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Abstract

Daily phagocytosis by the retinal pigment epithelium (RPE) of spent photoreceptor outer seg-
ment fragments is critical for vision. In the retina, early morning circadian photoreceptor rod
shedding precedes synchronized uptake of shed photoreceptor particles by RPE cells. In vitro,
RPE cells use the integrin receptor av35 for particle binding. Here, we tested RPE phagocytosis
and retinal function in 35 integrin—deficient mice, which specifically lack av35 receptors. Ret-
inal photoresponses severely declined with age in 85/~ mice, whose RPE accumulated autofluo-
rescent storage bodies that are hallmarks of human retinal aging and disease. 857/~ RPE in culture
failed to take up isolated photoreceptor particles. 857/~ RPE in vivo retained basal uptake levels
but lacked the burst of phagocytic activity that followed circadian photoreceptor shedding in
wild-type RPE. Rhythmic activation of focal adhesion and Mer tyrosine kinases that mediate
wild-type retinal phagocytosis was also completely absent in 857/ retina. These results dem-
onstrate an essential role for av35 integrin receptors and their downstream signaling pathways
in synchronizing retinal phagocytosis. Furthermore, they identify the 857/~ integrin mouse
strain as a new animal model of age-related retinal dysfunction.

Key words:  circadian rhythm ¢ knockout ¢ photoreceptors ¢ retinal pigment

epithelium ¢ vision

Introduction

Daily clearance phagocytosis by the retinal pigment epithe-
lium (RPE) is essential for function and longevity of pho-
toreceptor neurons. In the retina, photoreceptor rods and
cones continuously renew their light-sensitive outer seg-
ments (1, 2). Circadian rhythms regulate photoreceptor
outer segment turnover such that rods shed their most aged
tips each morning with the onset of light, whereas cones
shed their tips with the onset of night (3, 4). Early morning
rod shedding precedes a synchronized burst of RPE phago-
cytosis, which rapidly clears shed photoreceptor outer
segment fragments (POS) from the retina (5). Molecular
mechanisms that RPE cells may use to coordinate their
phagocytic response to shed POS are thus far unknown.

In the mammalian eye, RPE cells do not normally divide
and each RPE cell underlies ~30 photoreceptor cells.
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(212) 746-8444; email: sfinne@med.cornell.edu

Therefore, each individual RPE cell phagocytoses more
material over a lifetime than any other cell type in the
body. Even minor delays or inefficiencies in POS clearance
by RPE cells will gradually cause accumulation of undi-
gested photoreceptor components. Indeed, decline in RPE
phagolysosomal processing is associated with the accumula-
tion of storage bodies containing fluorescent lipofuscin,
which is a complex mix of molecules rich in lipids that is
characteristic for RPE aging in the human eye (6, 7). Ex-
cessive levels of lipofuscin are associated with retinal disease
including the development of age-related macular degenera-
tion, which is the leading cause of blindness among the elderly
(8, 9).

The machinery used by RPE cells to phagocytose shed
POS belongs to a family of related clearance mechanisms
used by other cell types such as macrophages and dendritic

Abbreviations used in this paper: ER G, electroretinogram; FAK, focal adhe-
sion kinase; MerTK, Mer tyrosine kinase, POS, photoreceptor outer seg-
ment fragments; RPE, retinal pigment epithelium.
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cells to phagocytose apoptotic cells (10). These mechanisms
use common phagocyte surface receptors such as the Mer
tyrosine kinase (MerTK; references 11-13), the scavenger
receptor CD36 (14—17), and the integrin adhesive recep-
tors av33 and avp5 (16, 18-20). MerTK deficiency abol-
ishes RPE’s ability to internalize POS, which causes early
onset retinal degeneration in the Royal College of Sur-
geons rat strain and in transgenic mice (11-13, 21-23). To
our knowledge, phagocytosis by RPE lacking other phago-
cytic receptors has not been characterized to date.

