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The effective phagocytotic clearance of apoptotic de-
bris is fundamental to the maintenance of neural tis-
sues during apoptosis. Retinal photoreceptors un-
dergo apoptosis after retinal detachment. Although
their induction phase of apoptosis has been well dis-
cussed, their phagocytotic process remains quite
unclear. We herein demonstrate that apoptotic pho-
toreceptors are selectively eliminated from their
physiological localization, the outer nuclear layer, to
the subretinal space, and then phagocytosed by
monocyte-derived macrophages. This could be shown
by an ultrastructural and immunophenotypic analy-
sis. Moreover, in chimera mice expressing transgenic
green fluorescent protein in bone marrow-derived
cells, the local infiltration of macrophages could be
detected after retinal detachment-induced photore-
ceptor apoptosis. The local injection of an antibody
blocking the phosphatidylserine receptor (PSR) or a
peptide (GRGDSP)-blocking integrin �v�3 revealed
that phagocytotic clearance involves the PSR as well
as integrin �v�3 in vivo. Importantly, the level of
blockade obtained with these reagents was different.
Although anti-PSR increased the frequency of apopto-
tic cells that fail to bind to macrophages, GRGDSP
prevented the engulfment (but not the recognition) of
apoptotic photoreceptor cells by macrophages. To
our knowledge, this is the first report describing the

mechanisms through which apoptotic photorecep-
tors are selectively eliminated via a directional pro-
cess in the subretinal space. (Am J Pathol 2003,
162:1869–1879)

The effective phagocytotic clearance of apoptotic debris
is fundamental to the maintenance of neural tissues. The
rapid recognition and engulfment of intact apoptotic cells
by phagocytes play an important role in preventing sec-
ondary necrosis with the consequent release of proin-
flammatory intracellular products as well as potentially
immunogenic self-antigens. In the developmental pro-
cess and various neural pathologies, although large pop-
ulations of neurons undergo apoptosis, only few degen-
erating neurons are observed at a given time within the
tissue.1–3 This is a consequence of the rapid phagocyto-
sis of apoptotic cells by phagocytes before cell lysis
because of secondary necrosis.2

Cells dying from apoptosis attract phagocytes, pre-
senting as so-called “eat me” signals, probably by ex-
posing or releasing ligands for receptors on phagocytes.
Apoptotic cells develop numerous changes including the
exposure of phosphatidylserine (PS) and the alteration of
membrane carbohydrates on the cell membrane surface.
Several receptors are implicated in the phagocytotic up-
take of apoptotic cells by phagocytes, such as phospha-
tidylserine receptor (PSR),4,5 the vitronectin receptor
(�v�3 and �v�5 integrins),6–8 CD14,9 CD36,10,11 or the
scavenger receptor class A.12 The ligand and receptor
systems have been well investigated in vitro. However,
both their functions and relative importance remain to be
established in vivo.13–17

The retina is a highly differentiated neural tissue for
vision and exhibits characteristic features of neural apo-
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ptosis in various pathologies. As a result, retinal detach-
ment (RD) causes the selective apoptotic demise of retinal
photoreceptors. The induction phase of photoreceptor ap-
optosis in RD has been characterized to some extent,1,18,19

establishing that it involves a caspase-independent apopto-
tic process3 that can be inhibited by the intraocular injection
of brain-derived neurotrophic factor (BDNF).3,20 Impor-
tantly, the inhibition of apoptosis allows for the maintenance
of the retinal function and the prevention of RD-induced
blindness.21 Although the induction phase of photoreceptor
apoptosis in RD has been previously reported,1,3,18,21 their
clearance phases are still unknown. Identifying the phago-
cytotic process, including the infiltrating phagocytes, their
distribution and recognition systems for apoptotic photore-
ceptors thus remain an obviously important issue to prevent
tissue destruction by their released contents. The destruc-
tion of these tissues causes retinal gliosis, and an excessive
amount of gliosis is sometimes harmful for the maintenance
of retinal regular structure and function.22 Previous studies
have identified candidate phagocytes of retinal apoptotic
cells in the developmental or pathological processes,23–26

without, however, providing any insight into the mechanism
of these processes. Apoptotic photoreceptors have thus
been thought to be phagocytosed in the original location of
the outer nuclear layer by a diverse range of cells including
retinal pigment epithelium (RPE), retinal microglia, infiltrated
macrophages, tissue macrophages, glial cells, or neighbor-
ing cells.27–29

To elucidate the mechanisms accounting for the elim-
ination of apoptotic photoreceptors, we used a rodent
model of RD-induced retinal degeneration.3,21 Unexpect-
edly, we found that apoptotic photoreceptors are elimi-
nated from their original location, the outer nuclear layer,
and thereafter move into the subretinal space, where they
are phagocytosed by infiltrating macrophages derived
from freshly recruited circulating monocytes. In addition,
we also report that the PSR and the integrin �v�3 play an
instrumental role in the phagocytotic recognition and in-
ternalization of apoptotic photoreceptors in vivo.

