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Abstract
Purpose—Bone marrow–derived endothelial progenitor cells (EPCs) contribute to vascular
repair although it is uncertain how local endothelial cell apoptosis influences their reparative
function. This study was conducted to determine how the presence of apoptotic bodies at sites of
endothelial damage may influence participation of EPCs in retinal microvascular repair.

Methods—Microlesions of apoptotic cell death were created in monolayers of retinal
microvascular endothelial cells (RMECs) by using the photodynamic drug verteporfin. The
adhesion of early-EPCs to these lesions was studied before detachment of the apoptotic cells or
after their removal from the wound site. Apoptotic bodies were fed to normal RMECs and mRNA
levels for adhesion molecules were analyzed.

Results—Endothelial lesions where apoptotic bodies were left attached at the wound site showed
a fivefold enhancement in EPC recruitment (P < 0.05) compared with lesions where the apoptotic
cells had been removed. In intact RMEC monolayers exposed to apoptotic bodies, expression of
ICAM, VCAM, and E-selectin was upregulated by 5- to 15-fold (P < 0.05– 0.001). EPCs showed
a characteristic chemotactic response (P < 0.05) to conditioned medium obtained from apoptotic
bodies, whereas analysis of the medium showed significantly increased levels of VEGF, IL-8,
IL-6, and TNF-α when compared to control medium; SDF-1 remained unchanged.

Conclusions—The data indicate that apoptotic bodies derived from retinal capillary
endothelium mediate release of proangiogenic cytokines and chemokines and induce adhesion
molecule expression in a manner that facilitates EPC recruitment.

The vascular endothelium is a dynamic cell layer that sends and receives complex chemical
signals to and from other cells in the vessel wall. These signals contribute to monolayer
integrity and vascular function.1 The balance is seriously disrupted in the diabetic retinal
microvasculature because of accelerated apoptosis of pericytes and endothelial cells2

resulting in progressive vasodegeneration3 and progression to sight-threatening diabetic
retinopathy (DR).4 Elevated glucose levels in the diabetic milieu can disrupt normal cell
substrate communication and vascular function,5,6 thereby contributing to endothelial cell
loss.7,8 Damage to the endothelium is accompanied by breakdown of the inner blood–retinal
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barrier9 and the local release of cytokines and chemokines such as VEGF, IGF-1 SDF-110

by the adjacent endothelium.11

Dead or dying endothelial cells in capillary lumens are replaced through mitosis of
neighboring cells in the monolayer12 or by the recruitment of circulating endothelial
progenitor cells (EPCs).13 It is becoming widely recognized that EPCs make a significant
contribution to normal vascular repair by homing to the site of injury, differentiating into
endothelium, and thereby maintaining monolayer integrity.14 EPCs are recruited to the
damaged vasculature via cytokine gradients and local expression of adhesion molecules
(e.g., ICAM-1 and VCAM-1).15,16 Subsequent differentiation and incorporation of these
progenitors into vessels is mediated by complex interactions with exposed basement
membrane (BM) proteins.17 In addition, injury and/or ischemia-induced release of cytokines
such as VEGF, IL, and GM-CSF appear to play a key role in mobilization of EPCs from the
bone marrow and attracting EPCs to sites of vascular injury.11

Emerging evidence suggests a potential link between endothelial cell apoptosis and initiation
of vascular repair by EPCs. Uptake of apoptotic bodies by neighboring cells is known to
provoke EPC recruitment and differentiation in macrovascular endothelium,18 although the
existence of this phenomenon in microvascular endothelium and particularly that of the
retinal microvasculature has not been established. Therefore, the present study was
undertaken to investigate EPC incorporation into the highly specialized retinal
microvascular endothelium after apoptotic cell death in the monolayer (akin to what happens
in DR).

Materials and Methods
Isolation of Retinal Microvascular Endothelial Cells

Retinal microvascular endothelial cells (RMECs) were isolated from bovine retina by
established, published protocols.19 Briefly, isolated bovine retinal homogenate was
subjected to enzyme digestion consisting of pronase, DNase, and collagenase. This mixture
was agitated at 37°C and filtered through 53-µm gauze followed by spinning at 1100 rpm for
10 minutes. Finally, the pellet was resuspended in Dulbecco’s modified Eagle’s medium
(DMEM) containing heparin and insulin. The isolated cells were then transferred onto 1%
gelatin-coated flasks and incubated at 37°C. During culturing, retinal microvascular
endothelial cells migrated from the vessel fragments and proliferated to form a monolayer
over the course of 7 to 10 days. RMECs from passages 2 to 4 were used in all experiments.