Here, we explore 35 integrin—deficient mice to identify
the effects of a permanent lack of av[35 integrin receptors
on retinal and RPE function. Our results show that av[35
integrin deficiency is sufficient to cause age-related vision
loss in 857/~ mice accompanied by accumulation of RPE
lipofuscin, a cardinal feature of RPE aging and disease.
Quantification of POS clearance demonstrates that lack of
av5 integrin primarily affects the phagocytic function of
the RPE: B85/~ RPE in vitro fails to phagocytose POS
and 857/~ RPE in vivo completely lacks the characteristic
burst of phagocytosis in response to early morning rod
shedding. Furthermore, our experiments identify a strict
temporal regulation of focal adhesion kinase (FAK) and
MerTK activities in the retina that correlates with circadian
photoreceptor shedding. Strikingly, these synchronized sig-
naling events are completely abolished in avB5-deficient
retina. Together, these data provide the first direct evi-
dence that avp5 integrin—dependent signaling is essential
for retinal function by controlling RPE phagocytosis.

Materials and Methods

Animals.  Previous characterization of B5~/~ mice showed
that these mice are viable and fertile, and they show no obvious
morphologic abnormalities (24-26). 857/~ and wild-type mice
of the same genetic background (129T2/SvEms]; The Jackson
Laboratory) were housed under cyclic 12-h light/12-h dark light
conditions (light onset at 6.00 h) and fed ad libitum. All proce-
dures involving animals were approved by the Weill Medical
College Institutional Animal Care and Use Committee.

For experiments, mice were killed by CO, asphyxiation. Lens
and cornea were removed from enucleated eyeballs. Fresh eye-
cups were processed for microscopy or Western blotting as de-
scribed below.

Electroretinography. — Electroretinograms (ERGs) of five S5/~
and seven wild-type mice that were exactly age matched were re-
corded monthly between the ages of 4 and 12 mo. Mice were
dark adapted overnight before anesthesia by i.p. injection of 100
mg/kg ketamine and 10 mg/kg xylazine. After topical eye anes-
thesia (0.5% proparacaine hydrochloride) and pupil dilation (10%
phenylephrine hydrochloride and 1% tropicamide), full-field sco-
topic ERGs were recorded using a custom-made gold wire cor-
neal contact lens electrode scaled to the mouse eye (provided by
T. Mittag, Mount Sinai School of Medicine, New York, NY)
and subdermal reference (forehead) and ground (back) electrodes
as described previously (27). A photostimulator mounted in a re-
flective dome (Ganzfeld) was used to deliver 10-ps white flashes
with full intensity flash stimuli of 1.5 cd-s/m? (UTAS-2000; LKC
Technologies). Neutral density filters, ranging from —2.4 to 0 log
neutral density filter (log ND) in 0.4 log unit steps were used to
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decrease light stimuli. Stimuli were presented in order of increas-
ing intensity. At least three separate responses were generated and
presented as means & SD for each of the seven intensities tested.
A-wave amplitudes were measured from the baseline to the
trough of the a-wave. B-wave amplitudes were measured from
the trough of the a-wave to the peak of the b-wave.

Immunofluorescence and Light Microscopy.  10-pm-thick frozen
sections from paraformaldehyde-fixed eyecups were prepared and
stained with antibodies exactly according to established proce-
dures (18, 28). For methyl green staining, 8-jpm sections were
cut from eyecups fixed in formaldehyde/ethanol/acetic acid and
embedded in paraffin. RGB light microscopy images were ac-
quired using IP lab on a microscope (Axiovert 35; Carl Zeiss Mi-
crolmaging, Inc.) with a CCD camera (SenSys) and recompiled
in Photoshop 7.0 (Adobe).

Cultured cells were fixed in ice-cold methanol and processed
as described previously (29). Antibodies used were (5 integrin
monoclonal antibody, polyclonal antibodies to B5 integrin (pro-
vided by L.F. Reichardt, University of California, San Francisco,
San Francisco, CA) and to ZO-1 (Zymed). Secondary antibodies
were purchased from Molecular Probes. Wide-field fluorescence
images were acquired using MetaMorph (Universal Imaging) on
an epifluorescence microscope (model C600; Nikon) with a
cooled CCD camera (Princeton) or on a confocal microscopy
system (model TSP2; Leica) and recompiled in Photoshop 7.0.

Electron Microscopy.  Eyecups were fixed in 2.5% glutaralde-
hyde and 0.2% picric acid in 0.1 M cacodylate buffer, pH 7.3.
Samples were post-fixed in 1% osmium tetroxide for 1 h, dehy-
drated in acetone, and embedded in Epon. Ultrathin sections
were stained with uranyl acetate and lead citrate. Specimens were
examined at 80 kV with an electron microscope (model 100
CXII; JEOL). Phagosomes were counted in electron micrographs
of 0.5-pm retinal cross sections. For each time point and strain,
three continuous stretches of RPE/photoreceptors of at least 1
mm in length, each prepared from different eyes, were examined.
Structures were counted as phagosomes only if they (a) resided in
the RPE cytoplasm and (b) contained lamellar membranes of the
same appearance as those of intact photoreceptor outer segment
tips in the same field.