Materials and Methods

Experimental RD

All procedures conformed to the Association for Re-
search in Vision and Ophthalmology’s statement for the
Use of Animals in Ophthalmic and Vision Research.
Brown Norway rats (Kyudo, Fukuoka, Japan), postnatal 8
weeks, were studied as follows. Rat experimental RD was
produced by a previously described method.3,28 Briefly,
the rats were anesthetized with an intraperitoneal injec-
tion of pentobarbital and their pupils were dilated with
topical 1% tropicamide and 2.5% phenylephrine hydro-
chloride. The retinas were detached using a subretinal
injection of 1% sodium hyaluronate (Healon; Pharmacia,
Uppsala, Sweden). Sodium hyaluronate (0.05 ml) was
gently injected through the sclera into the subretinal
space to enlarge the RD. Because the volume of the
vitreous space is relatively small, the injection of 0.05 ml
sodium hyaluronate reproducibly produced similar RDs

(half of the retina). Biomicroscopy (Kowa, Tokyo, Japan)
demonstrated that the same portion of the retina re-
mained detached for more than 28 days after treatment.
The detached retinas that reattached spontaneously
were thus excluded from the further studies. Eyes with an
anterior chamber puncture, scleral incision, and no injec-
tion of sodium hyaluronate were used as controls. The
rats were sacrificed at 6 and 12 hours and on days 1, 3,
5, 7, 14, and 28 after treatment and then their eyes were
harvested for the following studies.

Chimera Mouse by Transplantation with Green
Fluorescent Protein (GFP)-Transgenic Bone
Marrow Cells

Previously, the phagocytes that infiltrated after RD were
reported to be RPE, retinal microglia, or monocyte-de-
rived macrophages, however, this identification remains
unclear.27,29 To characterize the infiltrating phagocytes,
we produced chimera GFP mice, by a previously de-
scribed method. Briefly, we used transgenic mouse lines
with an enhanced GFP (EGFP) cDNA under the control of
a chicken �-actin promoter and cytomegalovirus en-
hancer (a generous gift from Dr. Masaru Okabe, Osaka
University, Osaka, Japan).30,31 All of the tissues from
these transgenic lines, with the exception of erythrocytes
and hair were green under excitation light. The estab-
lished transgenic mouse was used as a cell source for
GFP-positive bone marrow cells. The GFP-positive cells
were transplanted intravenously in C57/B6 mice after
irradiation with 9 Gy of X-rays. The eyes were protected
with lead shields for prevention of radiation retinopathy. A
successful bone marrow transplantation was confirmed
by the identification of GFP-positive cells in the blood 2
weeks after irradiation. RD was produced in these chi-
mera mice as described above. These eyes were har-
vested 3 days after RD, cryosectioned, acetone-fixed,
and then were observed by fluorescent microscopy
(Olympus, Tokyo, Japan). The eyes from wild-type (wt)
mice were used as control eyes.

Terminal dUTP Nick-End Labeling (TUNEL)

Apoptotic photoreceptor degeneration was detected by
TUNEL. Four-�m-thick sections were made from samples
fixed in 4% paraformaldehyde and embedded in paraffin.
TUNEL staining was performed with the ApopTag Fluo-
rescein Direct in Situ Apoptosis Detection Kit (Intergen
Company, New York, NY) according to the manufactur-
er’s protocol. The sections were co-stained with pro-
pidium iodide (Molecular Probes, Eugene, OR), thus al-
lowing the observation of the cell nuclei by a
fluorescence microscope (Olympus). Ten sections for
each eye specimen were randomly selected and ob-
served by masked observers (six eyes for each time
point). The results are presented as the means � SD.
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AIF, ED1, and ED2 Immunohistochemistry

Apoptosis-inducing factor (AIF) is a novel, caspase-inde-
pendent apoptogenic mediator in apoptosis, which is
normally confined to the mitochondrial intermembrane
space, yet translocates to the cytosol and the nucleus in
the apoptotic process.32 In a previous report, we con-
firmed that the mitochondrio-nuclear relocalization of AIF
occurred in this model.3 To clarify whether AIF partici-
pated in the late phase of apoptosis in the subretinal
apoptotic nucleus, we examined this issue immunohisto-
chemically. Samples were fixed in 4% paraformaldehyde,
embedded in paraffin, deparaffinized in xylene, rehy-
drated in ethanol, and washed in phosphate-buffered
saline (PBS), as described above. A 1:100 dilution of
anti-AIF rabbit serum was produced by a previously de-
scribed method32 and incubated at 4°C overnight. A
nonimmune serum and a preabsorbed antiserum (with 1
�g/�l of recombinant AIF) were used as negative con-
trols. To characterize the infiltrating phagocytes, anti-
ED1, ED2 antibodies (Serotec, Oxford, UK), F4/80 anti-
body (Caltag Laboratories, Burlingame, CA), anti-pan
cytokeratin (DAKO, Glostrup, Denmark), and control IgG
were used at a 1:100 dilution. Anti-ED1 antibody recog-
nized monocytes/macrophages, anti-ED2 recognizes tis-
sue macrophages in rat,33 F4/80 antibody recognizes
mouse macrophages,34 anti-pan cytokeratin recognizes
RPE. Cy5-labeled secondary antibody (Zymed Laborato-
ries, San Francisco, CA) was used at a dilution of 1:200
for 20 minutes. The sections were co-stained by TUNEL
and observed by fluorescence microscopy.

