THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 21, pp. 15326-15341, May 24, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Photoreceptor Proteins Initiate Microglial Activation via
Toll-like Receptor 4 in Retinal Degeneration Mediated by

All-trans-retinal”

Received for publication, December 24, 2012, and in revised form, March 22,2013 Published, JBC Papers in Press, April 9, 2013, DOI 10.1074/jbc.M112.448712

Hideo Kohno'', Yu Chen*?, Brian M. Kevany®, Eric Pearlman®, Masaru Miyagi*°¥, Tadao Maeda**,

Krzysztof Palczewski®, and Akiko Maeda***

From the Departments of *Pharmacology and *Ophthalmology and Visual Sciences and "Center for Proteomics, Case Western

Reserve University, Cleveland, Ohio 44106-7286

Background: The host inflammatory response can contribute to the pathogenesis of retinal degeneration.

Results: Photoreceptor proteins in degenerating retinas can activate microglial cells through Toll-like receptor 4 (T1r4).
Conclusion: Microglial activation can be a common pathology of retinal degeneration.

Significance: Modulating microglial activation is a potential treatment strategy for human retinal degenerative diseases, includ-

ing age-related macular degeneration and retinitis pigmentosa.

Although several genetic and biochemical factors are associ-
ated with the pathogenesis of retinal degeneration, it has yet to
be determined how these different impairments can cause sim-
ilar degenerative phenotypes. Here, we report microglial/
macrophage activation in both a Stargardt disease and age-re-
lated macular degeneration mouse model caused by delayed
clearance of all-trans-retinal from the retina, and in a retinitis
pigmentosa mouse model with impaired retinal pigment epithe-
lium (RPE) phagocytosis. Mouse microglia displayed RPE cyto-
toxicity and increased production of inflammatory chemokines/
cytokines, Ccl2, I11b, and Tnf, after coincubation with ligands
that activate innate immunity. Notably, phagocytosis of photo-
receptor proteins increased the activation of microglia/macro-
phages and RPE cells isolated from model mice as well as wild-
type mice. The mRNA levels of Tlr2 and TIr4, which can
recognize proteins as their ligands, were elevated in mice with
retinal degeneration. Bone marrow-derived macrophages from
Tlr4-deficient mice did not increase Ccl2 after coincubation
with photoreceptor proteins. Tlr4~'~Abcad™'~Rdh8~'~ mice
displayed milder retinal degenerative phenotypes than Abca4 ™'~
Rdh8™'~ mice. Additionally, inactivation of microglia/macro-
phages by pharmacological approaches attenuated mouse reti-
nal degeneration. This study demonstrates an important contri-
bution of TLR4-mediated microglial activation by endogenous
photoreceptor proteins in retinal inflammation that aggravates
retinal cell death. This pathway is likely to represent an under-
lying common pathology in degenerative retinal disorders.
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Many neurodegenerative diseases, including retinal degener-
ation, are associated with genetic mutations, most of which are
found in completely unrelated genes. Although these diseases
can result from different biological and biochemical impair-
ments, clinical assessments show many similarities. Defining
these similarities offers hope in discovering therapeutic inter-
ventions with broad applicability. Major retinal degenerative
diseases include age-related macular degeneration (AMD),*
Stargardt disease, and retinitis pigmentosa (RP). AMD is the
leading cause of legal blindness in industrialized countries (1),
and Stargardt disease is the most common form of juvenile
macular degeneration (2). RP refers to a heterogeneous group
of inherited diseases that show more dominant rod photore-
ceptor degeneration (3). Genetic defects in diverse genes,
including complement factor H (CFH) (4, 5), ATP-binding cas-
sette transporter 4 (ABCA4) (6), and rhodopsin (7) are known
to cause these disorders, but all these diseases share similarities
in their pathophysiology.

The aging retina, as well as the brain, show features of low-
grade chronic inflammation, recently termed para-inflamma-
tion (8, 9). This state can evolve into clinical pathologies includ-
ing retinal degeneration and Alzheimer disease. Characteristic
features of retinal para-inflammation are microglial activation
and complement deposition. Retinal macrophages are subdi-
vided into tissue-resident microglia in the inner retina, and
peripheral macrophages that migrate to this site from local
blood vessels (10). Histological studies suggest that macro-
phages are the predominant infiltrating cells in the retinas of
patients with AMD (9, 11) and RP (12). Complement dysregu-

*The abbreviations used are: AMD, age-related macular degeneration; atRAL,
all-trans-retinal; ABCA4, ATP-binding cassette transporter 4; AF, autofluo-
rescent; BRB, blood-retinal barrier; CFH, complement factor H; GFAP, glial
fibrillary acidic protein; Mertk, c-mer proto-oncogene tyrosine kinase; POS,
photoreceptor outer segments; RDH, retinol dehydrogenase; RP, retinitis
pigmentosa; RPE, retinal pigment epithelium; SD-OCT, spectral-domain
optic coherence tomography; SLO, scanning laser ophthalmoscopy; TLR,
Toll-like receptor; LDH, lactate dehydrogenase; ROS, reactive oxygen spe-
cies; Vegdfa, vascular endothelial growth factor A; ConA, concanavalin A;
ONL, outer nuclear layers; DCF-DA, dichlorofluorescein diacetate; PFOA,
perfluorooctanoic acid; BM, bone marrow; gRT, quantitative RT.
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lation has also been implicated in the pathogenesis of Stargardt
disease (13, 14).

Excessive all-trans-retinal (atRAL) accumulation after light
exposure can cause retinal toxicity because it is a reactive alde-
hyde. ABCA4 and retinol dehydrogenase 8 (RDHS8) are the vis-
ual cycle proteins involved in clearance of atRAL from the ret-
ina (15). The Abca4~ '~ Rdh8 '~ mouse features an AMD-like
retinal phenotype that includes lipofuscin accumulation, drusen
formation, and photoreceptor/RPE atrophy followed by choroidal
neovascularization (16). This phenotype is exacerbated by light
exposure, which causes acute retinal degeneration (17). Moreover,
genetic ablation of Toll-like receptor 3 (Tlr3) in Abcad '~
RAh8™'~ mice, yielding Tlr3~'~ Abca4™'~Rdh8™'~ mice, attenu-
ated the severity of this retinal degeneration (18), suggesting that
immunological mechanisms participate in the pathology of
atRAL-associated retinal degeneration.

Here, we investigated retinal degenerative events in two
mouse models, Abca4™'~Rdh8~ '~ mice that exhibit light-in-
duced and age-related retinal degeneration and RP-like retinal
degeneration in c-mer proto-oncogene tyrosine kinase-defi-
cient (Mertk~’~) mice, which are unable to conduct RPE phag-
ocytosis (15). Subretinal accumulation of microglia/macro-
phages accompanied by other inflammatory changes was
observed in both models. Release of dying photoreceptor cell
proteins increased expression of T/r2 and Tlr4, which stimu-
lated the activation of microglia and RPE cells. Furthermore,
Tlr4 deficiency and microglial inactivation by minocycline
attenuated retinal degeneration in Abca4 '~ Rdh8 '~ mice.
These observations indicate that microglial activation by
endogenous retinal proteins arising from injured photorecep-
tors plays an important role in the pathogenesis of retinal
degeneration.

EXPERIMENTAL PROCEDURES

Animals—Abca4™'"Rdh8™ '~ mice were generated as
described previously, and all mice were genotyped by an estab-
lished method (16, 17). Only mice with the leucine variation at
amino acid 450 of RPE65 were used. Mertk '~ mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME). Tlrd '~
mice were obtained from Dr. S. Akira (Research Institute for
Microbial Diseases, Osaka University, Japan). Genotyping for
Tir4 was performed with primers: TLR4-WT, 5'-CAAGAT-
CAACCGATGGACGTGTAAAC-3"; TLR4-common, 5'-
CTTGTTGCCCTTCAGTCACAGAGAC-3'; TLR4-KO, 5'-
GTTGGGTCGTTTGTTCGGATCCGTC-3'. C57BL/6 or
littermates of mutant mice were used as controls. Equal
numbers of males and females were employed. All mice were
housed in the animal facility at the School of Medicine, Case
Western Reserve University, where they were maintained eit-
her under complete darkness or in a 12-h light (~10 lux)/12-h
dark cycle environment. Experimental manipulations in the
dark were done under dim red light transmitted through a
Kodak No. 1 safelight filter (transmittance >560 nm). All
animal procedures and experiments were approved by the Case
Western Reserve University Animal Care Committees and
conformed to recommendations of both the American Vet-
erinary Medical Association Panel on Euthanasia and the Asso-
ciation of Research for Vision and Ophthalmology.
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Induction of Light Damage—Mice were dark-adapted for
48 h before their exposure to light. Light damage was induced
by exposing mice to 10,000 lux of diffuse white fluorescent light
(150 W spiral lamp; Commercial Electric, Cleveland, OH) for
30 min. Before such light exposure, pupils of mice were dilated
with mixture of 0.5% tropicamide and 0.5% phenylephrine
hydrochloride (Midorin-P®, Santen Pharmaceutical Co., Ltd.,
Osaka, Japan). After exposure animals were kept in the dark
until evaluation.

