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In the mammalian retina, life-long renewal of light-sensitive
photoreceptor outer segments (POS) involves circadian shedding
of distal rod POS tips and their subsequent phagocytosis by the
adjacent retinal pigment epithelium (RPE) every morning after
light onset. Molecular mechanisms that promote or synchronize
POS tip shedding have thus far remained unknown. Here we
examined plasma membrane asymmetry of living POS by quanti-
fying surface exposure of the membrane phospholipid phospha-
tidylserine (PS) using antibodies, annexin V, and pSIVA (polarity-
sensitive indicator of viability and apoptosis), an annexin-based
biosensor with switchable states of fluorescence. We found that
isolated POS particles possess externalized PS, whose blockade or
removal reduces their binding and engulfment by RPE in culture.
Imaging of live photoreceptors in freshly dissected mouse retina
detected PS externalization restricted to POS tips with discrete
boundaries. In wild-type mice, frequency of rod tips exposing PS
and length of tips with exposed PS peak shortly after light onset.
In contrast, PS-marked POS tips do not vary in mice lacking the
diurnal phagocytic rhythm of the RPE due to loss of either the
phagocytosis receptor avf5 integrin, expressed by the RPE but not
by photoreceptors, or its extracellular ligand milk fat globule-EGF
factor 8 (MFG-E8). These data identify a molecular distinction, lo-
calized PS exposure, that is specific to the surface of rod POS tips.
Enhanced PS exposure preceding rod shedding and phagocytosis
suggests that surface PS promotes these processes. Moreover, our
results demonstrate that the diurnal rhythm of PS demarcation of
POS tips is not intrinsic to rod photoreceptors but requires activi-
ties of the RPE as well.

In the mammalian retina, life-long renewal of photoreceptor
outer segments (POS) involves daily shedding of distal POS
tips and their phagocytosis by the adjacent retinal pigment epi-
thelium (RPE) (1, 2). POS renewal is under circadian control,
with a burst of rod shedding and phagocytosis occurring in the
morning, shortly after light onset (3). RPE cells use a molecular
mechanism for POS tip phagocytosis that is highly similar to
mechanisms used by other phagocytic cells for clearance of ap-
optotic cells. In these pathways, integrin receptors avp3 (in
macrophages) or avpS (in RPE and dendritic cells) recognize
extracellular, soluble bridge proteins that opsonize phagocytic
particles and that display an arginyl-glycyl-aspartic acid tripep-
tide integrin receptor-binding motif (4-6). In the retina, secreted
milk fat globule-EGF factor 8 (MFG-ES) in the subretinal space
fulfills this role in promoting clearance of shed POS tips by li-
gating avp5 receptors that localize specifically to the apical,
phagocytic surface of RPE cells (5). avp5 integrin ligation stim-
ulates cytosolic signaling toward focal adhesion kinase and Mer
tyrosine kinase (MerTK), both of which must be activated for
particle engulfment (7, 8). Lack of either MFG-ES8 ligand or
avp5 receptors is sufficient to abolish the diurnal burst of RPE
phagocytosis in knockout mice, but basal levels of POS particle
uptake continue to maintain retinal integrity (9, 10). Unlike the
pathways used by RPE cells to phagocytose spent POS tips,
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mechanisms that designate POS tips for shedding and removal
have thus far remained obscure.

Externalized phosphatidylserine (PS), an anionic phospholipid
normally restricted to the cytosolic leaflet of the plasma mem-
brane, is the main “eat me” signal displayed by cells undergoing
apoptosis (11, 12). Phagocytic integrin ligands, including MFG-
ES8, possess PS binding domains, through which they designate
apoptotic cells for clearance (13). Using both traditional annexin
V (AS) or antibody-based PS binding reagents and a PS bio-
sensor allowing real-time imaging of externalized PS in living,
dissected tissue, we demonstrate increased frequency of PS ex-
posure and elongation of precisely PS-marked tips by POS im-
mediately preceding the peak of diurnal RPE phagocytosis in
mouse retina. These results identify a molecular change, PS ex-
posure, that distinguishes the plasma membrane of photore-
ceptor POS tips at the time of POS shedding. Moreover, we
found that these synchronized changes of PS externalization are
completely absent in mice lacking either the RPE receptor avp5
integrin or its extracellular ligand MFG-ES. Thus, the RPE via
its phagocytic machinery contributes to stimulation of PS expo-
sure by POS tips rather than photoreceptor rods controlling this
process autonomously.