Transmission Electron Microscopy and
Immunoelectron Microscopy

The eyes were enucleated and the posterior segments
were fixed in 1% glutaraldehyde and 1% paraformalde-
hyde in PBS. The detached retinas were removed and
postfixed in veronal acetate buffer osmium tetroxide
(2%), dehydrated in ethanol and water, and embedded in
Epon. Ultrathin sections were cut from blocks and
mounted on copper grids. For immunoelectron micros-
copy, the eyes were fixed in 1% paraformaldehyde in
PBS, and the detached retinas were rinsed with PBS,
incubated in NH4Cl, and embedded in London Resin
white blocks (London Resin, London, UK). Primary anti-
body for AIF was used at a 1:150 dilution, and the sec-
tions were incubated at 4°C overnight. A nonimmune
serum was used as a negative control. Anti-rabbit anti-
body conjugated with 10-nm gold particles (British Bio-
Cell, Cardiff, UK) was used as a secondary antibody at a
dilution of 1:30 for 90 minutes. The specimens were ob-
served with a JEM 100CX electron microscope (JEOL,
Tokyo, Japan).

Scanning Electron Microscopy

The removed retinas were postfixed in veronal acetate
buffer osmium tetroxide (2%), and dehydrated in ethanol
and water. The retinas were saturated in t-butyl alcohol,

and critical point drying was performed (Eiko, Tokyo,
Japan). The tissue was then placed on stubs by means of
self-adhering carbon tabs and sputtered with Au of
20-nm thickness by argon plasma coater (Eiko). Next, the
subretinal surface of the detached retina was studied by
a JEM 840 scanning electron microscope (JEOL).

Inhibition of Phagocyte Infiltration by Preventing
Apoptosis Development

It was reported that BDNF inhibited photoreceptor apo-
ptosis after RD.3,20,21 To investigate the relationship be-
tween photoreceptor apoptosis and phagocyte infiltra-
tion, we administered BDNF (2.5 ng per eye; R&D
Systems, Minneapolis, MN) into the subretinal space. To
clarify whether apoptotic photoreceptors attract phago-
cytes, the phagocyte infiltration into the subretinal space
was determined on day 3. The number of cells per 1-mm
retina in 10 histological sections for each eye was mea-
sured and six eyes were analyzed using analysis soft-
ware (MacScope; Mitani, Fukui, Japan). The results were
expressed as the means � SD.

Blockade of Phagocytotic Process by Inhibiting
Receptor Systems

To investigate the participation of candidate receptors for
phagocytosis of apoptotic photoreceptors, we used RGD
peptide (Bachem, Bubendorf, Switzerland), anti-integrin
�3 antibody (clone F11; BD Pharmingen, San Diego, CA)
for integrin �v�3, and anti-PSR antibody (Cascade Bio-
Science, Winchester, MA). The integrin �v�3 and PSR are
shown to be present on monocyte-derived macro-
phages.10,35 The function-blocking hexapeptide GRGDSP
including the integrin �v�3-binding motif RGD, and non-
functioning control hexapeptide GRGESP were adminis-
tered into the subretinal space mixed in 1% sodium hyal-
uronate at a concentration of 2.0 mg/ml. Anti-integrin �3
antibody, which blocks integrin �v�3 binding, and control
IgG were injected with 1% sodium hyaluronate at a concen-
tration of 1.0 mg/ml. Anti-PSR antibody, which blocks phos-
phatidylserine binding, and control IgM were injected at a
concentration of 1.0 mg/ml. The eyes were then harvested
on day 3 and analyzed by immunohistochemistry, transmis-
sion electron microscopy, and scanning electron micros-
copy. The number of cells per 1-mm retina in 10 histological
sections for each eye was measured and six eyes were
analyzed using analysis software (MacScope). The results
were expressed as the means � SD. Student’s t-test was
used to calculate the probability by comparing data be-
tween the groups and P � 0.05 was considered to be
significant.