Histological Analysis—All procedures to create sections for
immunohistochemistry and light microscopy were performed
by established methods (18, 19). Fluorescent intensity was
measured with Image] (National Institutes of Health, Bethesda,
MD). The following antibodies (Abs) were used for immuno-
histochemistry (IHC): rabbit anti-Ibal Ab (1:400, Wako, Chuo-
ku, Osaka, Japan), rat anti-mouse F4/80 Ab (1:100, AbD Sero-
tec, Raleigh, NC), rabbit anti-glial fibrillary acidic protein Ab
(GFAP; 1:400, Dako, Carpinteria, CA), mouse anti-rhodopsin
1D4 Ab (1:100, gift from Dr. Robert Molday, University of Brit-
ish Columbia, Vancouver, Canada), Alexa 488-conjugated pea-
nut agglutinin (1:200, Invitrogen), mouse anti-MHC class II Ab
(1:200, Abcam, Cambridge, MA), and rabbit anti-C3 Ab (1:100,
Santa Cruz Biotechnology, Santa Cruz, CA).

Scanning Laser Ophthalmoscopy (SLO) Imaging and Spectral
Domain Optical Coherence Tomography (SD-OCT)—HRAIL
(Heidelberg Engineering, Heidelberg, Germany) for SLO and
SD-OCT (Envisu™ C-Class SDOIS, Bioptigen, Research Tri-
angle Park, NC) were employed for in vivo imaging of mouse
retinas. Mice were anesthetized by intraperitoneal injection
using a mixture (20 ul/g of body weight) containing ketamine (6
mg/ml) and xylazine (0.44 mg/ml) in 10 mMm sodium phosphate,
pH 7.2, and 100 mMm NaCl. Pupils were dilated with a mixture of
0.5% tropicamide and 0.5% phenylephrine hydrochloride
(Midorin-P, Santen Pharmaceutical Co., Ltd.). Five pictures
acquired in the B-scan mode were used to construct each final
averaged SD-OCT image. SD-OCT images were scored using
our previously established scoring system (15).

Flat Mount Retina and RPE Preparation for Immunostaining—
Radial incisions were made in enucleated eyecups and the vit-
reous was removed completely to produce flat mount retinas.
RPE flat mounts were prepared by peeling the retina away from
the eyecup. For immunostaining, flat mount retina or RPE was
fixed with 4% paraformaldehyde for 16 h. After fixation, the
sample was washed in PBST buffer (136 mm NaCl, 11.4 mm
sodium phosphate, 0.1% Triton X-100, pH 7.4) for 2 h at room
temperature (RT) and then placed on a coated slide (Superfrost
Plus®, Fisher Scientific, Pittsburgh, PA). The mounted sample
was air-dried 2 h at RT and then blocked with 5% normal goat
serum in PBST for 3 h.

qRT-PCR—Retinal samples from each group were collected
from 16 eye balls. Total RNA was isolated using a RiboPure Kit
(Applied Biosystems, Austin, TX), and cDNA was synthesized
with SuperScript™ II Reserve Transcriptase (Invitrogen) fol-
lowing the manufacturer’s instructions. Real-time PCR ampli-
fication was performed using iQ™ SYBR® Green Supermix
(Bio-Rad). Primers were designed using web tool Primer 3 and
synthesized by Eurofins MWG Operon (Hunstville, AL). qRT-
PCR analyses were performed with the following primers: Cc/2
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(187 bp), forward 5'-GCTGACCCCAAGAAGGAATG-3', re-
verse 5'-GTGCTTGAGGTGGTTGTGGA-3'; Ccr2 (227 bp),
forward 5'-ATTCTCCACACCCTGTTTCG-3’', reverse 5'-
ATGCAGCAGTGTGTCATTCC-3'; Ccl12 (188 bp), forward 5'-
CAGTCCTCAGGTATTGGCTGGA-3', reverse 5'-TCCTTG-
GGGTCAGCACAGAT-3'; Cx3crl (202 bp), forward 5’ -CACC-
ATTAGTCTGGGCGTCT-3', reverse 5'-GATGCGGAAGTA-
GCAAAAGC-3'; 111B (167 bp), forward 5'-CCTGCAGCTGGA-
GAGTGTGG-3', reverse 5'-CCAGGAAGACAGGCTTGTGC-
3'; Tnf-R (102 bp), forward 5'-GGTTCCTTTGTGGCAC-
TTG-3', reverse 5'-TTCTCTTGGTGACCGGGAG-3'; C3 (190
bp), forward 5'-GACCAAGTGCCAGACACAGA-3’, reverse
5'-CGGTCTGGTCCAGGTAGTGT-3'; Cfhr (163 bp), forward
5'-TGGACTTCCTTGTGGACCTC-3', reverse 5'-TGGGTC-
AGACCACTTTCCTC-3'; Vegfa (86 bp), forward 5'-AGCAC-
AGCAGATGTGAATGC-3', reverse 5'-AATGCTTTCTCC-
GCTCTGAA-3'; C-reactive protein (Crp, 194 bp) forward 5'-
TCTGCACAAGGGCTACACTG-3', reverse 5'-AAACATT-
GGGGCTGAGTGTC-3'; Pyrimidinergic receptor P2Y, G-pro-
tein coupled, 6 (P2ry6, 187 bp) forward 5'-CATTAGCTTCCA-
GCGCTACC-3', reverse 5'-GCTCAGGTCGTAGCACA-
CAG-3'; Arginase, liver (Argl, 181 bp) forward 5'-CGCCTTT-
CTCAAAAGGACAG-3/, reverse 5'-ACAGACCGTGGGTT-
CTTCAC-3'; Transforming growth factor, B1 (Tgfb, 185 bp)
forward 5'-TGAGTGGCTGTCTTTTGACG-3’, reverse 5'-
GGTTCATGTCATGGATGGTG-3'; TIr2 (241 bp) forward
5"-TGGTTCTTTTCCCAAACTGG-3', reverse 5'-GAGAAG-
GGCACAGCAGACTC-3'; Tlr4 (154 bp) forward 5'-GTGGC-
CCTACCAAGTCTCAG-3', reverse 5'-GACCCATGAAAT-
TGGCACTC-3'. Relative expression of genes was normalized
to the housekeeping gene Gapdh.

Enzyme-linked Immunosorbent Assay (ELISA)—Production
of Ccl2, II1B, and Tnf was quantified by ELISA kits (Ccl2;
MEJ00, 1118; MLBOOC, Tnf; MTAO00B) purchased from R&D
Systems (Minneapolis, MN) with 50 ul of cell culture superna-
tants. Concentrated cell lysates were prepared with Nonidet
P-40 lysis buffer containing 20 mm Tris, pH 8.0, 137 mm NaCl,
and 1% Nonidet P-40. Then the protein concentration was
measured with a BCA protein assay kit (Pierce).

Isolation of Primary RPE, Microglia, and Macrophages—DPri-
mary mouse RPE cells, retinal microglial cells, and bone mar-
row (BM)-derived macrophages were prepared from 2-week-
old mice based on previously published methods (20 -22) with
modifications. Enucleated eyes were incubated with 2% dispase
(Invitrogen) in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen) for 1 h at 37 °C, and neural retinas and eyecups
were separated under a surgical microscope (ILLUMIN-,
Endure Medical, Cumming, GA). The RPE layer was peeled
from eyecups, passed through 70- and 40-um nylon mesh fil-
ters (Falcon Plastics, Brookings, SD), and cultured in DMEM
containing minimal essential medium non-essential amino
acids (Invitrogen), penicillin/streptomycin (Invitrogen), 20 mm
HEPES, pH 7.0, and 10% fetal bovine serum. To enrich micro-
glial cells, neural retinas were homogenized and cultured in
DMEM containing minimal essential medium non-essential
amino acids (Invitrogen), penicillin/streptomycin (Invitrogen),
20 mm HEPES, pH 7.0, and 10% fetal bovine serum for 7 days at
37 °C. Adherent cells to the plastic surface were treated with
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0.05% trypsin (Invitrogen), and less adhesive cells were col-
lected as microglial cells. BM cells were collected from femurs
and tibias and were incubated in DMEM containing 10% FBS
and 30% L929-conditioned medium for 7—10 days to differen-
tiate them into macrophages. Homogeneity of these cells was
confirmed by immunocytochemistry with anti-Ibal and anti-
F4/80 Abs for microglia/macrophages, and anti-Zo-1, anti-
RPE65, and anti-LRAT Abs for RPE cells. RT-PCR was con-
ducted to check expression of RPE-specific proteins with the
following primers: Rpe65 (561 bp), forward 5'-CAATTGA-
CAAGGTCGACACAG-3', reverse 5'-CATCTCTGGAATA-
TGTTCAGG-3'; Lrat (334 bp), forward 5'-CARCCTAGTCA-
ATCACCTAGAC-3',reverse 5'-CTAGCCAGACATCATCC-
ACAAG-3'; rhodopsin (562 bp), forward 5'-ATGAACGGCA-
CAGAGGGCCC-3', reverse 5'-CGCATGAACATTGCA-
TGCCCTC-3'".

