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PURPOSE. This study addresses the hypothesis that age-related stresses upregulate Thy-1 in
choroidal endothelial cells (CECs) and contribute to CEC activation and migration, processes
important in choroidal neovascularization (CNV).

METHODS. Measurements were made of Thy-1 protein (Western blot) in CECs and Thy-1 mRNA
(real time quantitative PCR) in CECs treated with VEGF, CCL11, or PBS or in RPE/choroids
from young or old donors or lasered or nonlasered mice. Immunolabeled Thy-1 in ocular
sections was compared from young versus old human donor eyes or those with or without
neovascular AMD or from lasered versus nonlasered mice. Choroidal endothelial cells
transfected with Thy-1 or control siRNA or pretreated with Thy-1 blocking peptide or control
were stimulated with VEGF or 7-ketocholesterol (7-KC). Choroidal endothelial cell migration,
proliferation, cytoskeletal stress fibers, Rac1 activation, and phosphorylated VEGF receptor 2
(VEGFR2), integrin b3, and Src were measured. Statistics were performed using ANOVA.

RESULTS. Thy-1 was expressed in retinal ganglion cells and in vascular endothelial-cadherin–
labeled choroid and localized to human or mouse laser-induced CNV lesions. Thy-1 protein
and mRNA were significantly increased in CECs treated with VEGF or CCL11 and in RPE/
choroids from aged versus young donor eyes or from lasered mice versus nonlasered controls.
Knockdown or inhibition of Thy-1 in CECs significantly reduced VEGF-induced CEC migration
and proliferation, stress fiber formation and VEGFR2, Src, integrin b3 and Rac1 activation, and
7-KC–induced Rac1 and Src activation.

CONCLUSIONS. Thy-1 in CECs regulates VEGF-induced CEC activation and migration and links
extracellular 7-KC to intracellular signaling. Future studies elucidating Thy-1 mechanisms in
neovascular AMD are warranted.

Keywords: Thy-1, chorodial endothelial cells, VEGF, choroidal neovacularization, cell
migration

Neovascular age-related macular degeneration (nvAMD) is a
leading cause of blindness worldwide. Besides the role of

genetic predisposition, external stresses related to inflamma-
tion, oxidative stress, hypoxia-related signaling, and age-related
changes in the composition of the extracellular matrix play roles
in the development of nvAMD.1–4 Currently, anti-VEGF agents
are the standard of care but effective in only approximately 40%
of cases.5,6 In addition, successful treatment of nvAMD with
anti-VEGF agents does not slow progression of geographic
atrophy, the advanced dry form of AMD.7 Also, there are
concerns about potential harm from repeated long-term
administration of anti-VEGF agents on retinal cells.8,9 One way
to reduce the potential risk from repeated anti-VEGF treatments
is to limit treatment to nvAMD lesions that result in vision loss.

Clinical studies have shown that vision may be maintained
when choroidal neovascularization (CNV) remains beneath the
retinal pigment epithelium (RPE), that is, type 1 CNV.10–12 It
then follows that one way to stop CNV from entering the
sensory retina would be to inhibit choroidal endothelial cells
(CECs) from attaching to extracellular matrix and being
activated to migrate across the RPE monolayer.

We previously found that activation of the rhoGTPase, Rac1,
was necessary for CEC activation and transmigration of the
RPE.13,14 Furthermore, CCL11 and VEGF, ligands that activate
signaling events important in nvAMD pathophysiology, also
induced Rac1-mediated CEC migration.15,16 In this study, we
explored the role of Thy-1 on CEC activation and migration.
Thy-1 is a highly conserved glycosylphosphatidylinositol (GPI)-
anchored protein, known for its expression on thymocytes and
ganglion cells. In addition, Thy-1 regulates cell–cell interactions
by binding to receptors, like integrins.17 Integrins trigger
intracellular signaling and bind proteins, not only on other cells
and cell types, but also within the extracellular matrix. In this
way, Thy-1 links the cell membrane to the extracellular matrix
and other cells. The role of Thy-1 has not been explored in
CECs or in nvAMD. However, Thy-1 facilitates neuron–astrocyte
interactions and signaling.17 We found Thy-1 was highly
expressed in older versus younger human donor choroid and
CECs and in CECs exposed to VEGF or CCL11. Furthermore, we
found that Thy-1 was necessary for VEGF or 7-ketocholesterol
(7-KC)–induced Rac1-mediated CEC migration. Thy-1, which is
not a transmembrane protein, triggered intracellular signaling
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by activating Src kinase, VEGF receptor 2 (VEGFR2), or
integrin b3.