Results

Blocking Exposed PS Reduces RPE Cell Phagocytosis of Experimental
POS Fragments. RPE cells in culture retain avid phagocytic ac-
tivity via the MFG-E8-avf5-MerTK pathway. MFG-ES binds to
POS fragments and possesses a PS binding site. To assess
whether PS exposure may be relevant for phagocytosis, we in-
cubated experimental, isolated POS fragments with a mono-
clonal antibody specific to PS (aPS) or with recombinant A5. A5
is well characterized to bind specifically to PS (14). Fig. 14 shows
that both PS-binding reagents coisolate with POS particles.
Coincubation reduced binding of both reagents, indicating that
they compete for POS particle binding. This competition was
specific: incubation with rhodopsin antibody resulted in its
binding to POS particles at levels similar to oPS without effect on
AS binding. Recombinant f-galactosidase applied at the same
concentration as A5 had no effect on aPS binding. Fluorescence
microscopy revealed that FITC-AS labeled unfixed POS particles
in a patchy distribution (Fig. S14). aPS showed a similar distri-
bution labeling paraformaldehyde-fixed, unpermeabilized POS
(Fig. S1B). POS particle preincubation with aPS or A5 reduced
their binding to RPE-J cells by 46% and 45% compared with
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Fig. 1. Competitive binding and inhibition of phagocytosis of purified POS
fragments by aPS and A5. (A) Detection of opsin POS load (Upper, POS) and
bound mouse IgG light chains (Upper, 19G, arrowhead) and bound A5
(Lower, A5) in lysates of POS particles after incubation with nonimmune 1gG
(lanes 1), aPS (lanes 2), or rhodopsin antibody (lanes 3) in the presence of
recombinant A5 (+ A5) or p-galactosidase (+ p-gal), which served as negative
control. One representative blot is shown of four independent experiments
performed with similar results. (B and C) POS particle binding (B) and in-
ternalization (C) by RPE cells of particles preincubated with aPS or A5 (black
bars, aPS, A5), rhodopsin antibody (gray bar, aPS), or p-galactosidase (gray
bar, A5). Bars show relative values compared with levels of bound or in-
ternalized POS particles preincubated with nonimmune IgG (set as 100%),
displayed as mean + SD of three independent experiments, each with du-
plicate samples. *P < 0.05 of aPS and A5 samples compared with the re-
spective control by Student t test.

their respective control (Fig. 1B). Internalization was also de-
creased, albeit to lesser extent, possibly as a consequence of
reduced availability of bound particles (Fig. 1C). In a separate
experiment, we determined that predigestion with phosphatidy-
linositol-specific phospholipase C was sufficient to increase PS
recognition on unfixed POS particles by A5 (Fig. S2 A and B).
RPE-J cells bound and engulfed such PS-enhanced POS par-
ticles more efficiently than untreated POS particles (Fig. S2 C
and D). In contrast, decreasing A5-recognizable PS by treatment
with non-phospholipid-specific phospholipase C diminished
POS particle binding and engulfment (Fig. S2). Thus, levels of
externalized PS on POS particles correlate with their binding and
thus phagocytosis by RPE cells.

Both WT and Itgh5~'~ POS in Vivo Expose PS, but only WT PS Exposure
Follows a Diurnal Rhythm. To test whether POS in vivo also expose
PS at the time of phagocytosis, we incubated whole mouse retina
immediately after excision with FITC-AS5 and quantified bound
FITC-AS5 by immunoblotting. We found that WT retina at light
onset bound ~threefold more FITC-A5 than WT retina isolated 7 h
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Fig. 2. Increased binding of A5 to WT but not /tgh5~~ retina at light onset.
(A) Representative immunoblot membrane sequentially probed for proteins
as indicated comparing FITC signal detecting of FITC-A5 in working solution
used for labeling (load) and in individual neural retinas excised from eyes
from two different WT or Itgb5’/’ mice at light onset (0 h) or 7 h later (+ 7 h)
after incubation with FITC-A5 (lanes +). Lanes - show neural retina incubated
with buffer without FITC-AS5. (B) Quantification of blots as in A. Bars show
relative binding of FITC-A5 to WT and /tgh5~~ retina at time points as in-
dicated, with binding at 0 h to WT retina set as 1 (mean + SD of six retinas of
six mice tested in three independent experiments. *P < 0.05 relative to value
for WT at 0 h by Student t test. For each sample, FITC-A5 values were nor-
malized to rod opsin to account for differences in tissue yield.
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later (Fig. 2). The same experiments showed that there was no
difference in FITC-A5 binding by Igh5~' retina at the same two
time points (Fig. 2). As a complementary approach, we examined
the localization of exposed PS on POS in live, excised retina by
fluorescence microscopy after labeling with Alexa Fluor 488-con-
jugated AS (488-A5). 488-A5 stained POS in WT retina harvested
at light onset (0 h) and even more intensely 1 h later but much less
7 h after light onset (Fig. 3 A-D). In contrast, 488-AS5 staining of
Itgh57'~ POS was as intense as staining of WT retina at light onset,
regardless of time of tissue harvest (Fig. 3 E-H). aPS yielded similar
staining pattern and diurnal variation when applied to para-
formaldehyde-fixed WT retina (Fig. S3). These results show that
POS in vivo expose PS only at times of active RPE phagocytosis.

