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Phagocytosis is essential for the removal of photore-
ceptor debris following retinal injury. We used two
mouse models, mice injected with green fluorescent
protein-labeled bone marrow cells or green fluores-
cent protein-labeled microglia, to study the origin
and activation patterns of phagocytic cells after acute
blue light-induced retinal lesions. We show that fol-
lowing injury, blood-borne macrophages enter the
eye via the optic nerve and ciliary body and soon
migrate into the injured retinal area. Resident micro-
glia are also activated rapidly throughout the entire
retina and adopt macrophage characteristics only in
the injured region. Both blood-borne- and microglia-
derived macrophages were involved in the phagocyto-
sis of dead photoreceptors. No obvious breakdown of
the blood-retinal barrier was observed. Ccl4, Ccll2,
Tgfvl, Csfl, and Tnf were differentially expressed in
both the isolated retina and the eyecup of wild-type mice.
Debris-laden macrophages appeared to leave the retina
into the general circulation, suggesting their potential to
become antigen-presenting cells. These experiments pro-
vide evidence that both local and immigrant macrophages
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remove apoptotic photoreceptors and cell debris in the
injured retina. (4Am J Pathol 2009, 174:2310-2323; DOI:
10.2353/ajpath.2009.090023)

Acute light-induced retinal degeneration is characterized
by apoptosis of photoreceptor cells and by conspicuous
phagocytic cells in the region of cell death.™? Phagocytic
cells are also found in inherited dystrophies, but to a
lesser degree at any given time point due to the pro-
tracted course of those diseases. The immune privileged
status of the retina, similar to the brain, is thought to limit
the exit of local and entry of systemic immune cells
through the blood-retinal barrier.®>* Nevertheless, a dis-
tinct cellular response with phagocytosis of disrupted
photoreceptor outer segments and apoptotic cells oc-
curs after acute light-induced degeneration.®® The origin
of such phagocytes can potentially derive from two
sources: from blood-borne macrophages or from resi-
dent retinal microglia. To track macrophage infiltration
from the systemic circulation, green fluorescent protein
(GFP)-tagged bone marrow precursor cells were visual-
ized after grafting into lethally irradiated mice.” The frac-
talkine receptor (CX3CR1) is expressed on central ner-
vous system (CNS) microglia. Microglial cells expressing
GFP under the Cx3cr1 promoter® were used to visualize
resident microglia after retinal injury.
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Inherited retinal dystrophies and age-related macular
degeneration are accompanied by glia activation.® Reti-
nal microglia, as brain microglia,'®"" can promote pho-
toreceptor death'? but can also be protective''* depend-
ing on the experimental conditions. Activated microglia and
hematogenous macrophages might increase damage by
releasing inflammatory cytokines and chemokines and
trigger the formation of toxic molecules such as nitric
oxide, reactive oxygen species and free radicals, collec-
tively called molecules of oxidative stress.' Protection
may be achieved by the release of neuroprotective
messengers. '®

To date, the cellular and molecular mechanisms of
microglia activation and the function in acute and chronic
degeneration have not been elucidated in detail for the
retina. Moreover, the relative proportion of blood-borne
macrophages and of resident microglia recruited to clean
the retina from dead photoreceptors has never been
investigated so far. Here we show for the acutely injured
retina that bone marrow-derived cells rapidly immigrate
through the vascular system of the ciliary body and optic
nerve and differentiate into macrophages. We demon-
strate that resident retinal microglia is activated as well
and both hematogenous cells and retinal microglia par-
ticipate in the phagocytosis of destroyed photoreceptor
cells. In vivo monitoring by scanning laser ophthalmos-
copy (SLO) and indocyanine green angiography of
acute-phase lesions showed immigrating blood cells
without major disruption of the blood-retinal barrier. Elec-
tron microscopy indicated the exit of debris-laden mac-
rophages into the general circulation.

Inflammatory processes have recently been recog-
nized to contribute to the pathogenesis of age-related
macular degeneration and glaucoma, diseases that were
previously considered mainly degenerative.'*~"” More-
over, several cytokines and chemokines were identified
to be involved in the activation process of macrophages
and microglial cells in brain and retina, respectively, such
as fractalkine, Tnf, Ccl4, Ccl2, and stromal-derived factor
1147819 However, these strongly regulated processes
are poorly understood to date and may differ significantly
in different organs®® or under different conditions in the
same organ. Therefore, we investigated several pro- and
anti-inflammatory cytokines and chemokines and found
differing patterns of up-regulation in the isolated retina
and eyecup in wild-type mice. Inflammatory messengers
are localized specifically in macrophages within the area
of damage but not in retinal neurons or Mdller cells.