METHODS

Animal and Laser-Induced CNV Model

C57Bl/6 wild-type mice (Jackson Laboratory, Bar Harbor, ME,
USA) between 6 and 8 weeks old and of both sexes were used
in the laser-induced CNV model. The care and use of animals in
our studies adhered to the University of Utah guidelines (Guide

for the Care and Use of Laboratory Animals) and treated in
accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

The laser-induced CNV model was carried out as previously
described.14,17 Five to 7 days after laser, mice were euthanized,
and eyes were collected for RNA analysis or for immunostain-
ing of retinal cryosections.

Human Donor Eye Specimens

Institutional review board review was not required for these
studies as tissue and cells are from deceased donors and are not
considered human studies. Donor eyes were deidentified, and
only age, sex, and whether AMD was present were known. For
mRNA, samples were taken from three different donor eyes
from young (female, 22 years old; female, 36 years old; and
male, 37 years old) and old donors (female, 79 years old; male,
88 years old; and female, 79 years old). Paraffin-embedded eye
sections from three different donor eyes with AMD (female, 75
years old; male, 79 years old; and female, 88 years old) or three
age-matched controls. Young donor eyes were taken from
donors of ages 25 years (male) and 37 years (female).

Cell Culture and siRNA Transfection

Choroidal endothelial cells were isolated from young donor eyes
obtained from the Utah Zions Eye Bank (Salt Lake City, UT, USA),
as previously reported.18 Endothelial cell (EC) phenotype was
confirmed by labeling of EC markers (CD31, von Willebrand
factor [vwF], and vascular endothelial [VE]-cadherin), and CECs
of passages 2 through 5 were used in experiments. Choroidal
endothelial cells were maintained in endothelial growth
medium-2 (EGM-2; Lonza, Walkersville, MD, USA) with 5% fetal
bovine serum (FBS). Human RPE cells were obtained from Lonza
and grown in medium (RtEGM Retinal Pigment Epithelial Cell
Growth Medium; Lonza) plus 2% FBS and penicillin-streptomy-
cin. Cells below passage 5 were used for experiments.

To knockdown Thy-1, CECs were transfected using reagent
(Lipofectamine 2000; Life Technologies, Grand Island, NY,
USA) per the commercial protocol, with siRNA targeting the
human Thy-1 gene or silencer selective negative control siRNA
(both from Life Technologies). Forty-eight hours after transfec-
tion, cells were analyzed.

CEC Migration Assay

Human recombinant VEGF165 (20 ng/mL) (catalog no. 2933-
VE; R&D Systems, Minneapolis, MN, USA) was mixed with
growth factor–reduced matrix material (Matrigel; BD Biosci-
ences, Billerica, MA, USA), diluted 1:1 with serum-free
endothelial basal media (EBM-2; Lonza). Five hundred micro-
liters EBM-2 was added to each well of a 24-well plate, and 6.5-
mm diameter inserts (Transwell, 8-lm pores; Corning, NY,
USA) were placed into the wells. Human CECs in EBM-2 were
prestained (Vybrant DiO; Invitrogen, Carlsbad, CA, USA) for 30
minutes at 378C and seeded into the inserts at 50,000 cells per
200 lL of serum-free EBM-2 media. To block Thy-1–mediated
signaling, Thy-1 blocking peptide (250 ng/mL) (GeneTex, Inc.,

Irvine, CA, USA) or PBS, as respective controls, was added to
the medium. The plates were allowed to incubate for 24 hours
at 378C, 5% CO2. The migrated CECs were imaged with a
fluorescence microscope (TB190; Olympus, Tokyo, Japan).

Cell Proliferation Assay

Choroidal endothelial cells were plated into 96-well plates at a
density of 5000 cells per well. Twenty-four hours after
transfection with siRNA, cells were starved in serum-free media
EBM2 for 24 hours and incubated with VEGF (20 ng/mL) or
control PBS for another 24 hours. To inhibit Thy-1, CECs were
pretreated with the Thy-1 blocking peptide (250 ng/mL) for 30
minutes before addition of VEGF. In the control situation, cells
were pretreated with DMSO vehicle or PBS controls before the
addition of VEGF. Cell number was measured with a cell
proliferation assay kit (Vybrant MTT; Invitrogen).