Results

Photoreceptor Apoptosis Detection by TUNEL
after RD

After the injection of sodium hyaluronate into the subreti-
nal space of rats, RD was followed macroscopically and
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histologically for 28 days. Macroscopically, the detached
area remained unchanged during this period. TUNEL-
positive apoptotic cells appeared mainly in the photore-
ceptors starting 12 hours after RD, reached a maximum
on day 3 (Figure 1, A and B, arrowheads), and then
gradually decreased.3 Although most TUNEL-positive
signals were observed in the outer nuclear layer, some
signals were observed in the outer segment layer and
subretinal space (Figure 1, arrows). In control eyes with-
out RD, no TUNEL-positive signals were observed in any
of the layers (Figure 1C).

Ultrastructural Studies of Apoptotic
Photoreceptors and Electron-Dense Materials

RD-induced apoptotic morphological alterations, includ-
ing chromatin condensation, cell shrinkage, and apopto-
tic body formation were observed in the photoreceptors
(Figure 2; A to D). In the apoptotic body formation pro-
cess, nucleolar components are tightly aggregated (Fig-
ure 2B), separated into semi-dense granular masses
(Figure 2C) and forms electron-dense linear strands (Fig-
ure 2D). As electron-dense apoptotic body formation de-
veloped, the electron-dense materials became detect-
able in the inner and outer segment layers and the
subretinal space (Figure 2; E to G). Figure 2E shows the
electron-dense materials just passing through the outer
limiting membrane, which consisted of portions of Müller
cells with adherent junctions. These electron-dense ma-
terials are apparently mixed with other cytosolic struc-
tures such as mitochondria (Figure 2E). The electron-
dense materials were found among the normal outer
segments in outer segment layer (Figure 2, F and G).

AIF Immunohistochemistry

Apoptotic photoreceptor nuclei stain positively with an
antibody specific for the AIF protein, thus indicating the
translocation of this protein from the mitochondria to the
nucleus (Figure 3, A and B).3 As photoreceptor apoptosis
developed, TUNEL-positive signals were also detected in
the outer segment layer, and these are still positive for
AIF (Figure 3A). Immunoelectron microscopy showed the
electron-dense materials in the outer segment layer to be
AIF-positive by gold particles (Figure 3C). The nonim-
mune serum and preabsorbed serum showed no positive
staining for AIF (data not shown).

Immunophenotypic Analysis of Infiltrating
Phagocytes and Phagocytosis of Apoptotic
Bodies in the Subretinal Space

Phagocyte infiltration into the subretinal space occurred
2 days after RD. Most infiltrating phagocytes contained in
the subretinal space (88%) bore the characteristic phe-
notype of monocyte-derived macrophages (ED1�, ED2�;
Figure 4; A to C) while a minority was consisted of cells
bearing the specific phenotype of RPE (pan cytokeratin�;
Figure 4D). Most if not all ED1� cells were located in the
outer segment layer of photoreceptors or the subretinal
space of the detached retina (Figure 4A). A low fre-
quency of ED2� cells, namely tissue macrophages, were
detected in the inner layers of the detached retina (Figure
4B), yet were never found to phagocytose apoptotic de-
bris. Double-staining experiments confirmed that ED1�

macrophages phagocytosed TUNEL� apoptotic bodies

Figure 1. Fluorescent micrographs of photoreceptor apoptosis by TUNEL. Each section was stained by TUNEL (green) and propidium iodide. A: Detached retina
showing photoreceptor apoptosis (arrowheads) (IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL outer nuclear layer; IS,
inner segment; OS, outer segment). B: High-magnification image of the outer retina. TUNEL-positive staining is seen in the outer segment layer and the subretinal
space (arrows) (OLM, outer limiting membrane). C: Control retina without RD showed no positive staining for TUNEL. Original magnifications: �200 (B); �600
(C). Scale bar, 5 �m.
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Figure 2. Light (A) and electron (B to G) micrographs of photoreceptor apoptosis. It is not a time-lapse sequence but a series of images selected and arranged
to present a probable sequence of events (B to G). Apoptotic photoreceptor shows cell shrinkage and chromatin condensation in ordinary location of outer
nuclear layer (B) and apoptotic body formation (C). In the apoptotic body formation process, nucleolar components are tightly aggregated (B), separated into
semi-dense granular masses (C), and form electron-dense linear strands (D). As electron-dense apoptotic body formation developed, the electron-dense materials
became detectable in the inner and outer segment layers and the subretinal space (E–G). These electron-dense materials are apparently mixed with other cytosolic
structures such as mitochondria (E). The electron-dense materials were found among the normal outer segments in the outer segment layer (F and G). Original
magnifications: �200 (A); �4000 (B and C); �3300 (D–G). Scale bars: 10 �m (A); 2 �m (B and C); 5 �m (D–G).