Primary RPE Cell Culture. To isolate RPE from 12-d-old
mice for primary culture, we adapted an experimental procedure
previously used to harvest rat RPE (28). In brief; enucleated eye-
cups were treated with 1 mg/ml bovine hyaluronidase (Sigma-
Aldrich) in Ca?*-Mg?*—free Hepes-buffered Hanks’ saline (Cell-
gro) for 45 min to allow peeling oft the neural retina and expose
the RPE. After incubation was performed in 2 mg/ml trypsin
(Difco) in Hepes-buffered Hanks’ saline for 45 min, patches of
RPE were peeled off manually from Bruch’s membrane. Patches
of purified RPE cells were seeded on serum-coated glass cover-
slips and grown in DMEM and 10% FBS at 37°C for 5-7 d be-
fore experiments.

POS Phagocytosis Assays.  POS were isolated according to es-
tablished protocols from bovine eyes obtained fresh from the
slaughterhouse (18). Integrin inhibiting peptide GRGDSP and
inactive control peptide GRADSP were purchased from Calbio-
chem. To determine POS binding or internalization, cells re-
ceived POS covalently labeled with FITC dye (Molecular
Probes; reference 18). Confluent RPE cells were challenged with
~10 POS per cell in DMEM with 4% FCS for the duration of
the experiment, chilled, washed three times with PBS containing
1 mM MgCl, and 0.2 mM CaCl, to remove excess POS, and
lysed or fixed in ice-cold methanol. Nuclei were labeled with
DAPI. Phagocytosed FITC-POS were quantified by fluorescence

Defective Retinal Phagocytosis in 857/~ Mice
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microscopy using a wide-field setup (model E600; Nikon) with
filters for FITC and DAPI. For each sample, phagocytosed
(bound or internalized) POS in four separate fields of at least 20
cells each were counted. Duplicate samples were processed in
each experiment. Three similar experiments were performed.
Cell Lysis and Immunoblotting. ~ Cells were solubilized in 50
mM Hepes, pH 7.4, 150 mM NaCl, 10% glycerol, 1.5 mM
MgCl,, and 1% Triton X-100 that was freshly supplemented with
1% each of protease and phosphatase inhibitor cocktails (Sigma-
Aldrich). Whole cell lysates representing 10,000 RPE cells or
10% of one mouse eyecup were immunoblotted using primary
antibodies to FAK protein (C20; Santa Cruz Biotechnology,
Inc.), FAK-P-Tyr-397 (Biosource), MerTK protein (RD sys-
tems), phospho-MerTK (Fabgennix) and RPE65 (provided by
T.M. Redmond, National Eye Institute, Bethesda, MD), and to
appropriate horseradish peroxidase—conjugated secondary anti-
bodies; this was followed by ECL detection (PerkinElmer). X-ray
films were scanned and signals quantified using NIH Image 1.61.

Results

Age-related Loss of Photoreceptor Function in 35 Integrin—defi-
cient Mice.  We used scotopic ERG recordings to compare
photoreceptor function of 857/~ mice with that of strain-
matched wild-type controls between 4 and 12 mo old.
Retinal photoresponses significantly and progressively de-
clined with age in 857/~ mice. Individual ERG recordings
showed that single light flashes of difterent intensities elic-
ited reduced a- and b-waves in 857/~ mice compared with
wild-type mice at 12 mo (Fig. 1, a and b). Reduction of
a-wave amplitudes in 12-mo-old 857/~ mice by up to 74%
indicated a primary defect in rod photoreceptor function.
To determine onset and progression of visual impairment
of B57/~ mice, we performed ERG recordings of age-
matched groups of wild-type and 857/~ mice from 4 to 12
mo old. All 4-mo-old 857/~ mice had normal vision (Fig.
1, ¢ and d). Scotopic responses declined in all 57/~ mice
after 4 mo old (Fig. 1 ¢). At 6 mo old, some 85/~ mice
showed reduced photoresponses, whereas others were still
normal. With advancing age, 857/~ mice became more
similar to each other and more different from control mice
(Fig. 1 ¢). In general, both a- and b-wave amplitudes sig-
nificantly decreased with age in 857/~ mice, whereas those
of wild-type controls remained mostly constant (Fig. 1 d).
These results demonstrated that a lack of avp5 integrin
caused late onset retinal dysfunction in mice.