CEC Stress Fiber Staining

Choroidal endothelial cells were plated onto growth factor–
reduced Matrigel-coated (BD Biosciences) coverslips. Forty-
eight hours after transfection, CECs were pretreated with Thy-
1 blocking peptide (250 ng/mL) or control PBS for 30 minutes
and then with VEGF or PBS control for 30 minutes. Choroidal
endothelial cells were then fixed in 3.7% formaldehyde for 30
minutes, permeabilized in 0.2% TX-100/PBS for 5 minutes, and
then incubated with rhodamine phalloidin (1:500, Invitrogen),
an F-actin probe conjugated to the red-orange fluorescent dye,
tetramethylrhodamine, for an hour at room temperature. After
washing, coverslips with CECs were mounted onto glass slides
with mounting medium (DAPI-Fluoromount-G; SouthernBio-
tech, Birmingham, AL, USA) and imaged using confocal
microscopy (OLYMPUS 1X81; Olympus).

Rac-1 Activity Assay

Human CECs were cultured in EGM-2 containing 5% FBS. Prior
to starting the assay, cells were serum starved with basal
medium EBM2 (Lonza) overnight. Cells were then stimulated
with VEGF (20 ng/mL) or 7-keto-cholesterol (7-KC) (5 or 12.5
lM) for 30 minutes after pretreatment with Thy-1 blocking
peptide (250 ng/mL) or PBS vehicle control for 30 minutes.
Equal amounts of lysates (500 lg) were incubated with
(glutathione S-transferase -p21-activated kinase 1 p21 binding
domain agarose beads (Millipore, Temecula, CA, USA) to pull-
down active guanosine triphosphate (GTP)–bound Rac1 at 48C
for 30 minutes, with rotation. The samples were subsequently
analyzed for GTP-bound Rac1 by Western blot analysis using an
anti–Rac-1 antibody (BD Transduction Laboratories, San Jose,
CA, USA). Rac1 activity was determined by GTP-Rac1
normalized to total Rac1 in the cell lysate.

Immunolabeling of Thy-1 in Human or Mouse
Retinal/RPE/Choroidal Sections

Human retinal paraffin sections of eyes from a deidentified 75-
year-old female donor obtained from the Georgia Eye Bank
(Atlanta, GA, USA) were deparaffinized and an antigen retrieval
step performed with antigen retrieval solution from Dako
(Carpinteria, CA, USA) prior to immunostaining. Human retinal
cryosections were processed from an eye of a 25-year-old a
deidentified male donor, which was obtained from the Utah
Lions Eye Bank (Salt Lake City, UT, USA). Mouse retinal
cryosections were prepared from mice 5 or 7 days after
treatment with laser. Retinal sections were incubated in 5%
normal goat serum in PBS/0.1% Triton X-100 for 1 hour to
block nonspecific binding of the primary antibody. Sections
were incubated with rabbit anti-Thy-1 (1:100 dilution; ABCAM,
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Cambridge, MA, USA) overnight at 48C. After three washes in
PBS, sections were incubated for 1 hour with a 1:200 dilution
of Alexa 488–conjugated goat anti-rabbit secondary antibody
(Invitrogen) for Thy-1. The sections were rinsed in PBS and
mounted in medium (DAPI-Fluoromount-G; SouthernBiotech).
Images were captured with an inverted microscope (OLYMPUS
1X81; Olympus). Some sections were incubated with dye (TO-
PRO-3 iodide; Invitrogen) to stain nuclei and mounted in
medium without DAPI (Fluoromount-G; SouthernBiotech).

Western Blots

Retinal pigment epithelium cells and CECs were lysed in radio
immunoprecipitation assay (RIPA) buffer with protease inhib-
itor cocktail (Roche Diagnostics, Indianapolis, IN, USA) and
orthovanadate (Sigma-Aldrich Corp., St. Louis, MO, USA).
Lysates were clarified by centrifugation at 16.1 3 1000g for 5
minutes at 48C. Protein concentration in the supernatant was
quantified by bicinchoninic acid assay (BCA) (Pierce, Rockford,
IL, USA). Twenty micrograms of protein from each treatment
was loaded into 4% to 12% BIS-TRIS gels (NuPAGE; Invitrogen),
transferred to a polyvinylidene fluoride membrane, and
incubated with antibodies to phosphorylated VEGFR2 (p-
VEGFR2, Y951) (1:500; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), phosphorylated integrin b3 (p-integrin b3, Y773),
phosphorylated Src (p-Src, Y529), or Thy-1 (all from ABCAM) at
48C overnight. After incubating with primary antibodies,
membranes were then probed with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit secondary antibody (1:3000;
Santa Cruz Biotechnology) at room temperature for 1 hour. All
the membranes were reprobed with HRP-conjugated b-actin
(1:3000; Santa Cruz Biotechnology) as loading controls. All
experimental conditions were plated in triplicate.