Isolation and Characterization of EPCs
EPCs were isolated and characterized as described previously.20 Briefly, they were cultured
on fibronectin-coated (2 µg/cm2) culture plates supplemented with endothelial cell basal
medium (EBM-2; containing EGM-2 MV, SingleQuots; Cambrex Bio Science Wokingham,
Ltd., Berkshire, UK) containing 5% FBS, human VEGF, FGF-2, EGF, IGF-1, and ascorbic
acid. Spindle-shaped adherent EPCs at the end of a 7-day culture period were assayed for
CD133, CD34, VEGFR2, CD31, CD14, and uptake of acLDL DiI, UEA-1 lectin.20

Verteporfin In Vitro Model of Endothelial Loss and Repair by EPCs
We used an in vitro model to assess the repair of damaged retinal endothelial cells by EPCs,
as described previously20 with slight modification. Briefly, confluent RMEC monolayers
were treated with the photodynamic drug verteporfin 0.5 to 1 µg/mL (Novartis Inc., Basel,
Switzerland). Discrete regions of the monolayer were illuminated by a collimated beam of
red light (600 nm) from a monochromator (Cairn Research, Faversham, UK) to create
wounds of 1-mm diameter. This model produces microlesions in the monolayer whereby the
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red light–exposed endothelial cells undergo synchronous apoptosis while maintaining the
integrity of the subendothelial matrix.20

In some preparations, apoptotic cells were left attached at the lesion site, whereas others
were thoroughly washed with PBS to remove the characteristically rounded and fragmented
cells. DiI-labeled (Biomedical Technologies, Stoughton, MA) EPCs were added to these
wounded RMECs and the adherent cells counted in a 1-mm2 area of a verteporfin-induced
wound after staining of the cultures with biotinylated BS1-B4 isolectin (Sigma-Aldrich, St.
Louis, MO) and streptavidin-conjugated AlexaFluor 488 (Molecular Probes, Inc., Eugene,
OR).

Adhesion Molecule Expression at the Sites of RMEC Denudation
Adhesion molecule expression at the denuded regions on RMEC mono-layers was studied
by immunohistochemistry for ICAM-1, VCAM-1, and E-Selectin. Wounded and
unwounded RMECs were treated with FITC-conjugated mouse monoclonal anti-human
ICAM-1, VCAM-1, or E-selectin antibodies (Dako Cytomation, Glostrup, Denmark or
Chemicon international, Temecula, CA) and the slides were viewed by confocal scanning
laser microscopy. The regions of the monolayer in the immediate vicinity of lesions were
evaluated for the expression of adhesion molecules and compared to regions distant from
wound sites (unharmed). The intensity of adhesion molecule immune staining was compared
by keeping confocal microscope settings (e.g., laser power, brightness-contrast, and gain)
constant during the recording of images from the penumbra of lesions and undamaged
periphery of the monolayer.

Preparation of Apoptotic Bodies and Conditioned Medium
RMECs were grown to confluence on 20-mm Petri dishes that had been coated with
fibronectin (2 µg/cm2; Sigma-Aldrich). RMEC monolayers were treated with the
photodynamic drug verteporfin (Visudyne; Novartis Inc.) at cytotoxic concentration of 0.5
to 1 µg/mL in dark conditions. After incubation for 30 minutes, these monolayers were
exposed to red light for 5 minutes and maintained at 37°C to generate a highly synchronous
apoptotic response in the monolayer. After 3 hours of red light exposure, apoptotic bodies
were harvested by gentle detachment with trypsin-EDTA and separated from conditioned
medium by centrifuging at 15000g for 20 minutes and quantified with an epifluorescence
microscope (Nikon, Tokyo, Japan) and software (Lucia Software, Exeter, UK). Some
apoptotic RMEC cultures were maintained for 24 hours after initial light exposure, and the
conditioned medium analyzed by ELISA as described later.