Figure 3. Immunohistochemistry of apoptosis-inducing factor (AIF). A: Fluorescent micrographs of the detached retina, stained with AIF (red) and TUNEL
(green). TUNEL-positive apoptotic photoreceptors are also AIF-positive. The eliminated apoptotic photoreceptor debris in the subretinal space is still positive for
AIF and TUNEL (arrow). AIF staining is not seen in the TUNEL-positive apoptotic debris phagocytosed by macrophages (arrowhead). B: Immunoelectron
micrographs of the detached retina fixed in 1% paraformaldehyde and embedded in resin. The degenerated apoptotic photoreceptors were AIF-positive, while
neighboring normal photoreceptors were negative. C: Eliminated photoreceptor nucleus in outer segment layer still shows AIF-positive staining. Original
magnifications: �200 (A); �5000 (B and C). Scale bars: 10 �m (A); 1 �m (B and C).
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(Figure 4C). The free RPE that migrated into the periph-
eral area of the detached retina were positive for a spe-
cific marker, pan cytokeratin (Figure 4D).

GFP-Positive Phagocyte Infiltration after RD in
the Chimera Mouse

To further elucidate the origin of phagocytes, we used
chimera mice, reconstituted with bone marrow-express-
ing transgenic GFP. Although such mice normally lack
bone marrow-derived (GFP�) macrophages in their ret-
ina (Figure 5A), they exhibit infiltrating GFP� phagocytes
several days after RD (Figure 5B). The infiltrated GFP�

phagocytes are positive for mouse macrophage marker
F4/80 (Figure 5C). The 84% of the total infiltrated phago-
cytes are GFP�, F4/80� cells in the chimera mouse. The
GFP� cells were never seen in the wild-type control mice
after RD (Figure 5D).

Ultrastructural Characterization of Infiltrating
Phagocytes by Transmission Electron
Microscopy and Scanning Electron Microscopy

Ultrastructural observations could differentiate two types
of infiltrating cells. One is a middle-sized (10 �m) mac-
rophage-like cell abundant with lysosomes and finger-
like processes (Figure 6; A to C), whereas the other is a

large (15 �m), round cell abundant with melanin granules
(Figure 6; D to F). The infiltrating macrophage-like cells
phagocytosed apoptotic condensed nuclei rather than
degenerated outer segment debris (Figure 6A). These
macrophage-like cells apparently infiltrated from choroi-
dal vessels, and migrated through the Bruch’s membrane
and RPEs toward the subretinal space (Figure 6C). The
other melanin-rich round cells also migrated and infil-
trated into the subretinal space from the peripheral area
of the detached retina (Figure 6; D to F). Early after RD,
the macrophage-like cells mostly phagocytosed the ap-
optotic nuclei (Figure 6A), while later on the pattern of
digestion changed. As the apoptotic photoreceptor de-
creased on days 14 and 28, these cells instead phago-
cytosed the degenerated outer segment of the photore-
ceptors (data not shown).

Phagocyte Infiltration Induced by Apoptotic
Photoreceptors and Their Debris

In control retina without RD, both apoptotic photorecep-
tors and apoptotic debris were rarely seen (Table 1 and
Figure 1C). No phagocyte infiltration was noted in subreti-
nal space of control retina (Table 1). RD induced photore-
ceptor apoptosis as well as phagocyte infiltration in the
subretinal space. The subretinal injection of a neurotrophic
factor, BDNF, dramatically reduced photoreceptor apopto-

Figure 4. Characterization of infiltrating macrophages by immunohistochemistry, TUNEL (green), and propidium iodide (red). The most infiltrating phagocytes
are ED1-positive, monocyte-derived macrophages (A: ED1, yellow). Although the infiltrating phagocytes are ED2-negative, few ED2-positive tissue macrophages
are seen in the inner retina (B: ED2, yellow). TUNEL-positive apoptotic photoreceptor debris is phagocytosed by ED1-positive macrophages (C: arrow; ED1, blue;
TUNEL, green). In the peripheral area of the detached retina, a few pan cytokeratin-positive RPEs were observed (D, blue). Original magnifications: �200 (A and
B); �400 (C and D). Scale bars: 10 �m (A and B); 5 �m (C and D).

Figure 5. Evidence that infiltrating phagocytes after RD are derived from bone marrow cells with GFP transgenic/wild-type chimera mouse. GFP transgenic mouse
was produced, and the bone marrow was used as a cell source of GFP-positive bone marrow cells (see Materials and Methods). Each specimen was stained by
propidium iodide to show cell nuclei (red). In GFP chimera mouse, although GFP-positive cells were not observed in attached retina (A), GFP-positive cells
dramatically infiltrated into the subretinal space after RD (B, green, arrows). These GFP-positive phagocytes are also positive for F4/80 (C, GFP-green,
F4/80-blue). In wild-type (wt) mouse, no GFP-positive cells are observed even after RD (D, arrowheads). Original magnifications, �400. Scale bar, 10 �m.
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sis and phagocyte infiltration into subretinal space (Table
1). In contrast, the injection of anti-PSR antibody, RGD
peptide, and anti-integrin �3 antibody increased apoptotic
debris and phagocyte infiltration (Table 1).