RNA Isolation and Quantitative Real Time PCR
(qPCR) Analysis

Total RNA of RPE/choroidal tissues was extracted by reagent
(TRI Reagent; Sigma-Aldrich Corp.). RNA was quantified using
a spectrophotometer (NanoDrop; Thermo Fisher Scientific,
Waltham, MA, USA). cDNA was generated with the use of a
high-capacity cDNA archive kit (Life Technologies, Grand
Island, NY, USA). Quantitative PCR was performed (Master-
cycler ep realplex; Eppendorf, Hauppauge, NY, USA) with the
use of reagents and primers (TaqMan Universal PCR Master
Mix; Life Technologies). Expression levels for Thy-1 were
normalized to the mean value of the internal control GAPDH.

Statistical Analysis

Significant differences between groups were determined by
ANOVA with post hoc protected corrections using the
Bonferroni multiple comparison test. Results were mean 6
SEM. A minimum P value of <0.05 was considered statistically
significant. Western blot or PCR analyses included three to six
samples per condition. For in vitro studies, each experimental
condition included an n ¼ 6–9, and each experiment was
performed two to three times.

RESULTS

Thy-1 Is Expressed in CECs and Upregulated by
AMD-Related Ligands and Stresses

Choroidal endothelial cell activation and migration precede the
development of CNV in nvAMD. We were interested in
identifying factors involved in the activation and migration of
CECs. We detected Thy-1 protein, a cell surface protein

implicated in cell adhesive and migratory events,19 in both
human RPE (HRPE) and CECs, but the protein level was
substantially higher in CECs compared to HRPE. Thy-1 protein
expression in CECs did not appear affected by passage in
culture in that there was no difference in expression between
primary CECs harvested without passaging and that in CECs
used in experimentation, taken from passages 2 and 5 (Fig. 1A,
Supplementary Fig. S1). In CECs, Thy-1 protein and mRNA
were both significantly increased by overnight treatment with
VEGF or CCL11 (Fig. 1B), factors implicated in the pathophys-
iology of nvAMD, and greater in RPE/choroids from aged
human donor eyes compared to young donor eyes (Fig. 1C).

Thy-1 Is Expressed in Human Choroidal Vessels
and Human CNV

To further determine if Thy-1 was associated with CNV in
human nvAMD, immunolabeling of Thy-1 was performed in
human retina/RPE/choroid sections. As shown in Figure 2, Thy-

FIGURE 1. Thy-1 is expressed in CECs and upregulated by AMD-related
stresses. (A) Western blot of Thy-1 protein in cultured HRPE (top panel)
and in CECs before passaging (p0) and after in vitro culturing (passages
2 [p2] and p5) (bottom panel); Western blot of Thy-1 protein (top

panel) and qPCR of Thy-1 mRNA (bottom panel) (B) in CECs treated
with CCL11 (10 ng/mL) or VEGF (20 ng/mL) overnight (*P < 0.05 vs.
PBS, n¼6) and (C) in RPE/choroids isolated from young (20- to 40-year-
old) and old (>60-year-old) donor eyes (***P < 0.001 vs. Young, n¼ 3).
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FIGURE 2. Thy-1 is expressed at human choroids and CNV lesions. Immunostaining of Thy-1 (A) in retinal cryosections from a 25-year-old donor
(red, Thy-1; green, VE-cadherin; autofluorescence of RPE shown in Alexa Fluor 568 and no primary control); (B) in paraffin-embedded sections from
a 79-year-old donor with neovascular AMD (blue, 40,6-diamidino-2-phenylindole [DAPI]; green, VE-cadherin; red, Thy-1); and (C, D) in paraffin-
embedded sections from 75-year-old donor with neovascular AMD and an age-matched control donor without AMD (C) (blue, DAPI; green, Thy-1;
magnification 203) and at VE-cadherin–labeled CNV lesions (D) (green, Thy-1; red, VE-cadherin; blue, TO-PRO3, magnification, 403; arrows point
to CNV lesion).
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FIGURE 3. Thy-1 is upregulated in laser-treated RPE/choroids and expressed at CNV lesions. (A) Quantitative real time PCR of Thy-1 mRNA in RPE/
choroids from nonlasered control eyes or laser-treated eyes at day 5 after laser (*P < 0.05 vs. nonlasered, n¼ 5); immunostaining of Thy-1 in retinal
cryosections of nonlasered eyes or lasered eyes (B) 5 days after laser (blue, DAPI; green, Thy-1) or (C) 7 days after laser (green, Thy-1; red, lectin;
gray, TO-PRO3) (magnification, 203; n¼ 3).