Quantification of Apoptosis by JC-1 Flow Cytometry
Apoptosis in RMECs was assessed with a JC-1 assay (MitoProbe; Molecular Probes,
Eugene, OR) as per the manufacturer’s instructions. Briefly, 1 × 106 verteporfin-treated
RMECs were suspended in 1 mL warm PBS to which 10 µL of 200 µM JC-1 was added.
Analysis of JC-1 fluorescence was quantified with the 488 nm green filter and PE-filter on a
flow cytometer (FACScalibur; BD Biosciences, Oxford, UK). Data are expressed in terms of
the reduced red/green fluorescence ratio in comparison to control (nonapoptotic) RMECs.

Quantitative Real-Time RT-PCR (qRT-PCR) to Study the Ability of Apoptotic Bodies to
Induce Adhesion Molecule Expression in Monolayers of RMECs

Apoptotic bodies were added to healthy RMEC monolayers at a concentration of 2 × 105.
After 6- and 24-hour exposures at 37°C to apoptotic bodies, RMECs were harvested and
subjected to total RNA extraction (RNeasy mini kit; Qiagen, West Sussex, UK) as per the
manufacturer’s instructions. The amount of RNA was quantified with a spectrophotometer
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(model ND-1000; NanodropTechnologies, Wilmington, DE) by measuring absorbance at
260/280 nm. cDNA was prepared from 1 µg equivalent of total RNA (Sensiscript Reverse
Transcription [RT] kit; Qiagen), as per the manufacturer’s instructions. qRT-PCR reaction
was conducted (QunatiTectSYBR green qPCR kit; Qiagen) and ICAM-1 (forward
GCAACTTCTCCTGCTCTGCT, reverse TTCCGGCTACAGTTCAGCTT), VCAM-1
(forward AAGTGTAGCTACT-GCGTGAAAG, reverse
CACAGTAAGGGCCATAGGCA), E-selectin (forward AGTCATCCTGCCACTTCACC,
reverse TCTTTCAGGACATG-CAAACG) and 28S (forward
TTGAAAATCCGGGGGAGAG, reverse ACATTGTTCCAACATGCCAG) primers. A
thermocycler (Lightcycler; Roche Diagnostics, UK) was programmed for initial activation at
95°C for 15 minutes, amplification involving denaturation at 94°C for 15 seconds, annealing
at 50°C to 55°C (variable) for 30 seconds and extension at 72°C for 15 seconds followed by
cooling at 40°C. A total of 45 to 50 cycles were conducted, and PCR efficiency was
confirmed with melting curve analysis. A quantification report from the thermocycler was
used to obtain average crossover values and data were expressed in terms of ΔΔCT (relative
gene expression crossover value in comparison to 28S housekeeping mRNA) values in
comparison with the control group results.

EPC Chemotaxis in Apoptotic Endothelial Cell–Conditioned Medium
Conditioned medium obtained from panapoptotic cultures were tested for chemotaxis with
Dunn’s chemotaxis assay, as described previously.20 Briefly, the outer well of the Dunn’s
chamber was filled with conditioned medium obtained from apoptotic endothelial cells and
the assembled Dunn chamber slide was maintained at 37°C. With a shutter control device,
the images were digitally recorded over the span of 10 hours, at a time-lapse of 5 minutes.
Data were analyzed with commercial software (AQM 2001 software; Kinetic Imaging Ltd.
Manchester, UK) and expressed as circular histograms.

Cytokine and Chemokine ELISA of Conditioned Medium from Apoptotic RVECs
Conditioned medium obtained from apoptotic RVECs was analyzed for VEGF (Biosource
International-Invitrogen Inc., Carlsbad, CA), SDF-1α (R&D Systems, Abingdon, UK), IL-8
(R&D Systems), IL-6, and TNF-α (Diaclon, Boldon, UK), as per the manufacturers’
instructions. For each cytokine ELISA, the optical density for both standards and samples
was obtained with a spectrophotometer (Tecan Systems, Männedorf, Switzerland) and
concentrations were expressed in picograms per milliliter.