Photoreceptor Outer Segment (POS) Preparation—POS
membranes were prepared from 4-week-old Abca4 '~
Rdh8™ '~ and WT mice using a published method (23). Fifteen
to 20 animals were used for each preparation. AtRAL was pur-
chased from Sigma and lipopolysaccharide (LPS) and
Pam3CSK4 were purchased from Invivogen (San Diego, CA).
To remove DNA and RNA from POS, 125 units of benzonase
(Sigma) was incubated with 30 ug of POS for 30 min at 37 °C.
Lipase at 2.5 units (Sigma) was added and mixed with 30 ug of
POS, and then incubated 60 min at 37 °C to degrade POS lipids.
Endotoxin levels in prepared POS were measured using the
Limulus Amebocyte Lysate assay (Pierce) according to the
manufacturer’s protocol.

Cell Death Assay—Activity of lactate dehydrogenase (LDH)
released from dead cells into the culture supernatants was
measured after a 24-h incubation at 37 °C with an LDH assay kit
from BioVision (Mountain View, CA). The percentage of cyto-
toxicity was calculated as [(test sample — cell negative control)/
(lysis control — cell negative control)] X 100.

Detection of Reactive Oxygen Species (ROS)—Production of
ROS was examined by using the fluorescent ROS probe
DCE-DA purchased from Sigma. After a 24-h incubation, cells
were washed twice with PBS, including 137 mm NaCl, 2.7 mm
KCl, 4.3 mm Na,HPO,, 1.4 mm KH,PO,, pH 7.2, and then 0.25
uM DCE-DA was co-incubated for 30 min. After washing twice
with PBS, images of the ROS signal were obtained with a Leica
DMI 6000B inverted microscope. Fluorescence intensity was
measured with Image] (National Institutes of Health) or Meta-
Morph (Molecular Devices, Sunnyvale, CA) software.

Minocycline Treatment—Minocycline was purchased from
Sigma. Primary RPE, retinal microglia, or BM-derived macro-
phages were co-incubated with 30 wg/ml of minocycline at
37 °C for 24 h to determine the effects of cellular minocycline.
For in vivo evaluation, mice were administrated an intraperito-
neal injection of minocycline (0, 4, 50, and 100 mg/kg) daily
from 1 day before to 7 days after light exposure.

Data Analysis—Data representing the mean * S.D. for the
results of at least three independent experiments were com-
pared by the one-way analysis of variance test. A p value of
<0.05 was considered statistically significant.
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FIGURE 1. Light-exposed Abca4~'~Rdh8~'~ mice show subretinal microglia accumulation. Retinas of Abca4 '~ Rdh8 '~ (dKO) and C57BL/6 WT mice at 4
weeks of age were exposed to light at 10,000 lux for 30 min. A, SLO images 7 days after light-exposed and non-light exposed mice are shown (left panels). Right
panel shows time course changes in numbers of AF spots. Error bars indicate mean = S.D. (n > 6). * indicates p < 0.05. B, RPE flat mounts of light-exposed
Abca4~'~Rdh8 '~ mice were stained with anti-Iba-1 (red) and anti-F4/80 (green) Abs. Nuclei were stained with 4'-6-diamidino-2-phenylindole (DAPI) (blue).
Relative sizes of AF spots by SLO and infiltrating cells against the diameter of the ONH were compared (upper panels). Magnified image of a RPE flat mount (lower
left) and one of an Iba-1- and F4/80-double positive cell are shown (lower middle). Numbers of Iba-1- and F4/80-positive cells were counted in RPE flat mounts
(lower right). Bars indicate 30 wm. Error bars indicate mean =+ S.D. (n > 50 spots; n > 3 RPE flat mounts). * indicates p < 0.05. C, immunohistochemistry with

anti-lba-1 Ab (red) and DAPI (blue) is shown. Days after light exposure are indicated. Bars indicate 50 um. INL, inner nuclear layer.

RESULTS

Subretinal Infiltration of Microglia/Macrophages in Light-ex-
posed Abca4™ ' Rdh8 ’~ Mice—Delay in atRAL clearance
after light exposure in Abca4™ '~ Rdh8 ™'~ mice causes acute
photoreceptor apoptosis (24). To identify additional retinal degen-
erative symptoms associated with light-induced photoreceptor
death, 4-week-old Abca4™'~Rdh8 '~ mice were exposed to light
at 10,000 lux for 30 min, and i vivo SLO imaging was performed.
Accumulation of autofluorescent (AF) spots were detected in
retinas of light-exposed Abca4 ™'~ Rdh8~'~ mice (Fig. 14). This
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accumulation became evident at 3 days and peaked 7 days after
light exposure (Fig. 14, right panel). RPE/choroid flat mounts
were examined to characterize the localization of these AF
spots. Cellular infiltration was observed on the apical side of the
RPE where the RPE and POS form junctions. AF spots and
infiltrated cells appeared similar in size, and these cells were
stained with Abs for Iba-1, a microglia marker and F4/80, a
macrophage marker (Fig. 1B). The fact that these Iba-1- and
F4/80-positive cells evidenced extensive pseudopodia, short
microvilli, and lamellipodia indicates that these cells were acti-
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FIGURE 2. mRNA expression of disease-related immune components in light-exposed Abca4~'~Rdh8~'~ and WT mice. RNA samples were collected from
16 retinas at each time point. Fold changes in mRNA expression relative to non-light exposed retinas of Abca4/~Rdh8 '~ (dKO) and C57BL/6 WT mice are
presented. Relative expression of genes was normalized against the housekeeping gene Gapdh. Error bars indicate mean = S.D. (n = 3). * indicates p < 0.05
versus non-light exposed Abca4 ™/~ Rdh8 /™ mice. # indicates p < 0.05 versus non-light exposed WT mice.

vated forms of microglia/macrophages (25). Translocation of
Iba-1-positive cells from the inner retina to the subretinal space
was detected in light-exposed Abca4 ' Rdh8 '~ mice (Fig.
1C). These data indicate that AF spots detected by SLO in light-
exposed Abca4~'"Rdh8 '~ mice are caused by infiltrating
microglia/macrophages into the subretinal space.

Light Exposure Increases mRNA Expression of Inflammatory
Molecules in Retinas of Abcad "'~ Rdh8 ’~ Mice—To deter-
mine whether the increased numbers of microglia/macro-
phages in Abca4™'~Rdh8™'~ mice correlate with increased
expression of genes associated with retinal inflammation, we
examined expression of proinflammatory and chemotactic
cytokines using qRT-PCR. These genes included chemokine
(C-C motif) ligand 2 (Ccl2/Mcp-1) (25, 26), chemokine (C-C
motif) receptor 2 (Ccr2) (26), Ccl12/Mcp-5, chemokine
(C-X3-C) receptor 1 (Cx3crl/fractalkine receptor) (27), inter-
leukin 1B (1/1b) (28), tumor necrosis factor receptor superfam-
ily, member 1A (Tnf-R) (29-31), complement component 3
(C3) (32), complement factor H (Cfh) (4, 5), and vascular endo-
thelial growth factor A (Vegfa) (33) (Fig. 2). Expression of Ccl2,
Ccr2, Ccl12, Cx3crl, 1l1b and Tnf-R were increased by 12 h and
peaked 3 days after light exposure in Abca4™ '~ Rdh8 '~ mice.
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WT mice showed a transient increase of Ccr2 12 h after light
exposure and a persistent, but lesser expression of Cx3crl.
Tnf-R levels were increased in light-exposed W'T mice, whereas
111b did not change in these mice. C3 expression was similar to
that of chemokines and cytokines in Abca4 '~ Rdh8 '~ mice.
Immunohistochemisty showed C3 expression of cells in the sub-
retinal space (data not shown). Cfli expression was elevated
between 12 h and 3 days after light exposure in Abcad '~
Rdh8 '~ mice, and a persistent, higher expression of Cfk was
also observed in WT mice. Vegfa expression was continuously
up-regulated in Abca4d~’'~Rdh8 '~ mice with the highest
expression occurring 12 h after light exposure. These data indi-
cate that light exposure in Abca4 '~ Rdh8 '~ mice activates
the retinal immune system in a manner similar to that reported
for human retinal disease.