Imaging of Live, Dissected Retina Reveals Precise Restriction of PS
Externalization to POS Tips. The process of POS renewal involves
diurnal shedding of only the most distal tips of POS. However, in
our hands, 488-A5 incubation followed by washing and fixation
before imaging did not result in distinct labeling of POS tips.
Technical obstacles such as the length of incubation time at 37 °C
required for effective A5 binding and numerous tissue rinses
needed before fixation likely explain that bound A5 may have in
part diffused or been internalized by the time of tissue imaging.
To solve these issues we replaced our multistep labeling protocol
that used conventional recombinant fluorescent AS with imaging
of live retinas immediately after dissection in the presence of the
polarity-sensitive annexin-based biosensor (“polarity-sensitive
indicator of viability and apoptosis,” pSIVA) (15). Like AS,
pSIVA is highly specific for PS. Unlike 488-AS5, pSIVA does not
fluoresce unless bound to PS, allowing application at high con-
centration and immediate imaging of live samples without
washes or fixation. Indeed, application of pSIVA to dissected,
live retina followed by immediate imaging revealed clearly de-
marcated POS tips (Fig. 4). In WT retina, pSIVA stained more
POS tips at light onset and 1 h later compared with 1 h before
and 7 h after light onset (Fig. S4). In Itgh5~'~ retina, frequency of
pSIVA-labeled POS tips did not vary among the time points
tested (Fig. S4). Thus, pSIVA staining patterns confirmed and
extended our prior results quantifying A5 binding in fixed or
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Fig. 3. Diurnal variation in POS binding of 488-A5 in WT but not in ltgh5~~
retina. (A-C, E-G) Representative whole mounts of retina from WT and
Itgb5~"~ mice harvested at times of day as indicated, labeled live with 488-A5
followed by washing and fixation before imaging. Maximal projections are
shown. (Scale bar, 25 pm.) (D and H) Quantification of labeling intensity per
area for WT retina (D) and Itgb5‘/‘ retina (H) relative to labeling of WT
retina at 0 h, which was set as 1. Bars show mean + SEM, n = 6 retinas of six
mice. *P < 0.05 relative to labeling in WT at 0 h (Student t test).
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Fig. 4.

Imaging of PS exposed at POS tips in live, dissected mouse retina.
Images show maximal projections of WT mouse retina harvested 15 min
after light onset and imaged immediately while incubating in pSIVA. (B-D)
Field shows costain of pSIVA (B), CellMask membrane stain (C), and overlay
of both (D). (Scale bar in A, 10 pm; in B for B-D, 5 pm.)

lysed tissues. Furthermore, fewer labeled POS tips 1 h before
light further confirmed that POS expose PS at their distal tips
only at the time of tip shedding and RPE phagocytosis.

PS-Marked POS Tips Elongate at Light Onset in WT but Not /tgh5~'~ or
Mfge8~'~ Retina. PS exposure at POS tips likely designates tips for
removal. We thus hypothesized that individual PS-marked POS
tips may be of different quality at light onset compared with
other times. Close-up imaging and quantification revealed that
PS-labeled POS tips were significantly longer in WT retina at light
onset, by 43% on average, than at 1 h before or after (Fig. 5, WT )
Strikingly, we did not find elongated tips in retina of I §b5
or Mfge8 ~~ mice, regardless of time of day (F1g S, Itgb5™
Mfge8 7). These results indicate that rod POS in vivo extend tlps
exposing PS just in time for shedding and subsequent phagocy-
tosis. In retina whose RPE fails to phagocytose in a diurnal
rhythm, rod POS tips also lack rhythmic PS exposure. These
results suggest that interactions of RPE and photoreceptor rods
are required to regulate this process.