Statistical Analysis
Data were expressed as the mean ± SEM. Statistical differences in the mean were assessed
by using one way analysis of variance (ANOVA) followed by the Tukey-Kramer post hoc
test for multiple comparisons, unless stated specifically. Chemotaxis data were analyzed
with the Raleigh test for statistical significance. All statistical analyses were performed with
commercial software (SPSS 14.0; SPSS Inc, Chicago, IL, or GraphPad InStat 3.0; GraphPad
Software, San Diego, CA).

Results
In Vitro Model for the Study of Repair by EPCs in the Presence and Absence of Apoptotic
Bodies at the Wound Site

To explore the anecdotal observation from a previous study that EPC recruitment could be
influenced by the presence of apoptotic cells at the site of an endothelial wound, we
introduced EPCs to wounded RMEC monolayers in the presence or absence of apoptotic
cells at the site of the lesion in the monolayer. The verteporfin model created highly
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circumscribed regions of endothelial apoptosis, and to test the reparative capacity of EPCs,
we prelabeled these cells with DiI and added them to the verteporfin-treated RMEC
monolayers at 3 hours after wounding. EPCs preferentially targeted the denuded regions
(Fig. 1Ai) and subsequently adhered to the wound sites (Fig. 1Aii). The presence of
apoptotic bodies at the wound site attracted EPCs (Fig. 1Aiii) and these cultures showed a
complete healing of the wound (Fig. 1Aiv), which contrasted with the monolayers from
which apoptotic bodies had been washed off (Fig. 1Av). These cultures were observed until
restoration of endothelial monolayer in wounded regions. Complete healing of wounds was
observed with enhanced contribution by EPCs among apoptotic body attached wounds
(Figs. 1Aiv, 1Avi). Quantification showed that the presence of apoptotic bodies provoked a
sixfold increase in EPC homing (P < 0.05; Fig. 1B).

Effect of Verteporfin Wounding on Adhesion Molecule Expression at Wound Site
We observed that exposure of apoptotic bodies to healthy endothelium upregulates adhesion
molecule expression. To confirm whether such mechanisms are involved in the recruitment
of EPCs, we studied expression of adhesion molecules at the wound site in the above model.
By maintaining contrast, brightness staining of confocal microscope consistent images were
taken for wounded and unwounded regions (Fig. 2A. It was observed that induction of
endothelial apoptosis with verteporfin caused a marked increase in ICAM-1 expression
around the edge of the wound (Fig. 2Bi) compared with distant or untreated regions on the
same plate (Fig. 2Bii). VCAM-1 surface expression at the site of wounds (Fig. 2Biii) was
also upregulated when compared to unharmed regions on same plate (Fig. 2Biv). There was
no apparent change in E-selectin expression between wounded and nonwounded regions
(Fig. 2Bv, 2Bvi).

Preparation and Quantification of Apoptotic Bodies
A large number of apoptotic bodies was generated from RMECs by treatment with
verteporfin rather than serum starvation, which produces a highly asynchronous apoptotic
response, even in cells at the same stage of the cycle.21,22 The size of the apoptotic bodies
was assessed by epifluorescence microscopy with PI staining and was shown to range from
1 to 5 µm in diameter (Fig. 3A). Studies have shown that activation of verteporfin by red
light generates the singlet oxygen radical,23 resulting in endothelial cell apoptosis via
generation of multiple caspase-2, -3, -6, -7, -8, and -9.24 To confirm the apoptotic nature of
the cells and to establish the model system, we conducted JC-1 flow cytometry, wherein a
decrease in red to green fluorescence was associated with the formation of J-1 aggregates as
indicative of apoptosis. JC-1 flow cytometry confirmed the apoptotic nature of these bodies,
as indicated by the decrease in red to green fluorescence. Verteporfin treatment and light
exposure rendered more than 60% of cells apoptotic at the end of 2 to 3 hours (Fig. 3B).