Inflammatory Changes in Retinas of 6-Month-old Abcad "~
RAh8™"~ Mice—Abca4~ '~ Rdh8~'~ mice show age-related ret-
inal degeneration and inflammation with a phenotype similar
to human macular degeneration (16, 17). Mice were kept in a
12-h light (~10 lux)/12-h dark cycle environment until they
reached 6 months of age. As expected, Abca4~ '~ Rdh8 '~ mice
at 6 months of age showed retinal degeneration with infiltrates
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FIGURE 3. Retinal inflammation in 6-month-old Abca4~'~Rdh8~'~ mice.
Abca4~'~Rdh8 '~ and littermate WT mice at 6 months of age were investi-
gated. RNA samples were collected from 16 retinas from 4-week-old and
6-month-old mice. Fold-changes in expression relative to 4-week-old
Abca4~'~Rdh8 '~ (dKO) or littermate WT mice are presented. Relative
expression of genes was normalized to the housekeeping gene Gapdh. Error
bars indicate mean = S.D. (n = 3). * indicates p < 0.05 versus 4-week-old
Abca4 '~ Rdh8 '~ mice. # indicates p < 0.05 versus 4-week-old WT mice.

in the subretinal space, whereas 6-month-old WT mice did not
display these changes (data not shown). SLO imaging also
revealed increased numbers of AF spots in 6-month-old
Abca4~'"Rdh8 '~ mice (data not shown). To examine retinal
inflammatory changes further, qRT-PCR for other inflammatory
mediators was performed. Expression of C3, Il1b, Crp, Vegfa,
P2ry6, Cfh, Argl,and Tgfbin 4-week-old Abca4 '~ Rdh8 '~ mice,
which did not yet exhibit retinal degeneration at 4 weeks of age
(16), was similar to that in WT animals. Age-related increases
in expression of these molecules were detected in Abcad '~
Rdh8 ™'~ mice (Fig. 3), whereas only an increased expression of
Vegfa was observed in older WT mice. These results indicate
that older Abca4~ '~ Rdh8 '~ mice kept under 12-h room light/
12-h dark conditions show retinal inflammatory changes simi-
lar to those observed in light-exposed young Abcad '~
Rdh8™'™ mice.

Increased Adherent Leukocytes, Glial Disruption, and a Break-
down of the Blood-Retinal Barrier in the Inner Retina—Increased
expression of Vegfa in light-exposed Abca4 '~ Rdh8 '~ retinas
(Fig. 2) prompted us to examine the integrity of retinal vessels
because VEGFA is a key factor in the pathogenesis of vascular
complications (34). Mammalian eyes have two blood-retinal
barriers (BRBs). The outer BRB consists of a tight junction
between the RPE and choroidal capillaries and the inner BRB is
formed by the tight junction between neighboring capillary
endothelial cells and foot processes of astrocytes and Miiller
glia (35).

Even though choroidal neovascularization develops in some
aged Abca4 '~ Rdh8 '~ mice (16), no such changes were
detected in Abca4™ '~ Rdh8'~ mice with light-induced acute
retinal degeneration. This finding suggests that transient VEGF
production after bright light exposure could play a role in the
collapse of the inner BRB. Leukocyte adhesion to vascular
endothelial cells is required for invasion of circulating leuko-
cytes into retinal tissue and this is a marker for inner BRB
breakdown (36). To examine adherent leukocytes and inner
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BRB integrity, staining with concanavalin A lectin (ConA) (36)
to identify adherent leukocytes and GFAP, a marker of astro-
cyte and activated Miiller glia, was performed by using flat
mount retinas. FITC-conjugated ConA (FITC-ConA) was
injected into the hearts of 4-week-old Abca4~'~Rdh8 '~ mice
7 days after exposure to 10,000 lux for 30 min.

Whereas non-light exposed Abca4 ' Rdh8 '~ mice and
WT mice showed few adherent leukocytes, light-exposed
Abca4™'"Rdh8™ '~ mice displayed a significant (p < 0.05)
increase in adherent leukocytes (Fig. 4, A and D, left). In non-
light exposed Abca4™ '~ Rdh8 '~ mice and WT mice, normal
astrocytes with flattened cell bodies and radiating processes
and healthy Miiller glia with foot processes were observed after
GFAP staining. In contrast, light-exposed Abca4 '~ Rdh8 '~
mice showed irregular and increased GFAP expression, indicat-
ing glial disruption (Fig. 4, B and D, right). Although all retinal
vessels in non-light exposed Abca4™ '~ Rdh8 '~ mice and WT
mice were enveloped with GFAP signals in merged images,
light-exposed Abca4 ' Rdh8 '~ mice showed scattered
unwrapped GFAP staining on retinal vessels (Fig. 4C). Fundus
fluorescein angiography revealed fluorescent leakage from ret-
inal vessels, especially near the optic nerve head in light-ex-
posed Abca4~'~Rdh8 '~ mice, whereas light-exposed WT
mice did not show this change (Fig. 4E). These data indicate a
breakdown of the inner BRB, which enables circulating leuko-
cytes, such as monocytes/macrophages, to invade the retina.

Overproduction of Photoreceptor Debris Results in Subretinal
Microglia/Macrophage Infiltration—The presence of micro-
glia/macrophages in the subretinal space in light-exposed
Abcad™'"Rdh8 '~ mice (Fig. 1) led to the hypothesis that
degenerating photoreceptors exceeding the clearance capacity
of RPE phagocytosis initiates the events leading to macrophage
infiltration. MERTK belongs to a family of receptor tyrosine
kinases that includes AXL and TYRO3, and plays an indispens-
able role in the clearance of photoreceptor debris by RPE phag-
ocytosis (37). Accumulation of photoreceptor debris in the sub-
retinal space is closely associated with photoreceptor death in
the Royal College of Surgeons rat with disabled Mertk (38),
although the role of retinal inflammation in these animals has
yet to be determined.

To test this hypothesis, we quantified the number of translo-
cated cells in Mertk /= mice by SLO. SLO examination
revealed increased numbers of AF spots in 6-week-old
Mertk™'~ mice (data not shown) and a further increase at 16
weeks of age (Fig. 54, left). SD-OCT also revealed progressive
retinal degeneration in 16-week-old Mertk—'~ mice (Fig. 54,
right). Neither accumulation of AF spots nor retinal degenera-
tion was detected at 3 weeks of age. Translocation of microglia/
macrophages from the inner retina where they normally reside
to the outer retina including outer nuclear layers (ONL), pho-
toreceptor layers, and subretinal space, was detected in the ret-
inas of 6-week-old Mertk '~ mice (Fig. 5B). The accumulation
of photoreceptor debris in Mertk~'~ mice, retinal degenerative
pathology including the formation of retinal whorls, pyknotic
photoreceptor nuclei, and retinal vacuoles were also observed
as previously noted (39). Increased numbers of microglia/
macrophages were also detected in the subretinal space (Fig.
5C). Elevated expression of inflammatory components were
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FIGURE 4. Increased adherent leukocytes and glial disruption in retinas of light-exposed Abca4~/~Rdh8 '~ mice. FITC-conjugated concanavalin A lectin
(FITC-ConA) was injected into the hearts of 4-week-old Abca4~/~Rdh8 '~ mice 7 days after light exposure at 10,000 lux for 30 min. Flat mount retinas were
immediately prepared after FITC-ConA injection. A, FITC-ConA labeling of adherent leukocytes and vascular endothelial cells are presented. The small rectangle
of each photograph corresponds with a higher magnified image (lower right). Bars indicate 50 um. B, GFAP staining of astrocytes and Mdiller glia is presented.
Higher magnified images of the small squares are shown (lower right). Bars indicate 50 um. C, merged images of A and Bwith nuclear staining by DAPI are shown.
Unwrapped retinal vessels by GFAP are indicated with arrows. A small square of each photograph corresponds to a higher magnified image (lower right). Bars
indicate 50 um. D, numbers of adherent leukocytes (left) and fluorescent intensity (right) calculated by ImageJ software are shown. * indicates p < 0.05. Error
bars indicate mean =+ S.D. (n = 5). E, fundus fluorescein angiography was performed with Abca4~'~Rdh8 '~ and C57BL/6 WT mice 7 days after light exposure
at 10,000 lux for 30 min. A dashed line square (left) corresponds with a higher magnified image (middle). Arrows indicate fluorescein leakage. The incidence of
fluorescent leakage is presented with numbers of eyes with leakage/eyes without leakage (right).

detected in 8-week-old Mertk '~ mice with degenerating reti- rior eye (42). To investigate whether RPE cells or retinal micro-
nas relative to non-degenerative 3-week-old Mertk '~ mice gliaare the major source of cytokines produced after light expo-
(Fig. 5D). These observations indicate that subretinal accumu-  sure in Abca4 '~ Rdh8 '~ mice (Fig. 2), primary RPE and
lation of photoreceptor cellular debris is associated with retinal  retinal microglia were isolated from 2-week-old mice. Homo-
inflammation, including microglia/macrophage infiltration geneity of these isolated cells was confirmed by immunocyto-
into the subretinal space. chemistry and RT-PCR. Isolated RPE showed hexagonal