Age Pigment Deposits in 35 Integrin—deficient Mice. — Next,
we compared retinal morphologies of 857/~ and wild-type
mice. We confirmed that B5 integrin localized to the apical
surface of the RPE in wild-type but not in 857/~ eyes
(Fig. 2, a—d). Gross retinal morphology was similar in 1-
and 12-mo-old mice of both strains (Fig. 2, compare a and
b with e and f). However, at 12 mo old, B57/~, but not
wild-type, RPE contained high numbers of vesicular auto-
fluorescent storage bodies (Fig. 2, g and h). At the electron
microscopic level, we observed more abundant inclusion
bodies in RPE of 57/~ mice compared with wild-type
mice (Fig. 2, 1 and j). Similar inclusion bodies are associated
with incomplete turnover of POS-derived material and ac-
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Figure 1. 5 integrin—deficient mice lose vision with age. We recorded

scotopic ERG responses obtained after a light flash stimulus attenuated with
0.4 log ND (a, ¢, and d) or attenuated as indicated (b). We compared a-wave
(left) and b-wave (right) amplitudes of control (open circles) and 857/~
(closed diamonds) mice. A-wave amplitudes are given as absolute values.
(a) Representative ERG responses are diminished in 12-mo-old 857/~
mice (right) compared with wild-type mice (left). Both a- and b-wave
peaks (arrows) are affected. (b) Mean scotopic responses to flashes of different
intensities are decreased in 12-mo-old S5/~ mice. Asterisks indicate sig-
nificant differences between wild-type and 857/~ amplitudes at the same
flash intensity (n = 5-7, Student’s ¢ test, *, P << 0.05; **, P < 0.01). (c) Re-
sponses of individual animals (c) and of averages (d) illustrate decline of
retinal function in 857/~ mice with age. Asterisks indicate significant differ-
ences between wild-type and 857/~ amplitudes at the same age (n = 5-7,
Student’s ¢ test, *, P < 0.05; **, P < 0.01).

cumulate in aged and diseased retina. Excessive accumula-
tion of autofluorescent storage bodies therefore suggested
impaired POS turnover or phagocytosis by the RPE in 85
integrin—deficient mice.

Impaired POS Phagocytosis by B5 Integrin—deficient RPE.
To directly test the phagocytic activity of S5/~ RPE, we
performed in vitro phagocytosis assays. These allowed us to
distinguish direct effects of 85 integrin knockout on phago-
cytic activity of RPE from secondary effects caused by
altered photoreceptor shedding or photoreceptor—R PE in-
teractions. 857/~ RPE cells in primary culture retained
overall similar morphology and pigmentation as wild-type
RPE (Fig. 3, a and d). Labeling with 5 antibody con-
firmed that wild-type, but not 857/, RPE in culture con-
tinued to express abundant av5 (Fig. 3, b and ¢). How-
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Figure 2. (35 integrin—deficient RPE accumulates autofluorescent lipo-
fuscin with age. (a—d) Cryosections of 1-mo-old eyecups of wild-type (a
and ¢) and 857/~ (b and d) mice were labeled with 5 antibody (green).
Nuclei are shown in red. (a) In the wild-type mouse, whole retina sec-
tions with the neural retina present and B5 integrin was present in the
photoreceptor outer segment layer, which also contains apical microvillar
processes of RPE ensheathing photoreceptor outer segments (reference
28). (b) As expected, B5 integrin was absent from S5~/ retina. (c and d)
To determine whether 35 integrin resided on photoreceptor outer seg-
ments or on RPE apical extensions, we prepared sections from eyecups
from which the neural retina was peeled off before fixation. Prominent
B5 integrin labeling at the apical surface of wild-type but not S5/~
RPE indicated that mouse RPE in vivo expresses apical av5 integrin.
(e—f) Methyl green—stained paraffin sections of eyecups from 12-mo-old
wild-type (e) and B85/~ (f) mice were examined by light microscopy.
Wild-type and 857/ retina did not differ in appearance of photoreceptor
nuclei (cyan at the top of the field), inner and outer segments (clear areas),
and RPE (brown pigment and cyan nuclei). (g~h) Cryosections of eye-
cups from 12-mo-old wild-type (g) and B57/~ (h) mice were examined
by wide-field fluorescence microscopy to detect DAPI-stained nuclei
(cyan) and autofluorescence (detected in the rhodamine channel, red).
B57/~, but not wild-type, RPE contained numerous autofluorescent inclu-
sion bodies resembling the characteristic age pigment lipofuscin in human
RPE (32). (i) Ultrathin sections of eyecups from 12-mo-old wild-type (1)
and B57/7 (j) mice were examined by transmission electron microscopy.
Increased presence of electron dense inclusion bodies in 857/~ RPE com-
pared with wild-type RPE confirmed the results obtained by fluorescence
microscopy. Bars: (a—h) 10 pm; (i and j) 1 pm.