Thy-1 Regulates VEGF-Mediated Angiogenesis in CECs IOVS j October 2016 j Vol. 57 j No. 13 j 5529



1 not only localized to the retinal ganglion cell layer but also
colocalized with VE-cadherin in CECs in choroid (Fig. 2A), and
in VE-cadherin–labeled migrating CECs (Fig. 2B), in paraffin
sections from donors with neovascular AMD (Fig. 2C), and in
VE-cadherin–labeled CNV lesions (Fig. 2D). Taken together, the
data in Figures 1 and 2 suggest that Thy-1 was expressed in
choroidal endothelium and its expression was associated with
CNV.

Thy-1 Is Upregulated in RPE/Choroids and Within
CNV Lesions in a Laser-Induced CNV Model

To study the role of Thy-1 in the development of CNV, the laser-
induced CNV model was performed in mice. Five days
following laser injury, RPE/choroids were collected from
lasered mice, and age-matched nonlasered mice were used as
controls. Compared to nonlasered mice, Thy-1 mRNA in RPE/
choroids was significantly increased in lasered mice (Fig. 3A).
In ocular cryosections, Thy-1 staining was not only found in
the retinal ganglion cell layer but also in choroid and in
migrating cells within CNV lesions 5 days after laser (Fig. 3B).
At 7 days after laser injury, immunostaining of Thy-1 was found
within CNV lesions, colabeled with lectin-stained choroidal
ECs, but not with retinal vascular ECs (Fig. 3C).

Thy-1 Regulates VEGF-Mediated CEC Activation and
Migration Through VEGFR2-Src Signaling

Vascular endothelial growth factor plays important roles in the
development of CNV,20 and anti-VEGF treatment is a standard
of care for neovascular AMD.5,6 We previously found that
activation of the rhoGTPase, Rac1, was necessary for VEGF-
induced CEC migration.13 Thy-1 is a GPI-anchored glycoprotein
that can interact with integrins within other cell membranes
that link cells to the extracellular matrix.17,21 We therefore
determined if Thy-1 was involved in VEGF-mediated CEC
activation and migration. Vascular endothelial growth factor–
induced Rac1-mediated CEC migration, proliferation, and stress
fiber formation were measured in CECs knocked down for Thy-
1 by siRNA (Fig. 4). As shown in Figure 4, following 30-minutes
incubation with VEGF and compared to CECs transfected with
control siRNA, knockdown of Thy-1 in CECs significantly
reduced VEGF-induced Rac1 activation (Fig. 4A), CEC migra-
tion (Fig. 4B), proliferation (Fig. 4C), and cytoskeletal stress
fibers (Figs. 4D, 4E).

As another method to inhibit Thy-1, we used a Thy-1
blocking peptide that blocks binding of Thy-1 to other cell
membrane proteins at its extracellular tail. Choroidal endothe-
lial cells were pretreated with Thy-1 blocking peptide for 30