Upregulation of Adhesion Molecule Expression in Endothelial Monolayer after Exposure to
Apoptotic Bodies

Adhesion molecule mRNA expression by healthy RMECs exposed to apoptotic bodies was
studied at 6 and 24 hours. Before qRT-PCR was performed, all the primers were assessed
for any primer dimer contamination by conventional RT-PCR (data not shown). Treatment
of healthy RMECs with apoptotic bodies upregulated expression of ICAM-1 and E-selectin
by 10-and 23-fold (P < 0.001), respectively, whereas VCAM-1 was upregulated by fivefold
(P < 0.05) after a 6-hour exposure to apoptotic bodies. ICAM-1 mRNA showed a time-
dependent increase with upregulation to >15-fold (P < 0.001), whereas there was decline in
VCAM-1 and E-selectin expression at 24 hours after exposure to apoptotic bodies (Fig. 4).
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Chemotaxis of Conditioned Medium from Apoptotic Endothelial Cells
Conditioned medium obtained from apoptotic endothelial cells was tested for its effects on
EPC migration by using Dunn’s chemotaxis assay. The presence of conditioned medium in
the outer well of the Dunn’s chamber induced a robust chemotactic response by EPCs (Fig.
5Ai). EPCs exposed to control medium showed no chemotaxis but demonstrated random
movement in all directions (Fig. 5Aii). This response indicated the release of chemokines
from apoptotic RMEC cultures that may be involved in homing and recruitment of EPCs at
the site of the endothelial injury. The mean speed of migration was determined for group of
cells at each 10-minute interval, and analysis indicated a significant increase in EPC
migration for conditioned medium compared with control medium (P < 0.001; Fig. 5B).

ELISAs were conducted on the control and conditioned medium to analyze possible
candidate cytokines and chemokines that could have been responsible for the chemotaxis
induced by the conditioned medium from apoptotic cells. VEGF was observed to be the
predominant cytokine in conditioned medium, which exhibited a twofold increase compared
with control medium (P < 0.05; Fig. 6A). The levels of the proinflammatory cytokines IL-8,
IL-6, and TNF-α were also significantly increased (P < 0.001) in conditioned medium when
compared with that in control medium; however, SDF-1 concentrations were not
significantly different (Figs. 6A, 6B).

Discussion
Accumulating evidence suggests that bone marrow–derived EPCs possess reparative
potential in the healing of injured endothelium, thus maintaining vascular integrity during
vasodegeneration.14,25 Although the current investigation has been in vitro, the findings
implicate apoptotic bodies at sites of endothelial injury as being crucial to the homing
responses by EPCs. We have shown that the presence of apoptotic bodies at the site of
microlesions in the monolayer enhances recruitment of EPCs and reduces the time needed to
re-establish the integrity of the endothelium. One study showed that the expression of
adhesion molecules is crucial to EPC homing to sites of endothelial injury.26 At sites of
tissue hypoxia or inflammation, the stimuli for induction of endothelial adhesion molecule
expression are well characterized.27 However, in the absence of factors derived from the
local parenchyma, such as can be envisaged at discrete sites of endothelial cell death, the
stimulus for local adhesion molecule expression is less clear. Addition of apoptotic bodies to
uninjured endothelial monolayers upregulates adhesion molecule expression, suggesting that
the increased immunostaining for adhesion molecules in the penumbra of the endothelial
lesions could be stimulated by local exposure to apoptotic cells and not solely to disruption
of the monolayer, thus promoting EPC adhesion at the wound site. In addition, cytokines
released by apoptotic bodies induce strong chemokine stimuli for homing of EPCs and
improves monolayer integrity in vitro.

Apoptotic bodies (1–5 µm) differ from microparticles (<1 µm), which transport cell-derived
compounds like DNA, phospholipids, and/or peptides and subsequently induce variety of
signals.28 Efficient removal of apoptotic bodies is crucial for homeostasis to avoid acute
inflammatory responses induced by dying cells.12 It has been reported previously that
apoptotic bodies from human umbilical vein endothelial cells induce EPC maturation and
differentiation.18 The present study has demonstrated that exposure of apoptotic bodies to
healthy endothelium induces a significant upregulation of adhesion molecules signals which,
in turn, promotes recruitment of reparative EPCs. How these apoptotic bodies induce such
signals is intriguing and has important implications for microvascular pathophysiology. It is
particularly important for the retinal microvasculature in which capillary blood flow
(especially the deep plexus) can be relatively sluggish,29 and it may mean that apoptotic
capillary endothelium is not immediately removed and can influence EPC migration and
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their interactions with the resident vessels. Patients with acute myocardial infarction (MI)
show increased levels of desquamated endothelial cells, microparticles,30 and apoptosis of
vascular cells after local injury.31 In addition, vascular trauma is associated with rapid
mobilization of EPCs.32 Although we did not study these two processes in vivo, our study
highlights a possible link between endothelial cell apoptosis and increased mobilization of
EPCs.