Distinct Roles of RPE and Microglia in Activation of Retinal  shaped tight junctions after staining with Zo-1 Ab, and RPE-
Inflammation and Cytotoxicity—In addition to the essential specific Rpe65 and Lrat were amplified without photoreceptor-
role for RPE cells in maintaining the visual system (35, 40, 41),  specific rhodopsin amplification (Fig. 6A, left panels). Isolated
RPE cells are also involved in immune responses of the poste- retinal microglial cells were identified by reactivity with Iba-1
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FIGURE 5. Mertk~'~ mice with disabled RPE phagocytosis reveal subreti-
nal microglia/macrophage infiltration. A, SLO (left) and SD-OCT (right)
images of retinas from 3- and 16-week-old Mertk™/~ mice are shown. Bars
indicate 50 um. INL, inner nuclear layer. B, retinas of 6-week-old Mertk™/~
mice were stained with anti-lba-1 and anti-F4/80 Abs. Inset shows one of
Iba-1- and F4/80- double positive cells in higher magnification. Bars indicate
50 wm. C, epon-prepared retinal sections from 16-week-old Mertk '~ and WT
mice are presented. Red arrows indicate microglia/macrophages. Bars indi-
cate 20 um. IS, inner segments; OS, outer segments. D, qRT-PCR was per-
formed with RNA samples collected from retinas of Mertk™/~ mice at 3 or 8
weeks of age. Fold-changes in expression relative to 3-week-old mice are
presented. Error bars indicate mean = S.D. (n = 3). * indicates p < 0.05.

and F4/80 Abs (Fig. 6A, right panels). Co-incubation of acti-
vated monocytes with RPE cells reportedly causes RPE death
(43). To examine the toxic effects of microglial cells on RPE
cells, RPE cell death was measured by LDH release. Production
of LDH was observed when RPE cells were co-cultured with
microglia, and was elevated after incubation with the TLR1/2
ligand Pam3CSK4 or lipopolysaccharide (LPS) (a TLR4 agonist)
(Fig. 6B). No LDH production was observed when microglia or
RPE cells were incubated alone, and a calculated cell death rate
of microglia or RPE cells in the presence of 1 um Pam3CSK4 for
24 h was 2.6 or 1.4%, respectively. Incubation of these cells with
1 uMm LPS for 24 h showed their cell death rate of 3.3% for
microglia and 1.0% for RPE cells.

Additionally, primary RPE and microglial cells were co-cul-
tured with 6 ug/100 ul of photoreceptor outer segments (POS)
from 4-week-old Abca4~ '~ Rdh8 '~ mice to examine whether
phagocytosis of POS could stimulate these cells to produce
chemokines and cytokines, because debris from photoreceptor
cells including POS debris is produced after bright light expo-
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FIGURE 6. Primary cultured RPE and microglial cells produce Ccl2, lI1b,
and Tnf in response to photoreceptor proteins. A, primary RPE and retinal
microglial cells were isolated from 2-week-old Abca4~’~Rdh8/~ mice. Mor-
phology of RPE cells after 7 days in culture was captured with bright-field
microscopy (left upper), and immunohistochemistry with anti-Zo-1 Ab was
carried out (left middle). RT-PCR showed RPE-specific Rpe65 and Lrat amplifi-
cation at day 14 in the primary RPE culture (left bottom) without photorecep-
tor-specific rhodopsin (Rho) amplification. Cultured microglia at 7 days
displayed microglia- and macrophage-specific staining with anti-lba-1 and anti-
F4/80 Abs (right). Bars indicate 10 wm. B, primary RPE cells from 2-week-old
Abca4~'~Rdh8~’~ mice (5 X 10°) were co-incubated with different numbers
of microglia cultured for 7 days with or without 1 um Pam3CSK4 or 1 um LPS
for 24 h, and the activity of LDH released from dead cells was measured. Error
bars indicate mean = S.D. (n = 3). * indicates p < 0.05 versus PBS. C, produc-
tion of Ccl2, II1b, and Tnf was quantified by ELISA with culture supernatants of
primary cultured RPE or microglia from 2-week-old Abca4 '~ Rdh8 '~ (dKO)
or Mertk™'~ mice after co-incubation with or without 6 g/100 wl of mouse
POS for 24 h. Error bars indicate mean = S.D. (n = 9).* and # indicate p < 0.05
versus PBS.

sure in mice. RPE and microglial cells were incubated with POS,
and production of Ccl2, I11b, and Tnfin the culture supernatant
was quantified by ELISA. RPE and microglial cells produced
Ccl2, 111b, and Tnf, whose production was accelerated in light-
exposed Abcad4 ™'~ Rdh8 '~ mice (Fig. 2) when these cells were
incubated with POS (Fig. 6C). RPE cells of Mertk '~ mice lack
phagocytotic ability (39) and isolated RPE cells from Mertk '~
mice did not produce Ccl2, I11b, and Tnf when they were co-
incubated with POS. Co-culture with atRAL did not result in
significant changes in the production of these molecules,
whereas 1 um Pam3CSK4 and LPS increased Ccl2, Il1b, and Tnf
(data not shown). Phagocytosis of non-pathogenic latex beads
did not produce these molecules (data not shown). Notably
production of Ccl2, I11b, and Tnf was observed when wild-type
RPE or microglial cells were co-incubated with POS from WT
mice (data not shown). These findings were not due to LPS
contamination as the endotoxin level in POS <0.3 EU/ml
(~0.03 ng/ml), which is less than that in commercially prepared
cell culture medium (44). These data indicate that phagocytosis
of POS by RPE and microglial cells is associated with the pro-
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FIGURE 7. Tlr4-associated Ccl2 production by photoreceptor proteins
and increase in mRNA level of retinal Tirs after light exposure. A, produc-
tion of Ccl2 was quantified by ELISA with culture supernatant of primary cul-
tured microglia from 2-week-old Abca4~/~Rdh8 '~ mice. Microglial cells
were co-incubated with 6 1g/100 ul of POS from Abca4~'~Rdh8~'~ mice for
24 h, which were treated with or without heat (98 °C, 10 min), benzonase
(Benzo) (25 units, 37 °C, 30 min), and lipase (0.5 unit, 37 °C, 60 min). * indicates
p < 0.05. B, proteins from POS were extracted by 0.5 and 2% PFOA, and co-incu-
bated at 6 ng/100 wl with microglia for 24 h. * indicates p < 0.05. G, mRNA levels
of TIr2 and Tir4 were measured with retinas from Abca4 '~ Rdh8 ’~ mice by qRT-
PCR. Mice were exposed to 10,000 lux light for 30 min, and retinas were har-
vested 6 h, 24 h, and 3 days after exposure. Right panel presents relative
expression normalized to Gapdh and left panels show the fold-changes 24 h
after light relative to mice without light exposure, * indicates p < 0.05 versus
no-light exposed Abca4'~Rdh8 '~ mice. D, BM-derived macrophages of
4-6-week-old TIr4~/~Abca4 ' "Rdh8 '~ and Abca4 '~ Rdh8 '~ mice were
co-incubated with POS from Abca4~/~Rdh8~’~ mice at 6 ug/100 wl for 24 h,
and production of Ccl2 was quantified by ELISA in the culture supernatant. *
and # indicate p < 0.05 versus supernatant of cells incubated with buffer only.

duction of chemokines and cytokines under normal and disease
conditions.

Endogenous Photoreceptor Proteins Contribute to the Micro-
glial Activation via TLRs—To examine POS-induced cytokine
production, microglial cells were incubated with 6 ug/100 ul of
heat-treated or untreated POS. Ccl2 production from micro-
glial cells was not increased with heat-treated POS compared
with untreated POS (Fig. 7A), indicating a role for heat labile
molecules. Ccl2 production was maintained when microglial
cells were co-incubated with heat-treated LPS (data not
shown). In contrast, incubation with POS treated with benzo-
nase, which degrades DNA and RNA, or lipase produced simi-
lar levels of Ccl2 as non-treated POS. These data suggest that
endogenous ligands for microglial activation are proteins. Per-
fluorooctanoic acid (PFOA) was used to solubilize POS pro-
teins for detection of candidate proteins that cause immune
reactions by proteomics analysis (45). POS proteins were solu-

15334 JOURNAL OF BIOLOGICAL CHEMISTRY

bilized by 0.5% PFOA and the insoluble fraction of 0.5% PFOA
was further solubilized by 2% PFOA. POS proteins solubilized
by 2% PFOA enhanced Ccl2 production, whereas proteins
extracted by 0.5% PFOA did not increase Ccl2 levels (Fig. 7B).
POS protein profiles extracted by 0.5 and 2% PFOA also were
analyzed by LC-MS/MS. Peptides from 1168 proteins were
detected in POS extracted by 0.5 and 2% PFOA but 278 proteins
were identified only in POS extracted by 2% PFOA followed by
0.5% PFOA extraction (data not shown). Heat-shock proteins
that can activate TLRs (46) were included in these 278 proteins.

Recently, endogenous ligands from damaged tissues were
reported to activate pattern-recognition receptors such as
TLRs, and these receptors may play a role in the immune
response in degenerative diseases. Among these receptors,
TLR2 and TLR4 can use proteins as natural ligands (46 —48).
Therefore, changes in expression of T/r2 and Tlr4 were exam-
ined in retinas of light-exposed Abca4 '~ Rdh8 '~ mice. Sig-
nificant elevation of mRNA expression of both 7/r2 and Tir4
was observed 24 h after light exposure when maximum photo-
receptor cell apoptosis occurred (24) (Fig. 7C).