Discussion

Continuous POS renewal relies on a strict balance of POS
growth and clearance phagocytosis of shed POS tips by RPE
cells. Unlike for RPE phagocytosis, there are no cell cultures or
in vitro models for the process of POS tip shedding. Triggering
shedding in frog retina with light exposure, Matsumoto and
Besharse (16) showed increased entry (possibly by membrane
fusion events) of low-molecular-weight fluorescence dyes such as
Lucifer yellow specifically into disks at POS tips. Molecular—
cellular mechanisms through which mammalian photoreceptors
promote circadian POS tip shedding have not yet been reported.
Our experiments reveal PS exposure specifically at POS tips in
a diurnal rhythm of rod photoreceptors in mammalian retina.
We propose that PS exposure by spent POS tips serves to recruit
the extracellular integrin ligand MFG-ES8, which is available in
the subretinal space that surrounds POS. Indeed, like pSIVA,
fluorescent recombinant MFG-ES binds specifically to POS tips,
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Fig. 5. Elongation of PS-exposing tips in WT but not itgb5~~ or Mfge8~'~

retina after light onset. Retinas were harvested at time points and from mice
of different genotypes as indicated and imaged immediately during in-
cubation with pSIVA. (A) Fields show maximal projections of two represen-
tative tips from the same retina for each sample type as indicated. (Scale bar,
1 pm.) (B) Quantification of PS-positive POS tip length. Bars show mean =+ SD,
n = 4-5 independent experiments each analyzing both eyes of the same
mouse. *P < 0.05 relative to labeling in WT at 0 h (Student t test).

supporting such a hypothesis (Fig. S5). MFG-ES8 decoration of
tips may suffice to stimulate avp5 integrin signaling toward the
engulfment receptor MerTK, inducing the swift and efficient
POS tip clearance characteristic and essential for healthy retina.
Mechanistically, the swift onset of PS exposure we observed
leads us to speculate that PS exposure at rod tips likely requires
a decrease in enzymatic outside-in PS flipping that normally
ensures cytosolic leaflet PS and/or active enzymatic scrambling of
PS at rod tips. The flippase P4-ATPa82 is expressed in POS in
bovine retina and functions in flipping PS to the cytosolic leaflet
of plasma membranes (17). However, it may localize mainly to
internal disks rather than to the rod plasma membrane. PS-
specific scramblase function has recently been attributed to
TMEMI16F, a member of the TMEMI16/anoctamin family of
proteins with tissue-specific expression patterns. Some TMEM16
proteins are chloride channels, whereas others remain to be
characterized (18, 19). Further studies will be necessary to
identify the enzymes that contribute to POS tip turnover.
Exposed PS remains at POS tips, generating PS-marked tips
with precise borders, suggesting mechanisms that limit PS diffu-
sion. PS exposure by cells that do not progress to cell death in
other tissues may be a result of extracellular interactions. For
example, mouse myoblasts in developing embryos transiently ex-
ternalize PS specifically at cell contact sites (20). In peritoneal
macrophages, the PS receptor Tim-4 relocalizes to punctate caps
at sites of contact with apoptotic cells, suggesting that PS is spe-
cifically localized to regions of cell contact on the surface of ap-
optotic cells (21). Because PS on POS tips remains localized after
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RPE detachment, similar direct RPE-POS cell—cell contacts seem
unlikely. However, it is possible that specific extracellular matrix
components of the subretinal space maintain PS at tips.

Both WT and mutant retinas we studied possess mechanisms
for externalizing PS and for precisely restricting PS exposure to
POS tips. In addition, our experiments revealed that both fre-
quency of tips exposing PS as well as the length of individual PS-
marked tips follow a strict diurnal rthythm in WT mouse retina
that matches the daily burst of RPE phagocytosis. These syn-
chronized changes of PS exposure are completely lost in mice
lacking either avp5 integrin receptors or MFG-ES, its ligand in
the retina. These findings are logical given that lack of avf5 or
MFG-ES8 cause a complete loss of RPE phagocytosis rhythm
without obvious distortion or elongation of POS, indicating that
these mutant retinas maintain an overall balance of POS growth,
tip shedding, and tip clearance. However, it is intriguing that
RPE cells but not photoreceptors express avfS integrin receptors.
Thus, photoreceptors are not directly altered in Itgh5™'~ mice.
Taken together, our results imply that photoreceptors do not act
autonomously in externalizing PS at POS tips in a diurnal rhythm.
Rather, RPE cells also participate in synchronizing PS exposure.