ever, RPE from 57/~ mice phagocytosed fewer isolated
POS than RPE from wild-type mice during 1 h of POS
challenge (Fig. 3, ¢ and f). Quantification of particle uptake
revealed that loss of av5 drastically reduced RPE phago-
cytosis of POS by ~75% at all time points rather than de-
laying phagocytosis kinetics (Fig. 3 g). RGD peptides com-
pete for ligand binding by many integrins including avf35.
Sensitivity of wild-type, but not 857/, RPE phagocytosis
to RGD peptides therefore confirmed that wild-type, but
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Figure 3. Lack of avB5 integrin impairs RPE phagocytosis of POS.
We examined primary RPE in culture from wild-type (a—c) and 5/~
(d—f) mice. Confocal x-y scans of transmitted light (a and d) and of apical
av35 integrin (green) and nuclei (red) in the same fields (b and e) were
used to compare general cell morphology and to illustrate apical av5 re-
ceptors in wild-type, but not in 857/, RPE. (c and f) Junction marker
Z0O-1 (blue) and nuclei (red) appeared similar by wide-field fluorescence
microscopy. However, 857/~ RPE in primary culture phagocytosed
fewer FITC-POS (green) than wild-type RPE during a 1-h phagocytic
challenge. (g) Quantification of in vitro phagocytosis assays showed re-
duced POS uptake by S5/~ RPE compared with wild-type RPE at all
time points. Results represent means = SD, n = 3, Student’s ¢ test, P < 0.01
at 1-3 h. (h) RGD peptides inhibited POS uptake by wild-type but not
by B85/~ RPE in a concentration-dependent manner. Bars show 1-h
FITC-POS uptake by wild-type and 857/~ RPE in the presence of 2
mM RAD-inactive control peptide, 1 or 2 mM integrin inhibiting RGD
peptide as indicated. Since RGD peptides affected cell-substrate adhesion
of both wild-type and 857/~ RPE at concentrations above 2 mM, these
concentrations were not used for phagocytosis assays. Thus, the 63% inhibi-
tion we observed in the presence of 2 mM RGD peptide may not represent
maximal possible inhibition of POS uptake by RGD peptides. Results
represent means * SD, n = 3, Student’s ¢ test, P < 0.01 for wild-type
RPE, RGD versus RAD peptide at 2 mM. (i) Phagosome quantification
in electron micrographs of retinal cross sections revealed that 857/~ retina
lacked the characteristic burst of phagocytosis that followed the light onset (at
6.00 h) in wild-type retina. Mean (numbers of phagosomes) = SD is
shown. Sections from three eyecups per time point harvested in three
separate experiments were examined.

not B57/~, RPE phagocytosis used av5, which is the sole
integrin at the apical phagocytic surface of RPE (Fig. 3 h;
reference 18).

Defective Retinal Phagocytosis in 857/~ Mice
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To determine the phagocytic activity of RPE cells in
vivo, we counted the numbers of RPE phagosomes con-
taining shed POS in electron microscopy images of cross
sections of eyecups derived from wild-type and B5~/~
mice at 3—4 wk old. As characteristic for normal retina,
phagosome abundance increased promptly in wild-type
RPE after the 6.00 h light onset, but was very low at all
other times of day (Fig. 3 i, black bars). In stark contrast to
normal RPE, B57/~ RPE completely lacked the phago-
cytic burst in response to circadian outer segment shedding,
but it contained similar numbers of POS phagosomes at all
times of day (Fig. 3 1, gray bars). Together, this quantifica-
tion of POS phagocytosis by 857/~ RPE in vitro and in
vivo demonstrated that a lack of av35 integrin directly al-
tered the phagocytic activity of RPE cells. Importantly,
POS uptake was impaired in B5 integrin—deficient mice at
a young age when vision was still normal (Fig. 1).