To examine further the role of TLR4 in retinal degeneration,
we generated Tlr4 '~ Abca4™ '~ Rdh8 '~ mice. Because Abca4
is located on chromosome 3, crossing Abca4 '~ Rdh8 ™'~ mice
with mice deficient in 7/r4 located on chromosome 4 can result
in the generation of triple knock-out mice. (77r2 is located on
chromosome 3.) BM-derived macrophages were isolated from
Tir4 '~ Abca4™'"Rdh8 '~ and Abca4™ ' Rdh8 '~ mice, and
these cells (5 X 10> cells/well in a 96-well plate) were incubated
with 6 ug/100 ul of POS from Abca4 ™'~ Rdh8~'~ mice. In con-
trast to macrophages from Abca4 '~ Rdh8 '~ mice, which
secreted Ccl2, macrophages from Tlr4d '~ Abca4 '~ Rdh8 '~
mice showed significantly (p < 0.05) lower Ccl2 (Fig. 7D).
These data indicate that photoreceptor proteins can activate
microglia/macrophages to produce chemokines by activating
TLR4.

Genetic Deletion of Tlr4 Results in Milder Light-induced and
Age-related Retinal Degeneration in Abca4 "~ RAh8™’~ Mice—
To explore more directly if TLR4 contributes to light-induced
retinal degeneration, we examined the phenotype of Tlr4 '~
Abca4™' Rdh8 '~ mice. Six-week-old mice were exposed to
10,000 lux for 30 min to induce light-induced retinal degener-
ation and ONL thickness was measured 7 days later by in vivo
OCT imaging. Although both mouse strains showed retinal
degeneration at this time, Tlr4 '~ Abca4~'~Rdh8~'~ mice had
less severe degeneration with a thicker ONL and significantly
less AF spots than Abca4™ '~ Rdh8 '~ mice (Fig. 84). Immuno-
histochemistry with anti-rhodopsin Ab to detect rod photore-
ceptors, peanut agglutinin lectin to stain the cone photorecep-
tor sheath, and anti-GFAP Ab revealed not only better
preserved rod and cone photoreceptor cells but also weaker
gliosis of glial cells in Tlr4~'~Abcad4™ ' Rdh8 '~ mice (Fig. 8B).
As compared with Abca4™'"Rdh8 '~ mice, Tlrd~'~ Abcad™"'~
RAh8™'~ mice also evidenced significantly fewer activated
microglia, which were double positively stained by anti-Ibal
and anti-MHC II Abs in the subretinal space (Fig. 8C). Double
positive cells were not detected in retinas of WT mice.
Together, these data indicate that TLR4 contributes to light-
induced retinal degeneration in this mouse model.
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FIGURE 8. Genetic elimination of TiIr4 results in milder light-induced reti-
nal degeneration in Abca4~'"Rdh8~'~ mice. Tir4~'~Abca4 ' Rdh8 '~
mice were established by cross-breeding Abca4'~"Rdh8/~ mice with
TIr4~/~ mice. Abca4~’~Rdh8 ’~ mice from littermates were used as controls.
Retinal degeneration was induced by exposing mice to 10,000 lux light for 30
min. A, ONL thickness was measured by OCT (left) and numbers of AF spots
were counted by SLO (right) 7 days after light exposure. ¥, indicates p < 0.05.
B, rod and cone photoreceptors were stained by anti-rhodopsin (Rho) Ab (red)
and peanut agglutinin lectin (PNA) (green), respectively (upper and middle
panels). Middle panels are magnified images of the dashed rectangles in the
upper panel. Miiller cells and astrocytes were stained by anti-GFAP Ab (lower
panels). Bars indicate 50 um. C, microglial activation was examined by stain-
ing with anti-MHC Class Il (green) and anti-lba1 (red) Abs. Nuclei were stained
by DAPI (blue). Fewer numbers of activated microglia with double positive
staining were counted in TIr4~/~Abca4~’~Rdh8 '~ (tKO) mice relative to
Abca4~'~Rdh8 '~ (dKO) mice. Bars indicate 50 um. * indicates p < 0.05.

The role of TLR4 was also investigated in 6-month-old mice.
Retinal sections from Tlr4 '~ Abca4~ '~ Rdh8 '~ mice had a
more normal retinal architecture than Abca4 '~ Rdh8 '~ mice
(Fig. 9A, upper panels). Additionally only 50% of Tird '~
Abca4™ ' Rdh8 '~ mice exhibited age-related degenerative
retinal changes, whereas 100% Abca4™'~Rdh8 '~ mice dis-
played such degeneration (Fig. 9B). The severity of retinal
degeneration was also milder in Tlr4 '~ Abcad '~ Rdh8 '~
mice than in Abca4 ' ~Rdh8 '~ mice. Fewer subretinal AF
spots were present in 6-month-old Tlr4 '~ Abcad '~ Rdh8 '~
mice than in Abca4~ '~ Rdh8 '~ mice (Fig. 9, A, lower panels,
and C). Collectively, deficiency of Tlr4 in Abcad '~ Rdh8 '~
mice was associated with milder retinal inflammation and
degeneration.
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FIGURE 9. TIr4 deficiency in Abca4~'"Rdh8~'~ mice attenuates age-re-
lated retinal degeneration. A, retinal morphology (upper panels) and SLO
images (lower panels) of 6-month old Tlr4 '~ Abca4 '~ Rdh8 '~ (tKO), litter-
mate Abca4~’~Rdh8~’~ (dKO), and WT mice were examined after using a
plastic embedment. A higher magnified image indicated as a dashed-line rec-
tanglein the Abca4™’~Rdh8 /™ section is presented in the inset. White arrows
indicate infiltrating cells in the subretinal space. Bars indicate 20 um. GCL,
ganglion cell layer; INL, inner nuclear layer. B, the frequency of retinal degen-
eration was examined by OCT imaging. Although all dKO mice showed retinal
degeneration, only 50% of tKO mice displayed this pathology. C, numbers of
AF spots were assessed by using SLO. Numbers of AF spots were significantly
decreased in tKO mice compared with dKO mice (right). * indicates p < 0.05.

Systemic Macrophage Depletion Attenuates Subretinal Infil-
tration of Microglia/Macrophages and Retinal Degeneration
after Light Exposure—Findings of subretinal invasion of micro-
glia/macrophages (Fig. 1), cytotoxicity of activated microglia
(Fig. 6B), and a breakdown of the inner BRB (Fig. 4) in light-
exposed Abca4~ '~ Rdh8 '~ mice suggest a role of subretinal
microglia/macrophages, especially those originating from cir-
culating leukocytes, in the pathogenesis of light-induced retinal
degeneration in Abca4 ' Rdh8 '~ mice. To examine the
effect of macrophage depletion on retinal degeneration, clodro-
nate (Cl,MBP)-liposomes were treated. Systemic injection of
Cl,MBP-liposomes is an established method for macrophage
depletion used in disease models such as those for rheumatoid
arthritis and neurological disorders (49). CI,MBP is a non-toxic
bisphosphonate and liposomes are not intrinsically toxic either
(50). CI,MBP-liposomes or PBS-liposomes were injected intra-
venously into Abca4~'~Rdh8 '~ mice immediately after light
exposure at 10,000 lux for 30 min because its effects can only be
achieved after ingestion by activated macrophages. Effects
observed after Cl,MBP-liposome administration included: 1)
decreased numbers of AF spots upon SLO imaging (Fig. 104,
left panels and right upper); 2) much fewer Iba-1-positive cells
in both the inner and outer retina of Cl,MBP-liposome-in-
jected mice (Fig. 104, right lower); 3) better preserved ONL
structure, whereas vehicle injected groups showed complete
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FIGURE 10. Systemic depletion of macrophages attenuates light-induced
retinal degeneration and inflammation in Abca4~'~Rdh8~'~ mice.
Abca4~'~Rdh8 '~ mice at 4 weeks of age were injected in the tail vein with
Cl,MBP-liposomes (50 mg/kg) immediately after light exposure at 10,000 lux
for 30 min. A, SLO images of the same animals 3 and 7 days after light expo-
sure are shown (upper panels). Numbers of AF spots are presented (right upper
panel). Error bars indicate mean =+ S.D. (n > 10). Numbers of Iba-1-positive
cells in the inner plus outer retina and the outer retina 7 days after light were
counted (right lower panel). CI-L, CI,MBP-liposomes; PBS-L, PBS-liposomes.
Error bars indicate mean =+ S.D. (n > 6). #, indicates p < 0.05. B, SD-OCT imag-
ing of CI,MBP-liposomes (Cl-L), PBS-liposomes (PBS-L), and PBS injected
Abca4~'~Rdh8’~ mice was carried out 7 days after light exposure (upper
panels). OCT scores (15) are presented (lower panel). Bars indicate 100 wm.
Error bars indicate mean = S.D. (n > 10). # indicates p < 0.05. C, GFAP expres-
sion in CI,MBP-liposome (CI-L), PBS-liposome (PBS-L), and PBS injected
Abca4~'~Rdh8 '~ mice was examined 7 days after light exposure by staining
with anti-GFAP Ab. Intensities of GFAP fluorescent signals were calculated
with ImageJ software (lower panel). Bars indicate 50 um. Error bars indicate
mean = S.D. (n > 5). # indicates p < 0.05.

loss of ONL 7 days after light (Fig. 10B); and 4) significantly
reduced GFAP expression as compared with vehicle injec-
tion (Fig. 10C). These observations indicate a preventive
effect of macrophage depletion on retinal inflammation and
degeneration.