Apoptotic cells display a variety of the so-called eat-me signals such as externalization of
phosphatidylserine and surface expression of oxidized LDL particles, thrombospondin-1
binding sites, and ICAM-1.33 These signals are recognized by the tethering receptors on
phagocytes and culminates in an endosome-phagosome interaction that induces digestion of
the apoptotic bodies.12 In the present study, it was interesting that apoptotic bodies induced
upregulation of adhesion molecules on healthy endothelium at 6 hours, which subsequently
decreased after clearance at 24 hours. This initial window of adhesion molecule expression
is likely to be crucial for the homing and recruitment of EPCs to sites of injury.32 Exposure
to apoptotic bodies consistently increased ICAM-1 expression, although this was not
apparent for VCAM-1 or E-selectin. Harrington et al.34 have demonstrated that E-selectin
expression on the surface of endothelial cell is dependent on specific caspase-3 activation,
and serum deprivation of endothelial cells can induce apoptosis without upregulation of the
protein on the cell surface. E-selectin surface expression on endothelial cells may persist for
only short time frames and disappear after endocytosis and lysosomal degradation of the
protein.35 Verteporfin, a spontaneous inducer of endothelial apoptosis,36 can cause a rapid
clearance of surface E-selectin expression that may not always be shown by
immunofluorescence, whereas clearance of apoptotic bodies by endothelial cells has
upregulated this expression. By contrast, ICAM-1 is known to be crucial for recruitment of
EPCs,26 and its blockade by neutralizing antibodies significantly inhibits ischemic wound
healing.26,37,38 ICAM-1 expression accompanied EPC homing to the site of injury, and this
may also account for migration of all monocytic cells in the context of the retinal
vasculature. In DR, capillary leukostasis has been demonstrated to be ICAM-1 dependent,
and the pathologic result is speculated to induce vessel occlusion.39

VEGF is a key regulator of angiogenesis that represents an important target for therapeutic
intervention in proliferative retinopathies.40 Conditioned medium obtained from apoptotic
RMECs showed a significant increase in VEGF, indicating that this factor may be a stimulus
for EPC homing in the current model system. Indeed, VEGF165 gene transfer is a promising
strategy for the improvement of EPC function whereby it improves adhesion, proliferation,
and incorporation of progenitors to the vascular endothelium.41,42 ELISA analysis of
conditioned medium failed to show a significant increase in the level of SDF-1 compared
with that in control medium. Although this could be viewed as surprising, a prior report has
shown similar observations, indicating very low levels of SDF-1 with concomitant
upregulation of CXCR4 by endothelial cells.43 SDF-1 is a hypoxia-responsive molecule44,45

that is released after platelet accumulation.46 Therefore, this discrepancy may be a function
of the in vitro conditions that may not precisely mimic the complex milieu of ischemic
tissues.

This study has shown that the proinflammatory cytokines IL-6, IL-8, and TNF-α occur at
high concentrations in medium conditioned by apoptotic RMECs and are probably released
in response to cell damage.47,48 This finding is important because EPCs are known to
express high levels of the IL-6 receptor (gp-80), and administration of IL-6 stimulates
proliferation, migration, and tubule formation via activation of gp80/gp130 signaling
pathways.49,50 Furthermore, IL-8 can act as a proangiogenic cytokine with wound-healing
properties,51 and it also induces homing of EPCs. Patients with acute myocardial infarction
show an increase in the levels of IL-8 and VEGF compared with patients with stable
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angina.52 The increase in these cytokines suggests important role of IL-8 and VEGF in EPC
mobilization. Significantly elevated levels of IL-8 were also observed in conditioned
medium in our study, which may be a strong stimulus for EPCs in our model system (in
addition to VEGF and IL-6). Likewise, the TNFR2/p75 receptor system must be activated in
EPCs for EPC-mediated neovascularization to occur,53 although whether the modest
increases in TNF-α observed in the current model system play a major role in EPC activity
is unknown. There have been conflicting observations that suggest that blockage of TNF-α
could improve EPC-mediated repair in inflammatory conditions such as rheumatoid
arthritis.54 It is difficult to ascertain the precise role of TNF- α in the homing of EPCs;
however, further studies with neutralizing antibodies would help to establish the modulatory
role of this cytokine.