FIGURE 4. Knockdown of Thy-1 inhibits VEGF-mediated Rac1 activation and angiogenic effects in CECs. (A) Rac1 activity assay, (B) CEC migration,
(C) CEC proliferation, and (D, E) cytoskeleton stress fibers stained by rhodamine phalloidin (D, representative images; E, quantification of
fluorescent density of stress fiber staining [normalized to control siRNA/PBS]) in CECs transfected with Thy-1 siRNA and treated with VEGF (20 ng/
mL) for 30 minutes. Note intracellular fibers induced by VEGF and reduction in Thy-1 siRNA-transfected CECs compared to control siRNA (*P <
0.05, **P < 0.01, ***P < 0.001 vs. PBS of control siRNA; ††P < 0.01, †††P < 0.001 vs. VEGF of control siRNA; ‡P < 0.05 vs. PBS of Thy-1 siRNA; n¼6–
9).
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FIGURE 5. Inhibition of Thy-1 inhibits VEGF-mediated Rac1 activation and angiogenic effects in CECs. (A) Rac1 activity assay (left panel,
representative images; right panel, quantification of densitometry of GTP-Rac1 to total Rac1 [normalized to PBS of control]), (B) CEC migration, (C)
CEC proliferation, and (D, E) cytoskeleton stress fibers stained by rhodamine phalloidin (D, representative images; E, quantification of fluorescent
density of stress fiber staining [normalized to control/PBS]) were measured in CECs pretreated with Thy-1 blocking peptide (Thy-1Inh) for 30
minutes prior to incubation with VEGF (20 ng/mL) for additional 30 minutes. Note intracellular fibers induced by VEGF and reduction in CECs
pretreated with Thy-1 blocking peptide compared to control (*P < 0.05, **P < 0.01, ***P < 0.001 vs. PBS of control; †P < 0.05, ††P < 0.01, †††P <
0.001 vs. VEGF of control; n¼ 6–9).
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minutes prior to incubation with VEGF for another 30 minutes.
Inhibition of Thy-1 binding significantly inhibited VEGF-
induced Rac1 activation (Fig. 5A), migration toward VEGF
(Fig. 5B) and VEGF-induced proliferation (Fig. 5C), and
cytoskeletal stress fiber formation in CECs (Figs. 5D, 5E).
Altogether, these data provide evidence that Thy-1 regulates
VEGF-mediated angiogenesis in CECs.

As a GPI-anchored protein, Thy-1 is located in lipid raft
microdomains within the cell membrane.21,22 Thy-1 is not a
transmembrane protein. However, neuronal Thy-1 has been
shown to trigger intracellular signaling through PKCa by
engaging b3 integrin on astrocytes, and b3 has been linked to
VEGF-mediated signaling.17,23 Thy-1, as part of lipid rafts, is
also in proximity to signaling molecules, such as cytoplasmic
tyrosine kinases like Src. To determine potential signaling
mechanisms involved in Thy-1–regulated VEGF-mediated an-
giogenesis, VEGF-induced phosphorylation of VEGFR2 (p-
VEGFR2), integrin b3 (p-integrin b3), and Src (p-Src) were
measured in CECs transfected with Thy-1 siRNA or pretreated

with Thy-1 blocking peptide. Compared to respective controls,
VEGF-induced p-VEGFR2 (Figs. 6A, 6B), p-integrin b3 (Figs. 6C,
6D), and p-Src (Figs. 6E, 6F) were all significantly decreased in
CECs when Thy-1 was knocked down by siRNA transfection or
inhibited by a blocking peptide.

Thy-1 Regulates Extracellular Matrix Protein 7-KC–
Induced Rac1 Activation

In nvAMD, the composition of the extracellular matrix and
Bruch’s membrane changes with accumulation of TIMP3,
SerpinA3, vitronectin,24 bisretinoid fluorophores,25 comple-
ment,2,26 oxidized lipids, proteins,27,28 and lipoprotein-derived
debris,29 like 7-KC.30 Since Thy-1 links proteins within the CEC
membrane to those in other cells and the extracellular matrix,
we wished to determine if Thy-1 facilitated the regulation of
signaling events triggered by age-related changes in the
extracellular milieu. We exposed CECs to 7-KC of varying
doses for 30 minutes and, compared to vehicle, found that 7-