Minocycline Administration Attenuates Activation of Micro-
glia/Macrophages and Light-induced Retinal Degeneration in
Abca4™" Rdh8 '~ Mice—The current study outlines the
sequence of events caused by excessive accumulation of atRAL
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FIGURE 11. Sequence of events after light illumination of Abca4~'~
Rdh8~'~ mouse retinas. The visual chromophore, 11-cis-retinal, is isomer-
ized to atRAL by light. Under normal conditions atRAL is reduced to all-trans-
retinol, and used to regenerate 11-cis-retinal through the visual cycle (41).
However, if excessive amounts of atRAL accumulate in photoreceptors, atRAL
can cause photoreceptor death. RPE cells phagocytize debris from photore-
ceptors. Accelerated RPE phagocytosis of such debris results in higher pro-
duction of chemokines and cytokines, which promote translocation of retinal
microglia to the subretinal space. Although these microglial cells are involved
in the clearance of photoreceptor debris, their phagocytosis of retinal pro-
teins results in production of additional cytokines and chemokines that
causes further inflammation. Gliosis of astrocytes and Muiller glia in response
to inflammation contributes to the breakdown of retinal blood barrier prop-
erties that allows monocytes/macrophages to infiltrate into the retina from
the circulation. As long as overproduction of photoreceptor debris exists, this
series of inflammatory reactions continues, leading to a chronic inflammatory
and degenerative state. Possible common events in degenerative retinal dis-
orders are indicated in the dotted line rectangle.

after bright light exposure, which could be a common factor in
various degenerative retinal diseases (Fig. 11). Initial photore-
ceptor death from atRAL in Abca4 '~ Rdh8 '~ mice leads to
overproduction of cellular debris, which can trigger infiltration
of immune cells into the subretinal space. Accumulation of cel-
lular debris in Mertk™’~ mice also attracts immune cells into
the subretinal space. Activation of these cells then results in a
breakdown of the inner BRB, which in turn invites systemic
macrophages into the retina. These observations indicate that
residential and circulating macrophages contribute to second-
ary inflammatory retinal damage, and that reducing the num-
bers and/or inactivating these cells can ameliorate retinal
degeneration. Indeed, systemic administration of Cl,MBP-li-
posomes, which effectively eliminates circulating macro-
phages, successfully attenuated not only subretinal microglia/
macrophage infiltration but also retinal degeneration (Fig. 10).

To gain further information about whether activation of
microglia/macrophage affects retinal degenerative pathology
and whether inactivation of these cells could be useful thera-
peutically, minocycline was tested for its ability to inhibit acti-
vation of microglia. Minocycline, a second generation tetracy-
cline analog, which effectively crosses the blood-brain barrier
was reported to be an inhibitor of microglial activation in the
brain (51, 52) and the retina (53, 54). Inhibitory effects of mino-
cycline on microglial activation were initially tested by using
primary cultured retinal microglial cells. Because increased lev-
els of Ccl2, Il1b, and Tnf were detected when microglia were
co-cultured with POS (Fig. 6C), amounts of these proteins were
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FIGURE 12. Minocycline inhibits activation of microglia in vitro and atten-
uates light-induced retinal degeneration in vivo. Retinal microglia (5 X
10%/well in 96-well plates) isolated from 2-week-old C57BL/6 WT mice were
incubated at 37 °C with or without 6 ug/100 ul of POS from 4-week-old WT
mice. Cultured cells were divided into two groups without or with minocy-
cline (30 wg/ml). A, production of Ccl2, 113, and Tnf was quantified by ELISA
using culture supernatants of microglia cells with or without 24 h stimulation
by POS. Minocycline was administrated as noted above. Error bars indicate
mean = S.D. (n = 6-9). * indicates p < 0.05. B, generation of ROS was exam-
ined by the ROS probe, DCF-DA. After 24 h incubation, cells were washed with
PBS twice and 0.25 um DCF-DA was co-incubated for 30 min. Error bars indi-
cate mean = S.D. (n = 3). *indicates p < 0.05. G, the influence of minocycline
was tested using the RPE cell death system described in the legend to Fig. 68.
Minocycline administration prevented RPE cell death caused by microglia
activation. Error bars indicate mean = S.D. (n = 3). * indicates p < 0.05.D and
E, the therapeutic effect of minocycline in vivo was tested in light-induced
retinal degeneration model. Minocycline was administrated as described
under "Experimental Procedures.” Minocycline administration attenuated AF
spot accumulation (D) observed by using SLO, and retinal degeneration (£)
represented by ONL thickness measured by OCT in a dose-dependent
manner.

quantified by ELISA in culture supernatants of retinal microglia
incubated with POS in the presence of minocycline. Minocy-
cline tended to inhibit the production of these proteins (Fig.
12A). ROS were examined in the presence or absence of 30
pg/ml of minocycline, because one of the hallmarks of activated
microglia/macrophages is ROS generation (55). Co-incubation
of isolated retinal microglia with 6 ug/100 ul of POS or 2 um
atRAL facilitated ROS generation, and this generation was
inhibited when cells were treated with minocycline (Fig. 12B).
RPE death was also prevented when microglia were co-incu-
bated with minocycline (Fig. 12C). Similar results were
obtained with BM-derived macrophages (data not shown).
Next, in vivo effects of minocycline were examined on light-
induced retinal degeneration in Abca4 ' Rdh8 '~ mice.
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Minocycline was administered daily from 1 day before light
exposure at 10,000 lux for 30 min to 7 days thereafter via
intraperitoneal injection at different doses to 4-week-old
Abcad4~'"Rdh8 '~ mice. In agreement with in vitro experi-
ments, minocycline at all tested doses reduced the numbers of
AF spots (Fig. 12D) and attenuated retinal degeneration (Fig.
12E). Of note, the 4 mg/kg dose, which is a clinical dose in
humans (200 mg/day) (56), displayed significant protection
(p <0.05) from this retinal degeneration. Taken together, these
observations suggest that activation of microglia/macrophages
by photoreceptor proteins is a major contributor to the pathol-
ogy of atRAL-associated retinal degeneration.

DISCUSSION

Microglia/Macrophage Infiltration into the Subretinal Space
in Mice with Retinal Degeneration—Abcad '~ Rdh8 '~ and
Mertk™'~ mice with retinal degeneration in this study evi-
denced cellular infiltration into the subretinal space (Figs. 1, 5,
and 9). These subretinal cells are identified as microglia/macro-
phages because they are both Iba-1- and F4/80-positive by
immunohistochemistry. Microglial cells are retinal resident
macrophages that play a predominant role in retinal inflamma-
tion (9). Along with retinal microglia, BM-derived macro-
phages in circulating blood are also important contributors to
tissue immune responses (10). Classification of microglia or
macrophages by immunohistochemistry alone is difficult
because Iba-1 is expressed in both types of cells (57). However,
previous reports involving the brain have classified Iba-1-posi-
tive cells as microglia when they display a ramified shape and as
macrophages when they show a round shape (58). In this study,
most subretinal cells after light exposure displayed a ramified
shape and thus are considered microglia (Fig. 1B), whereas
round shaped Iba-1-positive cells were detected 14 days after
light exposure (data not shown). Additionally, subretinal
microglia/macrophages feature AF, which enables us to
observe these invading cells by in vivo SLO imaging. Electron
microscopic analyses of these cells demonstrated photorecep-
tor debris in their cell bodies, material thought to elicit the
fluorescent signal (10, 59, 60). Subretinal infiltration of micro-
glia/macrophages was also reported in dogs with retinal degen-
eration (61, 62).

Chemokines, Proinflammatory Cytokines, and Complement
in Retinal Degeneration—Phagocytosis of retinal proteins
resulted in the production of chemokines and proinflammatory
cytokines including Ccl2, I11b, and Tnf (Fig. 6C) as well as com-
plement activation in Abca4~ '~ Rdh8 '~ mice (Fig. 2). Retinal
inflammation in these mice appears similar to that observed in
human retinal disorders. Among these molecules, the role of
CCL2 in retinal degeneration has been well studied in humans
and mouse models. Ccl2 or its cognate Ccr2 knock-out mice
were originally reported to represent human AMD-like retinal
phenotypes (26). However, another study reported that
Ccl2~'~ or Ccr2™'~ mice have macrophages in the retina, and
that their AMD-like retinal phenotypes result from the normal
aging process (60). A more recent study with the same mouse
models reported age-related accumulation of subretinal micro-
glia with photoreceptor and RPE cell death and impaired phag-
ocytosis and impaired chemotactic function of monocytes.
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These investigators concluded that subretinal microglia in
Ccl2™'~ or Cer2™'~ mice are less able to migrate away from the
subretinal space, and thus prolonged exposure to these micro-
glia adversely affects photoreceptor and RPE cells (25). In addi-
tion to Ccl2, we found that expression of Cc/12 was also highly
up-regulated (Cc/2, ~180-fold; Ccl12, ~75-fold increase rela-
tive to non-light exposed Abca4 '~ Rdh8 '~ mice) 3 days after
light exposure (Fig. 2), and that this higher expression was asso-
ciated with recruitment of microglia/macrophages into the
subretinal space.