Materials and Methods

Animals

All procedures were performed in accordance with the
Association for Research in Vision and Ophthalmology
statement for the use of animals in ophthalmic and vision
research and within the guidelines of the Cantonal Veter-
inary Authorities of Zurich. One day after lethal irradiation
(950 rad), young recipient C57BL/6 mice were trans-
planted by intravenous injection of 8 X 10° bone marrow
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cells, generated by flushing the femur and tibia of
C57BL/6 donor mice carrying the green fluorescent pro-
tein (GFP*/*) gene under the chicken B-actin promoter.”
Light exposure was performed 6 to 8 weeks after trans-
plantation. We also used transgenic heterozygous and
homozygous mice where the fractalkine receptor gene
(CX3CR1) was replaced by GFP (CX3CR1"/~; CX3CR17/7)8
Control mice were age-matched wild-type C57BL/6 mice
obtained from the Central Biological Laboratory of the
University of Zurich.

Light Exposure of Mice

Exposure to blue light has been previously described.?’
For this study, improvements of the optical system were
introduced, guiding the light under Maxwellian view into
the eye with a spot of 5 mm? focused on the cornea.
When an irradiance of 30 mW/cm? was measured at the
corneal focus, the retinal irradiance within the “hot spot”
was about 62 m\W/cm? with blue light bandwidth of 410 =
10 nm. The photon flux calculated was 6.2 X 10° photons
um ~2s ~1at 410 nm. The rate of rhodopsin isomeriza-
tions was 1.45 X 109 s ~' at 410 nm.*?

Mice were dark-adapted for 12 hours and pupils were
dilated with cyclogyl 1% (Alcon Pharmaceuticals, Hinen-
berg, Switzerland) and phenylephrine 5% (Bausch &
Lomb Swiss AG, Steinhausen, Switzerland) in dim red
light 30 minutes before anesthesia. Anesthesia consisted
of a mixture of ketamine (75 mg/kg) (Parke Davis,
Switzerland), xylazine 2% (23 mg/kg) (Bayer AG,
Leverkusen), and sodium chloride. For light exposure,
mice were placed in a special holder where their heads
and eyes could be adjusted to the light beam, the dis-
tance from the cornea was 1 cm. The cornea was kept
moist with a drop of Methocel 2% (OmniVision AG, Neu-
hausen, Switzerland) during the duration of the experi-
ment (2 minutes of blue light/eye). With this method, a
reproducible, central focus of light-induced lesions
termed “hot spot” was achieved. Mice were sacrificed at
6 hours, 12 hours, 24 hours, 3 days, 6 days, 10 days, 5
weeks, and 10 weeks, respectively, after light exposure.

In Vivo Monitoring by SLO and Indocyanine
Green Angiography

Twenty-four hours after blue light exposure, bone marrow
chimeric (BMC) mice and controls were observed by
SLO. Mice were anesthetized with ketamine (66.7 mg/kg)
and xylazine (11.7 mg/kg) and the pupils were dilated
with tropicamide eye drops (Mydriaticum Stulln, Pharma
Stulln, Stulln, Germany). SLO imaging was performed
with a Heidelberg retina angiograph (HRA |, Heidelberg
Engineering, Germany), a confocal scanning-laser oph-
thalmoscope according to previously reported proce-
dures.?® Briefly, the HRA features two argon wavelengths
(488 nm and 514 nm) in the short wavelength range and
two infrared diode lasers (795 nm and 830 nm) in the long
wavelength range. The confocal diaphragm of the SLO
allows visualizing different planes of the posterior pole,
ranging from the inner surface of the retina down to the
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Table 1.

List of Antibodies Used for Fluorescence Microscopy

Antibody name Type Dilution Source Catalog number Cell type detection
Isolectin Griffonia simplicifolia 1:50 Invitrogen 121413 Microglia, blood vessels
GS-1B4
Iba-1 rAb 1:1000 Wako 019-19741 Microglia and macrophages
CD68 (ED1) mAb 1:100 Chemicon MAB1435 Activated macrophages
Rhodopsin (Rho4D?2) mAb 1:100 David Hicks See Ref. 56 Rod outer segment
CCL5 mAb 1:20 R&D Systems IC278P
TNF mAb 1:13 R&D Systems AF-410NA

retinal pigment epithelium and the choroid. To detect
possible effects of blue light exposure on the vascular
system, angiography was performed using the 795 nm
laser wavelength after a subcutaneous injection of 50
mg/kg body weight indocyanine green (ICG-Pulsion, Pul-
sion Medical Systems AG, Munich, Germany).