It is known that EPCs are crucial for vascular repair and regeneration. This study points
toward a crucial role played by apoptotic endothelial cells in homing and recruitment of
EPCs, a response modulated by monolayer expression of cytokines and adhesion molecules.
These findings form an important foundation for ongoing in vitro and in vivo investigations
of vasodegeneration in the context of diabetic retinopathy.
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Figure 1.
Apoptotic bodies attract EPCs to the wound site. (A) Highly circumscribed delineated
regions of apoptosis were created with a highly collimated beam of red light in endothelial
monolayers that had been pretreated with the photodynamic agent verteporfin. (Ai) Addition
of DiI-labeled EPCs showing site-specific targeting as indicated by the cluster of red
fluorescent cells (white arrow). (Aii) Phase-contrast micrograph of a similar wound showing
clustering of EPCs at 24 hours (red circle: area of wound and adhesion of EPCs). (Aiii)
Presence of apoptotic bodies attracted more EPCs compared with wounds in which they had
been removed from the wound site (Av). Large proportion of EPCs (red) showed
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incorporation among RMECs (green) in the presence of apoptotic bodies (Aiv), whereas the
number was reduced in their absence (Avi). Scale bar, 100 µm. (B) Quantification of EPCs
at the wound site showed a significantly large proportion of EPCs due to the presence of
apoptotic bodies, P < 0.05.
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Figure 2.
Adhesion molecule expression after verteporfin induction of wound. (A) A typical
verteporfin-induced wound showing enhanced expression of ICAM at the wound site
compared with the periphery (dotted line: peripheral and central wound areas). (B) Strong
ICAM-1 expression at the wound site (Bi) compared with the periphery (Bii). Similarly
intense VCAM-1 expression was observed at the wound (Biii) site compared with the distant
regions on same image (Biv). There was no significant change in E-selectin expression at
the wound site and at the periphery (Bv, Bvi). Scale bar, 10 µm.
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Figure 3.
Quantification of apoptotic bodies. (A) PI-stained apoptotic bodies were observed to be
present in the range of 1 to 5 µm. (B) Apoptosis was confirmed by using JC-1 flow
cytometry. The initial gate (bottom left) was selected by excluding debris and using healthy
endothelial cells. Verteporfin induced robust apoptosis and thus a marked decrease in the red
to green fluorescence, with 60% apoptotic cells, whereas untreated healthy counterparts
showed the presence of 9% apoptotic cells. Flow cytometry dot plots are representative of
three independent experiments. Scale bar, 10 µm.
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Figure 4.
Adhesion molecule expression after exposure of healthy endothelium to apoptotic bodies.
Quantitative real-time PCR mean data showing that exposure of apoptotic bodies to the
healthy endothelium upregulated ICAM-1, VCAM-1, and E-selectin expression at 6 and 24
hours. n = 3; *P < 0.05, #P < 0.001.
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Figure 5.
EPC migration to the conditioned medium from apoptotic RMECs. (A) Chemotaxis was
represented in terms of the circular histogram; (Ai, arrow) direction of migration; shaded
portion: area of the confidence interval for the set of a particular experiment. Characteristic
migratory response by EPCs with conditioned medium while with control medium EPCs
moved (Aii) randomly in all directions (P < 0.05). Graphs are representative of three
individual experiments. (B) Speed of migration for EPCs significantly increased in
conditioned medium compared with control medium; #P < 0.001.

Bhatwadekar et al. Page 17

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2013 September 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Analysis of conditioned medium for cytokines. (A) Conditioned medium analyzed by
ELISA showing increase in the levels of VEGF, IL-6, and TNF-α compared with the control
medium. A similar increase was observed in the expression of IL-8 (B); however, SDF-1
(C) levels remained unchanged, *P < 0.05, #P< 0.001.
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