Anti-PSR Antibody Inhibited the Recognition of
Apoptotic Debris by Macrophages

An antibody specific for the PSR, capable of blocking the
interaction between PSR and PS,35 was administered into
the subretinal space when RD was induced. Eyes were
harvested 3 days later, and then were fixed and embed-
ded in paraffin. The sections were double-stained by
TUNEL and propidium iodide and 10 sections for each
eye specimen were randomly selected and observed in a
masked manner (n � 6). The subretinal apoptotic bodies
were classified as free, as bound to macrophages, or as

phagocytosed (Figures 7 and 8). Anti-PSR significantly
blocked the uptake of apoptotic photoreceptor debris by
macrophages (Figures 7 and 8). As a result, the free
apoptotic debris increased from 10 per 1-mm retina in
controls injected with a control IgM to 17 per 1-mm retina
in animals treated with anti-PSR (Figure 8, anti-PSR IgM,
P � 0.05). These data indicate that the PS-PSR interac-
tion has a rate limiting effect on the macrophage-medi-
ated recognition of apoptotic photoreceptor cells from
the subretinal space.

RGD Peptide and Anti-Integrin �3 Antibody
Inhibition of Internalization of Apoptotic Debris
by Macrophages

The hexapeptide GRGDSP includes the integrin �v�3-
binding motif RGD and thus blocks the interaction be-

Figure 6. Characterization of infiltrating cells into the subretinal space by ultrastructural studies. Ultrastructural observations could differentiate two types of
infiltrating cells. One is a middle-sized (10 �m) macrophage-like cell abundant with lysosomes and finger-like processes (A–C), whereas the other is a large (15
�m), round cell abundant with melanin granules (D–F). Most infiltrating phagocytes are macrophage-like cells (A and B). These cells selectively phagocytose
apoptotic photoreceptor debris (A, arrow), elongate their filopodia for the apoptotic debris (B) in the subretinal surface of the detached retina. These cells
infiltrate to subretinal space through the RPEs from choroidal vessels (C). In the peripheral area of the detached retina, a small amount of the other large round
cells migrate and infiltrate into the subretinal space (D and E). The large round cells migrated from RPE monolayer beneath the detached retina (F). Original
magnifications: �2600 (A, D); �2500 (B, C, E, F). Scale bar, 5 �m.

Table 1. Cell Counts per 1-mm Width of the Retina

n � 6 Control RD BDNF
Anti-PSR

IgM
Control

IgM RGD RGE
Anti-integrin �3

IgG
Control

IgG

Apoptotic
photoreceptors in
outer nuclear layer

0.210 56.3 23.7* 55.2 56.0 57.8 54.9 56.8 55.4

(�0.44) (�6.63) (�4.06) (�6.92) (�6.41) (�6.52) (�6.33) (�6.39) (�6.04)
Apoptotic debris in

subretinal space
0 26.0 11.4 34.3 26.1 30.8 25.8 29.7 26.1

(�2.03) (�1.26) (�3.68) (3.33) (�3.59) (�2.42) (�2.38) (�2.69)
Infiltrating phagocytes

in subretinal space
0 6.88 4.04* 9.60* 7.01 13.4* 7.08 12.2* 7.03

(�1.92) (�1.87) (�1.81) (�1.87) (�2.19) (�1.87) (�2.06) (�1.91)

The number of apoptotic photoreceptors in outer nuclear layer and infiltrating phagocytes in the subretinal space. RD was made with subretinal
injection of sodium hyaluronate and the eyes were then harvested on day 3 and analyzed by TUNEL and immunohistochemistry (n � 6). Ten sections
for each eye specimen were randomly selected and observed by masked observers. The results are presented as the means � SD. BDNF
dramatically decreased both photoreceptor apoptosis and phagocyte infiltration (*, P � 0.05). In contrast, anti-PSR antibody, RGD peptide, anti-
integrin �3 antibody increased apoptotic debris and phagocyte infiltration (*, P � 0.05).

Phagocytosis of Apoptotic Photoreceptors 1875
AJP June 2003, Vol. 162, No. 6



tween �v�3 and �v�3 ligands such as vitronectin.10 The
local injection of this peptide blocked macrophage
phagocytosis of apoptotic photoreceptors (Figures 7
and 8). Although the infiltrated macrophages recog-
nized and collected apoptotic debris, which apparently
bound to their surface, subsequent internalization was
blocked by GRGDSP (Figures 7 and 8). Scanning elec-
tron microscopy revealed that macrophages selec-
tively recognized and collected apoptotic debris yet
failed to engulf apoptotic bodies (Figure 7F). As an
internal control, the peptide GRGESP (which lacks the
RGD sequence) did not block the phagocytotic uptake

of apoptotic debris, and never caused an increase of
bound apoptotic debris on the infiltrated phagocytes
(Figure 8). The results were confirmed by the antibody
clone F11 (anti-integrin �3 antibody), which blocks the
integrin �v�3. This antibody also blocked the internal-
ization of apoptotic bodies by phagocytes, thus result-
ing in an increased amount of bound apoptotic debris
and infiltrating phagocytes (Figure 8 and Table 1).
These data underscore the importance of an interac-
tion between integrin �v�3 and an RGD motif-contain-
ing �v�3 ligand for the engulfment of apoptotic cells in
our model.