B5 Integrin—deficient RPE Cells in Culture Fail to Activate
FAK and MerTK upon POS Challenge. Our previous stud-
ies attributed an essential signaling response to POS chal-
lenge involving FAK and MerTK in rat RPE to signaling
downstream of av35 integrin (29). Therefore, we deter-
mined levels of tyrosine phosphorylation of FAK and
MerTK that usually imply activation of these kinases. 1 h
phagocytic challenge with isolated POS but not with assay
medium alone increased phosphorylation at FAK’s auto-
phosphorylation site tyrosine 397 (Y397) in wild-type
mouse RPE in culture 3.1-fold (Fig. 4 a). Similarly, POS
specifically increased MerTK tyrosine phosphorylation 4.4~
fold (Fig. 4 b). In contrast, 85/~ RPE cells did not re-
spond to POS challenge with phosphorylation of either

a g5 B5 b B5 ++ B5 -+
/ m POS / m POS /' m POS / m POS
g e e e o -
WB: FAK-P-Y397 WB: PY-MerTK
WB: FAK WB: MerTK
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4_.
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- %[ 3] *
1 2]

I [ Tl [P

fold FAK-P-Y397 / FAK fold PY-MerTK / MerTK

Figure 4. 5 integrin—deficient RPE in culture fails to activate phagocytic
signaling. (a) Primary wild-type and 857/~ RPE in culture were untreated
(lanes /) or received assay medium (lanes m) or POS in assay medium (lanes
POS) for 1.5 h. Lysates normalized for RPE protein content were analyzed
by immunoblotting with antibodies specific for FAK-P-Y397 and FAK
protein. Specific activity of FAK is given as a ratio of FAK-P-Y397 to total
FAK and given as fold change compared with untreated wild-type
RPE. (n = 3). (b) The same experiment was performed to determine
changes in MerTK activity. Specific activity of MerTK is given as a ratio of
PY-MerTK to total MerTK and given as fold change compared with un-
treated wild-type RPE. (a and b) Results are presented as means = SD.
Asterisks indicate significant differences in ratios between wild-type and
B57/7 samples of the same treatment (Student’s ¢ test, P < 0.001).
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FAK or MerTK (Fig. 4, a and b). Absence of FAK and
MerTK phosphorylation was not caused by lower levels of
expression of these kinases as immunoblotting showed sim-
ilar steady-state amounts of these proteins in wild-type and
B5~'~ RPE.

B5 Integrin—deficient Mice Lack In Vivo Phagocytic Signaling.
Finally, we set out to test whether retinal phagocytosis in
vivo also involved signaling pathways using FAK and
MerTK. We harvested eyecups from age-matched, 3-wk-
old wild-type and S5/~ mice in 1.5-h intervals from 1 h
before light onset (5.00 h) until 11.00 h and at 18.00 h. Fig.
5 shows that FAK and MerTK tyrosine phosphorylation lev-
els in wild-type eyecups promptly increased after light onset
and peaked at 6.30 h and 8.00 h, respectively, the period of
the daily phagocytic burst of RPE (Fig. 3 1). In contrast,
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Figure 5. 5 integrin—deficient retina lacks synchronized activation of
FAK and MerTK. (a) Eyecup detergent lysates were prepared from
3-wk-old wild-type and B5~/~ mice at different times of the day, as in-
dicated. Expression and phosphorylation profiles of proteins were com-
pared by immunoblotting with primary antibodies as indicated in the
panels. (b and ¢) Specific activities of FAK and MerTK were determined
as in Fig. 4. Promptly after light onset, levels of active, phosphorylated
FAK and MerTK increased in wild-type eyecups. This increase was absent in
B57/~ eyecups. Similar results were obtained comparing expression and
activity profiles of FAK and MerTK in wild-type and 857/~ mice at 7
and 12 mo (unpublished data). Note that the rise in FAK phosphorylation
preceded the increase of MerTK phosphorylation. This agreed well with
our earlier data from in vitro phagocytosis assays showing that MerTK ac-
tivation upon POS challenge requires FAK activation (reference 29). Ratios
of active, phosphorylated protein/total protein are given as fold change
compared with ratios in wild-type eyes at 5.00 h, which were set at 1.0
arbitrarily. Results are presented as means = SD. Asterisks indicate signif-
icant differences in ratios (n = 3, Student’s t test, P < 0.05) between
wild-type and 857/~ samples at the same time points.
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B57/~ eyecups retained basal levels of FAK and MerTK ty-
rosine phosphorylation at all times (Fig. 5, a—c). Protein ex-
pression levels remained constant and were the same in both
wild-type and B85/~ eyecups. Equal levels of the RPE-spe-
cific protein RPE65 confirmed that all eyecup samples rep-
resented the same number of RPE cells (Fig. 5 a).

