERK. R28 cells were stimulated with rSDF-1 (100
ng/mb for 5, 15, 30, or 60 minutes. D: Quantification of p-ERK/ERK ratio.
Results are representative of three independent experiments, expressed as
the mean * SEM. **P < 0.01; versus control. E: ERK signaling was essential
to the regulation of Bcl-2. After 3 hours of serum starvation, U0126 was
applied 1 hour before SDF-1 treatment. F: Quantification of the relative
expression of Bel-2. **P < 0.01; versus dimethyl sulfoxide.
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cularization or proliferative retinopathy was not found in
our RD eyes." Our results indicate that SDF-1 alone is
not sufficient to promote proliferative retinopathy, sug-
gesting that in addition to high SDF-1, VEGF, ischemic
injury, or other factors might be necessary to promote
proliferative retinopathy in humans. The positive correla-
tion of SDF-1 with disease duration, as well as the extent
of the detached retina, indicates that SDF-1 is produced
by the detached retina or a related event. SDF-1 was also
positively correlated with IL-6, a protective factor in RD,?’
suggesting that part of SDF-1's action might be through
other factors. These clinical data indicate SDF-1 to be a
key player in RD pathology.

In our study, although RD shows the highest vitreous
SDF-1 levels among the studied conditions, VEGF levels
in RD are low. However, considering outer retinal isch-
emia,3* the VEGF level was also expected to be high.
Possible explanations of this discrepancy are as follows:
(1) there are undetectable levels of VEGF production; (2)
VEGF is released predominantly into subretinal space in
RD. Further studies will be required to elucidate this
point.

In ocular diseases, SDF-1 is induced by ischemia.®>:3¢
Retinal glia,®® as well as endothelial cells, releases SDF-
1.%6 SDF-1 colocalizes in the inner retina with GFAP ex-
pressing cells in normal and detached retinas, suggest-
ing SDF-1 production in glial cells, such as Mdller cells,
astrocytes, and microglias. Up-regulation of GFAP posi-
tive glia is found in relation to central nervous system
stress, including RD.37-38 Therefore, it appears likely that
SDF-1 is released by reactive retinal glia in RD. In RD, the
inner retina is believed to be sufficiently supplied by
retinal circulation so that ischemia generally does not
occur,®* suggesting that other stimuli besides ischemia
might be responsible for SDF-1 up-regulation.

SDF-1 blockade causes a significant accumulation of
inflammatory cells in the subretinal space and photore-
ceptor loss after RD. This is in line with the finding that
SDF-1 blockade aggravates retinal degeneration in C3H/
Hed (rd1/rd1) mice.?* SDF-1 rescues serum starvation-
induced apoptosis of R28 cells dose-dependently, pos-
sibly through bcl2 up-regulation and activation of the
ERK-pathway. This is in line with a previous report that
SDF-1 suppresses apoptosis of cultured dendritic
cells.®®

SDF-1 stimulates the wound-healing response in R28
cells. Because SDF-1 is up-regulated both in the animal
model of RD and in samples from patients with RD, it is
reasonable to assume that SDF-1 is part of the organ’s
response to minimize injury, and that blocking it would
enhance retinal damage.

Sasahara et al®* reported that SDF-1 blockade de-
creases the accumulation of neuro-protective bone mar-
row-derived microglial cells, resulting in progression of
retinal degeneration. Our results show accumulation of
CXCR4-positive macrophages around the retinal vessels
and in the subretinal spaces, suggesting that SDF-1 acts
as a chemo-attractant for inflammatory cells in RD. How-
ever, accumulation of subretinal macrophages increased
significantly in the SDF-1-blocked eyes, differing from the
results by Sasahara et al®* in the retinal degeneration

model. An explanation for this discrepancy could be
that in RD, the retina is damaged acutely and more
severely than in the chronic retinal degeneration model.
As a result, the mediators of cell damage might differ
between RD and retinal degeneration. For instance, dam-
age-associated molecular pattern molecules, strong
chemo-attractants for inflammatory cells, are produced
after injury,*>*' and we found the damage-associated
molecular pattern molecule member, the high-mobility
group box-1, subretinally in RD.2®

The fact that SDF-1 blockade increases damage in
detached retinas suggests that SDF-1 might limit the
production of chemical mediators of injury, including
damage-associated molecular pattern molecules. This
might also explain the increased accumulation of inflam-
matory cells in the subretinal space of RD eyes with
SDF-1 blockade.

Interestingly, SDF-1 blockade affects the detached but
not the normal retina, suggesting that the detached-retina
is more sensitive to environmental changes than the nor-
mal retina. This tendency was also described in RD of
IL-6~/~ mice.2" SDF-1 blockade has been proposed as a
new therapeutic strategy for proliferative ocular disea-
ses.'® However, proliferative diseases are often associ-
ated with RD, so anti-SDF-1 therapy might be counter-
indicated.

Anti-VEGF agents have recently shown therapeutic
success in age-related macular degeneration and dia-
betic retinopathy.*? Intraocular mediators of inflammation
and angiogenesis build a complex network, and target-
ing one of them affects various others. We showed that
VEGF inhibition decreases SDF-1 in the eye.?® This might
explain some of the deleterious effects of anti-VEGF ther-
apy and indicate the need for careful consideration of the
indication for VEGF-targeting with respect to RD.

In sum, SDF-1 has both beneficial and adverse effects
in RD, such as neuro-protection or inflammatory cell ac-
cumulation, respectively. Endogenous SDF-1 is tissue-
protective in RD. Elucidating the detailed mechanisms
underlying SDF-1’s role in neural protection will support
the development of safe and effective treatments.
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