Figure 7. The blockade of the macrophage phagocytosis by inhibiting receptor systems. Fluorescent images (A–C) show apoptotic debris (TUNEL, green),
nucleus (propidium iodide, red), and phase contrast images (gray). Scanning electron microscopy revealed eliminated apoptotic photoreceptor debris (arrows)
and infiltrating macrophages (D–F). The infiltrating macrophages selectively recognize and phagocytose a large amount of TUNEL-positive apoptotic debris (A,
green). In contrast, the function-blocking anti-PSR antibody blocks apoptotic debris recognition by infiltrating macrophages (B and E). The function-blocking
peptide with integrin �v�3-binding motif RGD does not block the recognition and binding of apoptotic debris by macrophages, but blocks internalization of these
particles (C, green; and F). The binding of numerous apoptotic bodies to a single macrophage is shown (F, arrowheads). Original magnifications: �400 (A–C);
�2500 (D–F). Scale bars, 5 �m.

Figure 8. The blockade of the phagocytotic process by inhibiting receptor systems. The function-blocking antibodies and peptides were administered into the
subretinal space, respectively. The eyes were harvested 3 days after RD, and then were fixed and embedded in paraffin. The sections were double-stained by
TUNEL and propidium iodide. Ten sections for each eye specimen were randomly selected and observed in a masked manner (n � 6). The subretinal apoptotic
bodies were analyzed as free, phagocytosed, or bound apoptotic bodies, respectively. The anti-PSR IgM increased the free apoptotic bodies in the subretinal space,
and decreased the phagocytosed apoptotic bodies (*, P � 0.05). The RGD peptide decreased the number of phagocytosed apoptotic bodies, and also caused a
dramatic increase in the binding of apoptotic bodies to the macrophages (*, P � 0.05).
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Discussion

The present study clearly demonstrates, for the first time,
that apoptotic photoreceptors are selectively eliminated
from the original outer nuclear layer of the retina into
the subretinal space after RD, and phagocytosed by
infiltrated monocyte-derived macrophages. Apparently,
these mechanisms allow for the effective clearing of dead
photoreceptor cells with minimal tissue inflammation or
destruction. The PSR participates in apoptotic photore-
ceptor recognition, and the integrin �v�3 participates in
internalization of the apoptotic photoreceptors in vivo.

Apoptotic Photoreceptors Eliminated from the
Retina in the Late Phase of Apoptosis

Photoreceptor apoptosis after RD has attracted the inter-
est of neural researchers and has been studied exten-
sively.1,3,18–21,36 In this process, photoreceptors develop
the characteristic morphological features of apoptosis
(initial phase), followed by a clearance process that,
schematically, can be subdivided into the subsequent
steps of recognition, binding, engulfment, and digestion
of apoptotic bodies by phagocytes (late phase). The
initial phase has been studied in detail, however, the late
phase has not yet been reported. In this study, we clearly
showed this late phase of photoreceptor apoptosis after
RD for the first time. Previously, Erickson and col-
leagues37 reported that a loss of photoreceptors oc-
curred both by necrosis and by the migration of photo-
receptor into the subretinal space after RD. However,
both the origin and mechanism of the late phase still
remain unclear. In this study, we demonstrated apoptotic
photoreceptors to show chromatin condensation (Figure
2B), electron-dense apoptotic body formation (Figure
2C), and electron-dense linear strands (Figure 2D). As
apoptotic body formation developed, the electron-dense
materials became detectable in the inner and outer seg-
ment layer and the subretinal space (Figure 2; E to G). To
detect the apoptotic DNA degradation, we examined
TUNEL. Although most TUNEL-positive signals were
observed in the outer nuclear layer, some signals were
observed in the outer segment layer and subretinal space.
In this process, we found that AIF, an apoptogenic protein
that translocates from the mitochondria to the nucleus after
apoptosis, was observed in these electron-dense materials
in the outer segment layer, suggesting that these are de-
rived from apoptotic nuclei (Figure 3).

Considering the ultrastructural findings as well as
TUNEL and AIF immunohistochemistry, because photo-
receptor nuclei are normally located in the outer nuclear
layer and are usually not found in the inner and outer
segment layers or the subretinal space, these electron-
dense materials are likely to be displaced apoptotic pho-
toreceptor nuclei from their original location.