Our results show that PS exposure by POS particles directly
affects their phagocytosis by RPE cells in culture. In intact ret-
ina, the precise causal relationship of PS exposure and phago-
cytic activity needs further study. Diurnal PS exposure may
precede RPE phagocytosis or follow activation of the RPE’s
phagocytic activity. Interactions of POS with components of the
active phagocytic machinery of RPE cells, including possibly
avp5 itself, may stimulate PS externalization by POS. Alter-
nately, RPE cells may secrete or display at their apical surface
signals unrelated to phagocytosis that remain to be identified and
that activate a mechanism in photoreceptors for discrete PS
externalization of POS tips.

Materials and Methods
Reagents were from Invitrogen or Sigma unless otherwise indicated.

Cell Culture Experiments. Porcine POS fragments isolated and FITC labeled as
previously described (5, 22) were incubated on a rocker for 30 min at 37 °Cwith
20 pg/mL oPS or nonimmune 19G or 10 pg/mL rhodopsin antibody 1D4 (all from
Millipore) in the presence of 3 pg/mL A5 (AbD Serotec) or p-galactosidase
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(Abcam) in A5 binding buffer [10 mM Hepes (pH 7.4), 140 mM Nadl, and
2.5 mM CaCl,]. After five washes in A5 binding buffer, POS particles were lysed
or used in phagocytosis assays. Polarized RPE-J cells were raised in DMEM with
4% (vol/vol) FBS and fed with particles for 2.5 h (5). Bound and internal POS
particles were quantified by fluorescence scanning as described previously (23).

Retinal Dissections, Labeling, and Imaging. All procedures were performed in
accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and reviewed and approved by the Fordham Uni-
versity Institutional Animal Care and Use Committee. WT 129T2/SvEms,
Itgb5~~, and Mfge8~'~ mice in the same background characterized pre-
viously (9, 10, 24, 25) were housed under cyclic 12 h light/12 h dark con-
ditions, fed ad libitum, and killed by CO, asphyxiation at 3 to 4 mo of age.
Retinas were immediately dissected and incubated with PS detection
reagents. Dissection and labeling at 1 h before light onset were performed
in complete darkness using Dark Invader Owl infrared goggles and adaptors
(B. F. Meyers). aPS or nonimmune IgG (50 pg/mL) in PBS or 488- or FITC-A5
(1:10) in A5 binding buffer were applied for 20 min at 37 °C, followed by five
washes in PBS and lysis or fixation with 4% (wt/vol) paraformaldehyde.
Fixed, antibody-labeled tissues were further incubated in donkey anti mouse
secondary antibody conjugated to Alexa Fluor 488. Fixed retinas were
mounted photoreceptor side up in Vectashield (Vector Labs). pSIVA (10 pg/
mL) in Hank’s buffered saline was applied and tissues imaged live within 20
min. For double labeling, dissected tissue was first incubated with 5 pg/mL in
CellMask Deep Red in Hank’s buffered saline for 20 min at 37 °C before
addition of pSIVA and imaging. Live or fixed tissues were placed on glass
slides photoreceptor side up. Image stacks were obtained using a Leica TSP5
laser scanning confocal microscopy system.

Immunoblotting. Samples were lysed in 50 mM Hepes (pH 7.4), 150 mM Nadl,
10% (vol/vol) glycerol, 1.5 mM MgCl,, 1% Triton-X100, 1% protease inhibitor
mixture before separation by reducing SDS/PAGE, immunoblotting, and
enhanced chemiluminescence detection. Antibodies used recognized A5,
RPE65 (both Genetex), rod opsin (26), FITC, 5 integrin (Santa Cruz), GAPDH
(Rockland), or PSD95 (Cell Signaling). Band intensities were quantified
by densitometry.

Quantification of PS Labeling. Pixel intensities per area in images of 488-A5-
labeled retinas were analyzed using Adobe Photoshop CS3. For each retina
six images were averaged. pSIVA-labeled POS tips were measured using
Imagel. For each retina, 100-300 tips were measured.
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