FIGURE 6. Knockdown or inhibition of Thy-1 inhibits VEGF-induced activation of VEGFR2, integrin b3, and Src. Western blots of (A, B)
phosphorylated VEGFR2 (top panel, representative images; bottom panel, quantification of densitometry), (C, D) phosphorylated integrin b3 (top

panel, representative images; bottom panel, quantification of densitometry), and (E, F) p-Src (top panel, representative images; bottom panel,
quantification of densitometry) in CECs transfected with Thy-1 siRNA (A, C, E: *P < 0.05, **P < 0.01, ***P < 0.001 vs. PBS of control siRNA; †P <
0.05, ††P < 0.01 vs. VEGF of control siRNA) or pretreated with Thy-1 blocking peptide (Thy-1 Inh) (B, D, F: ‡P < 0.05 vs. PBS of control; #P < 0.05,
##P < 0.01 vs. VEGF of control) with 30 minutes incubation with VEGF (20 ng/mL) (n¼ 3–6).
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KC caused significant activation of Rac1 in a dose-dependent
manner (Fig. 7A). We found that 7-KC did not increase Thy-1
(data not shown). However, knockdown of Thy-1 by siRNA
transfection inhibited 7-KC–induced Rac1 and Src activation
(Fig. 7B) compared to control.

DISCUSSION

Thy-1 was originally identified in thymocytes,31 and in the eye,
Thy-1 has been classically known as a ganglion cell marker.32

Thy-1 also has effects on immune-related cells,33,34 which may
be involved in the pathophysiology of nvAMD.35 In an effort to
understand how age-related stresses and ligands activate CECs
to migrate, we identified Thy-1 as expressed not only on
ganglion cells and cells of the inner plexiform layer, but also in
aged versus young donor RPE/choroids and on CECs of CNV
from specimens of eyes with nvAMD. We also found that the
ligands, VEGF and CCL11, which cause CNV and are overex-
pressed in aged donor eyes and in human nvAMD,15,16 increased
the expression of Thy-1 in CECs. Furthermore, VEGF, CCL11, or
Thy-1 each was sufficient to activate Rac1 in CECs and cause
CEC migration. Knockdown of Thy-1 or use of a peptide to
prevent Thy-1 binding to extracellular proteins inhibited VEGF-
induced CEC proliferation, Rac1 activation, and CEC migration,
providing evidence that Thy-1 was necessary for VEGF-induced
CEC angiogenesis and Rac1-mediated CEC migration.

Glycosylphosphatidylinositol-anchored proteins, such as
Thy-1, make up lipid rafts, and together with cholesterol,

sphingolipids, and Src-family kinases,22 act as platforms for
signaling, cell adhesion, migration, and protein trafficking.22

Thy-1 is not a transmembrane protein so it has not been clear
how Thy-1 triggers intracellular signaling. In CECs, we found
that Thy-1 is necessary for VEGF-induced signaling through
VEGFR2 and activation of Rac1, and these events may occur
within an individual CEC. We postulate that VEGFR2 signaling
triggers Src kinase. Our data also support the hypothesis that
Thy-1 facilitates interactions with integrins, thus connecting
the CEC to the extracellular matrix, or VEGFR2 on other cells,
and provides a link between the extracellular milieu and
intracellular signaling. Binding of Thy-1 appeared necessary for
the activation of VEGFR2, Src, or integrins from VEGF or 7-KC.

As our data supported the premise that Thy-1 connects the
CEC membrane to the extracellular matrix, we determined if
compositional changes in Bruch’s membrane, similar to what
occurs in nvAMD, would affect Thy-1 expression or induced
signaling.

In nvAMD 7-KC accumulates in Bruch’s membrane30 and
also causes microglia to release cytokines including TNF-a,30,36

which upregulates RPE cell–induced VEGF.37 We found that 7-
KC did not increase Thy-1 expression but caused a dose-
dependent increase in Rac1 activation in CECs. When CECs
were knocked down for Thy-1 and treated with 7-KC, Src
phosphorylation and Rac1 activation were reduced. Our next
steps are to determine signaling mechanisms regarding
activation of Src, VEGFR2, or integrin on Rac1 activation
mediated by Thy-1. Taken together, our data support the
hypothesis that age-related changes in Bruch’s membrane,
including accumulation of 7-KC, activates microglia to induce
RPE-derived VEGF that upregulates Thy-1 in CECs. Vascular
endothelial growth factor also induces activation of integrin,
Src, or VEGFR2 on CECs. Thy-1 can bind integrins and link the
CEC membrane, intracellular signaling, and the extracellular
matrix. Inhibiting Thy-1 binding with other signaling partners
reduced activation of VEGF-induced Rac1, which is a necessary
step in CEC transmigration of the RPE. Inhibition of CEC
transmigration of the RPE may reduce the transition of type 1
to type 2 CNV and reduce vision loss.10–12 Information of type
2 CNV may also limit the number of repeated antiangiogenic
injections needed in patients with nvAMD.
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