During this process, the nuclei translocated from the
original nuclear layer into the subretinal space, thus
crossing the outer limiting membrane and the outer seg-
ment layer. The mechanism through which this active
transport of nuclei occurs remains unclear. On theoretical

grounds it could be a cell-autonomous process involving
an active contraction of the outer part of the cell or it
could involve passive processes depending on the spe-
cific architecture of the retina. Excreted nuclei from dead
photoreceptor cells were effectively phagocytosed by
monocyte-derived macrophages that remained confined
to the subretinal space. As a result, the neural retina was
not invaded by destructive inflammatory cells.

Characterization of Infiltrating Phagocytes
after RD

Although detailed ultrastructural studies have been made
on infiltrating phagocytes after RD, their characterization
and origin have remained elusive.27,28,38,39 In this study,
we used three antibodies that positively identify mono-
cyte-derived macrophages (ED1), differentiated tissue
macrophages (ED2), or RPE (pan cytokeratin), respec-
tively. Those phagocytes that infiltrated into the subretinal
space were either ED1� macrophages (88% of total in-
filtrated phagocytes) or pan cytokeratin� RPEs (12%)
(Figure 4). The ED1� macrophages infiltrated into the
subretinal space after RD (Figure 4A), and selectively
phagocytosed TUNEL-positive apoptotic debris (Figure
4C). To confirm the origin of these infiltrating phagocytes,
we produced chimera mice, namely wild-type C57/B6
mice transplanted with bone marrow cells from GFP-
transgenic mice. In such chimera mice, no GFP-positive
cells were found in the normal retina (Figure 5A), and
GFP-positive cells only infiltrated into the subretinal
space after RD (Figure 5, B and C). These results provide
compelling evidence that the phagocytes that remove
dead photoreceptor nuclei are derived from the trans-
planted GFP� bone marrow cells, and not from retinal
cells such as glial cells. Scanning electron microscopy
showed two different types of infiltrating phagocytes in
the subretinal space (Figure 6). Considering the results in
immunophenotypic studies, these phagocytes were mac-
rophages and RPEs. These macrophages infiltrated from
choroidal vessels into the subretinal space beyond the
RPE layer (Figure 6C). Surprisingly, the subretinal injec-
tion of a neurotrophic factor, BDNF dramatically reduced
both photoreceptor apoptosis and macrophage infiltra-
tion into the subretinal space (Table 1). The results indi-
cate that monocyte-derived macrophages are selectively
called for phagocytotic clearance by apoptotic photore-
ceptors, not by surgical injury itself.

In addition to macrophages, a small amount of RPE was
found to migrate and infiltrate into the subretinal space in
the peripheral area of the detached retina (Figure 4D and
Figure 6; D to F), as previously described.27,28,38,39 RPEs
(ED1�ED2�GFP�pancytokeratin�) can be readily distin-
guished from the macrophages by electron microscopy,
based on their pigment content, round surface, and the
large size (Figure 6; D to F). Scanning electron micros-
copy also showed that the RPEs migrated from the RPE
layer beneath the detached retina (Figure 6F), as de-
scribed previously.27 As a result, the infiltrating phago-
cytes were macrophages and RPEs, and most infiltrating
phagocytes were confirmed to be ED1�, monocyte-de-
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rived macrophages, participating in the clearance of
photoreceptors.

Phagocytotic Clearance of Apoptotic
Photoreceptors Depends on the PSR for the
Recognition and the Integrin �v�3 for
Internalization

The phagocytotic processes of apoptosis may include
the recognition, binding, internalization, and digestion of
apoptotic cells. In our model of RD, the infiltrating mac-
rophages reached apoptotic bodies by elongating filop-
odia (Figure 7D). The anti-PSR antibody inhibited the
selective elongation of filopodia to the apoptotic body,
presumably by blocking the interaction between PS on
the apoptotic photoreceptors and the PSR on macro-
phages (Figure 7, B and E). Although macrophages did
phagocytose apoptotic bodies, the internalization pro-
cess is seldom observed under normal conditions. This
may be because of the rapid execution of the internaliza-
tion process. Surprisingly the function-blocking hexapep-
tide GRGDSP including integrin �v�3-binding motif RGD,
and anti-integrin �3 antibody, effectively inhibited this
internalization process but did not affect either the rec-
ognition or binding processes (Figure 7, C and F, and
Figure 8). Scanning electron micrographs clearly dem-
onstrated that many apoptotic bodies were trapped and
accumulated on the macrophage surface, yet were not
engulfed (Figure 7F). These data demonstrate that effec-
tive phagocytotic clearance depends on the PSR for
apoptotic photoreceptor recognition, and on the integrin
�v�3 for the internalization of apoptotic photoreceptors
in vivo.

In conclusion, the present study revealed the mecha-
nisms through which the selective elimination of apopto-
tic photoreceptors can be performed in a unique way,
which guarantees the conservation of overall retinal tis-
sue architecture after RD. One unresolved issue remains
concerning the question as to how apoptotic photorecep-
tor nuclei translocate from the neural retina to the sub-
retinal space. Further studies are thus called for to clarify
this conundrum.
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