Thus, FAK and MerTK activation during POS phagocy-
tosis by RPE in vitro completely correlated with rhythmic
activation of these kinases during retinal phagocytosis in
vivo. Together, these results strongly suggested that MerTK
and FAK activation in whole eyecups at the peak of daily
phagocytic activity reflected rhythmic phagocytic signaling
by RPE cells in the retina. Furthermore, a lack of these sig-
naling pathways in (35-deficient RPE indicated that they
required avf35 integrin.

Discussion

This study provides the first demonstration that a lack of
av35 integrin impairs a form of noninflammatory clearance
phagocytosis in vivo. Our results suggest that peak activity
of the RPE’s engulfment machinery requires av35 inte-
grin—dependent signaling pathways via FAK and MerTK.
This signaling mechanism is essential for long-term func-
tion of photoreceptors.

Our data show that RPE cells use av[35 integrin—depen-
dent signaling to synchronize their unique rhythmic phago-
cytic activity with the circadian rhythm of photoreceptor
shedding in the retina. In vitro evidence has long suggested
that macrophages and dendritic cells, like RPE cells, use
avB3 or av35 integrin receptors to phagocytose spent cells
undergoing apoptosis (10, 16, 20). Furthermore, a lack of
functional MerTK impairs both engulfment of spent cells
by macrophages and engulfment of spent POS by RPE (13,
23). Together, these results suggest that integrin down-
stream signaling pathways may also serve to acutely increase
engulfment capacity of other phagocytic cells such as mac-
rophages to ensure rapid and efficient clearance of apop-
totic cells.

In vivo and in vitro POS-RPE interactions difter signif-
icantly from each other, as POS are always in contact with
RPE cells in the retina, but de novo binding by POS must
precede engulfment in in vitro assays. However, our results
show that RPE in vivo and in vitro activate identical sig-
naling pathways to POS phagocytic challenge. This implies
a primary role for av[35 integrin in RPE function as an im-
portant signaling protein that initiates and controls the in
vivo rthythm of POS phagocytosis by the RPE.

Our results identify a defect in RPE phagocytosis that
causes age-related blindness in mice lacking av35 integrin.
B5~/~ mice lacked synchronized POS phagocytosis even at
a young age immediately after retinal maturation. In con-
trast, photoreceptor function in these mice decreased only
when they were >4 mo old. Similarly, only RPE of old
B57/~ mice revealed accumulation of autofluorescent age
lipids. This suggests that the altered time course of POS
uptake by RPE is the primary eftect of B5 integrin defi-

1544

ciency in the retina. It further demonstrates that basal levels
of POS phagocytosis in 857/~ mice suffice to clear shed
POS from the retina within 24 h, thus preventing buildup
of shed POS, which causes rapid damage to retinal photo-
receptors (21, 22, 30). However, accumulation of autofluo-
rescent storage lipids we detected in 857/~ mice of age in-
dicates that engulted POS are likely processed incompletely
by B57/~ RPE cells. We suggest that such differences in
phagolysosomal digestion of POS material may account for
secondary effects on photoreceptor function causing the
age-dependent vision loss in 857/~ mice. Fluorescent lipo-
fuscin accumulation is a common characteristic of aging
and of many forms of disease in the human retina (9). Our
data support earlier evidence that suggested a direct link of
altered photoreceptor POS turnover and lipofuscin accu-
mulation by the RPE (31). They further validate the S5/~
mouse strain as a valuable animal model for studies of reti-
nal aging. Future studies will explore how environmental
or additional genetic factors may contribute to onset, pro-
gression, and severity of retinal defects in mice that lack
av35 integrin.
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