In addition to microglia/macrophages, RPE cells also pro-
duced Ccl2 when incubated with POS (Fig. 6C). This finding
indicates that chemokine production from RPE cells after phag-
ocytosis of POS plays an important role in recruiting microglia/
macrophages into the subretinal space under normal condi-
tions to maintain retinal homeostasis. When POS phagocytosis
increases over maintenance levels, increased production of
chemokines leads to additional recruitment of microglia/
macrophages into the subretinal space. Although RPE cells are
not typical immune cells, they do have important immune reg-
ulatory roles at the retinal/choroidal interface (9, 63— 65). RPE
cells may therefore have multiple immune-modulating func-
tions including removal of photoreceptor cellular debris and
microglial activation in vivo.

Phagocytosis of Photoreceptor Cellular Debris—Maintenance
of POS involves production of POS proteins in the inner seg-
ments of photoreceptor cells and removal of shed POS disks by
RPE cells. RPE cells phagocytose shed POS disks and 10% of the
POS disks are replaced daily (40). We showed that light expo-
sure at 10,000 lux for 30 min causes massive photoreceptor cell
death in Abca4™'~Rdh8 '~ mice within 24 h (24). We propose
that this level of photoreceptor cell death exceeds the phago-
cytic capacity of the RPE. Primary cultured RPE cells co-cul-
tured with POS produced Ccl2, I11b, and Tnf (Fig. 6C), which
can attract microglia/macrophages into the subretinal space
and aid in the clearance of dead and degenerating photorecep-
tors. Notably, elevated mRNA expression levels of chemokines
and their receptors started at 12 h and peaked 3 days after light
exposure (Fig. 2). This time-dependent change correlates with
the removal of dead cells observed by OCT (66). These obser-
vations also indicate a relationship between the production of
cellular debris and the activation of subretinal immune cells.
Even though subretinal translocation of microglia/macro-
phages is part of a defense mechanism, these cells may in turn
cause secondary photoreceptor cell death through retinal
inflammation by producing additional chemokines and
cytokines.

Mertk™'~ mice with non-phagocytic RPE cells also exhibited
microglia/macrophage invasion into the subretinal space (Fig.
5), suggesting that accumulation of cellular debris in the sub-
retinal space is an important factor in initiating subretinal
translocation of microglia/macrophages. MERTK plays an
important role in macrophage phagocytosis, and elimination of
this protein nearly abolishes thymic apoptotic cell phagocytosis
by macrophages in mice (67). However, phagocytosis by retinal
microglia/macrophages in Mertk™’~ mice is not well under-
stood. A recent report indicated that the role of Axl/Mertk/
Tyro3 in mouse macrophages, dendritic cells, and RPE cells are
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different. Whereas Mertk is indispensable for RPE phagocyto-
sis, dendritic cells rely primarily on Axl and Tyro3 for their
phagocytosis. This study also suggests that phagocytosis by tis-
sue-specific macrophages can be regulated by a mechanism
that differs from that of monocyte-derived macrophages (37).
Existence of dendritic cells in the retina has been reported (68),
and these cells could produce chemokines to attract microglia/
macrophages in Mertk /~ mice. Further investigation is
required to address the mechanism(s) of microglia/macro-
phage infiltration in Mertk™’~ mice.

Possible Roles for TLRs in Degenerative Retinal Diseases—In-
volvement of dysregulated innate immunity and chronic
inflammation in pathogenesis of retinal degenerative diseases
including AMD has been suggested by evidence that includes
increased AMD susceptibility of individuals with certain single
nucleotide polymorphisms for key molecules involved in com-
plement activation (4, 5, 69, 70). Although single nucleotide
polymorphisms of TLR3 and TLR4 have been reported to cor-
relate with AMD susceptibility (71, 72), other conflicting
reports (73, 74) indicate only a weak relationship between AMD
and these TLRs. Studies other than single nucleotide polymor-
phism analyses are needed to resolve this discrepancy. Addi-
tional evidence for the role of TLRs in retinal physiology and
pathology has been reported (75-78). Possible contributions of
TLRs to the pathogenesis of neurodegeneration and heart dis-
ease have also been discussed (79, 80), and endogenous ligands
for these receptors have been identified (47, 81).

We previously reported a role for TLR3, the receptor for
double-stranded RNA, in retinal degeneration observed in
Abcad4™'~Rdh8 '~ mice (17). That study demonstrated impor-
tant pathogenic roles for Tlr3, including: 1) changes in expres-
sion of T/r3 and other Tlrs in retinas of mice with retinal degen-
eration; 2) weaker phenotypes of retinal degeneration in mice
deficient in TIr3 and Trif, the latter a downstream target of the
TLR3 signal; and 3) activation of NF«B via T1r3 by endogenous
products that are produced from dying/dead photoreceptors
(17). Because the endogenous products from dying/dead pho-
toreceptors fail to activate Tlr3 after treatment with nucleases,
we concluded that Tlr3 recognizes endogenous nucleotides.

In the current study, increased expression of 7/r2 and Tir4
were observed after light exposure in Abca4™ '~ Rdh8 ™'~ mice
(Fig. 7C), and milder retinal degeneration was observed in T/r4-
deficient mice (Figs. 8 and 9). Of note, Tlr4-deficient macro-
phages did not produce chemokines in response to photorecep-
tor proteins (Fig. 7D). Endogenous TLR4 ligands were detected
in the protein fraction, which was extracted by 2% PFOA (Fig.
7B), indicating that they are not soluble under native condi-
tions. A possible source of these ligands under normal condi-
tions could be small amounts of POS, which have undergone
daily phagocytosis by RPE cells. This could contribute to the
basal production of chemokines required to maintain the sub-
retinal environment. Because of these features, TLR4 ligands
are not likely to elicit strong immune reactions unless larger
amounts of photoreceptor debris are released into the subreti-
nal space from injured photoreceptors, phagocytosed, and
digested into small pieces.

Together, these observations indicate that TLRs can recog-
nize endogenous products as their ligands, and play an impor-
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tant role in pathogenesis of degenerative neural diseases, espe-
cially in the retina. Although the predominant TLR4/MD-2
ligand is the Lipid A moiety of LPS, several proteins have been
shown to activate TLR4. These include danger-associated
molecular pattern molecules such as heat shock proteins (Hsp
60/70), high mobility group box-1, and calcium-binding pro-
teins (S100A8/A9) (82— 84).

Contribution of Microglia/Macrophages to Retinal Degener-
ation and Possible Therapeutic Strategies—Invasion of immune
cells, including microglia/macrophage, into the subretinal
space has been observed during retinal degeneration caused by
genetic impairments (12, 85), age (42, 86), and light (10, 60).
However, it remains to be determined whether these cells con-
tribute to retinal disruption (20) or to photoreceptor protection
(87, 88). Conflicting data may be explained by the presence of
macrophages at different states of activation including M1 and
M2 macrophages (89). Results from the current study demon-
strate that activation of retinal immune cells by overproduction
of cellular debris due to photoreceptor death results in inner
BRB breakdown, which invites systemic macrophages into the
retina. These observations indicate that resident and circulat-
ing macrophages contribute to secondary retinal damage from
inflammation, and that reduced numbers and/or inactivation of
these cells can ameliorate retinal degeneration. Systemic
administration of Cl,MBP-liposomes, which can effectively
eliminate circulating macrophages, successfully attenuated not
only subretinal microglia/macrophage infiltration but also ret-
inal degeneration (Fig. 10). Minocycline, reported as a micro-
glial inhibitor (51-54), prevented production of ROS, Ccl2,
I11b, and Tnf from retinal microglia (Fig. 12A). Furthermore,
minocycline treatment in vivo significantly ameliorated light-
induced retinal degeneration in Abca4 '~ Rdh8 '~ mice (Fig.
12, D and E). These results provide evidence for the involve-
ment of microglia/macrophages in retinal tissue damage of
mice.

In summary, excessive production of photoreceptor cellular
debris by atRAL and accumulation of photoreceptor debris
resulting from impaired phagocytosis trigger overproduction of
chemokines and cytokines from RPE and phagocytic cells
resulting in translocation of microglia and macrophages into
the subretinal space. Although these infiltrated cells initially
help to remove retinal debris, inadequate removal of the debris
later causes destructive retinal inflammation that can result in
chronic retinal degeneration. Activation of the retinal immune
system due to the imbalance of production and digestion of
photoreceptors could represent a pathology common to many
retinal degenerative diseases. Inhibiting microglia/macrophage
infiltration into the subretinal space and modulating their acti-
vation could provide a new treatment strategy for retinal disor-
ders such as AMD, Stargardt disease, and RP.
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