Immunofluorescence Microscopy

Mice were perfused intracardially and immunohisto-
chemistry was performed as previously described.® After
blocking, different primary antibodies were applied on
sections and kept overnight in a humid chamber at 4°C
(Table 1). Secondary antibodies labeled with Cy3 were
used (Jackson ImmunoResearch, West Grove, PA).
Stainings were examined with an Axioplan2 microscope
(Carl Zeiss, Jena, Germany) using a 10X (numerical
aperture 0.45) or a 20X (numerical aperture 0.50) mag-
nification. Pictures were taken with a digital imaging sys-
tem (AxioCam, Carl Zeiss, Jena, Germany). In both
strains, GFP autofluorescence was directly visualized
without additional staining.

For confocal laser scanning microscopy (LSM 510,
Zeiss, Oberkochen, Germany), perfused eyecups were
flat mounted on a glass slide, coverslipped and exam-
ined at different wavelengths (488 nm, 543 nm, and 633
nm). Analysis of the microglial cell processes in the
CX3CR1~/~ mice was performed with an upright confo-
cal two-photon laser scanning microscope (Zeiss LSM
510NLO; Axioskop FS2M, Zeiss, Oberkochen, Germany)
with Chameleon laser (Coherent, Dieburg, Germany) and
C-Apochromat 40x/1.2NA water immersion objective.
GFP fluorescence was excited at 890 nm (infrared); emis-
sion was recorded at 500-550 nm (green) band-pass
filter and non-descanned detection. Three-dimensional
image stacks with x-y frame sizes of 1024 X 1024 pixels
(voxel size of 0.29 X 0.29 X 1 um) were recorded span-
ning the whole thickness of the retina. Three-dimensional

reconstructions were calculated using the Zeiss LSM
image software and the number of microglia cells and
process length in the outer retinal layers were analyzed.
For the number of microglial cells and processes, the
statistical analysis was performed using the nonpara-
metric Mann Whitney rank sum test (U-test) (N = 9;
P < 0.01).

Electron Microscopy

Mice were euthanized by cervical dislocation. The eyes
were removed, fixed in 2.5% glutaraldehyde in 0.1 mol/L
cacodylate buffer overnight and the central retina was
trimmed, washed, dehydrated, and Epon-embedded. Ul-
trathin sections were stained with uranyl acetate and lead
citrate and observed with a Phillips CM12 (1990) electron
microscope.

RNA Isolation, Reverse Transcription, and
Quantitative Real-Time Polymerase Chain
Reaction

Mice were sacrificed under dim red light after dark ad-
aptation or at 6 hours, 12 hours, 24 hours, or 3 days after
light exposure. Retinas were removed through a slit in the
cornea and the corresponding eyecups (retinal pigment
epithelium, choroid, sclera) were prepared (n = 6 for
dark controls, n = 3 for light-exposed specimens), imme-
diately frozen in liquid nitrogen and stored at —80" C until
further use. RNA isolation from retinas, cDNA synthesis
and gene expression analysis were performed as previ-
ously described.?* Primer pairs used for specific ampli-
fications were designed to span intronic sequences or
cover exon-intron boundaries (Table 2). mMRNA levels
were normalized to B-actin for relative quantification of
gene expression. Each reaction was done in duplicate.
Statistical analysis was performed using a one-way anal-

Table 2. PCR Primers Used for Real-Time Polymerase Chain Reaction Amplification
Genes Upstream Downstream Product size
B-actin 5'-CAACGGCTCCGGCATGTGC-3' 5'-CTCTTGCTCTGGGCCTCG-3’ 153 bp
Ccl4 5'-CAAGCCAGCTGTGGTATTC-3’ 5'-AGCTGCTCAGTTCAACTCC-3’ 109 bp
Ccl12 5'-CCTCAGGTATTGGCTGGAC-3' 5'-GACACTGGCTGCTTGTGATT-3' 124 bp
Ccls 5'-GCTCCAATCTTGCAGTCGT-3’ 5'-CTAGAGCAAGCGATGACAGG-3' 165 bp
Ccl9 5'-CAACTGCTCTTGGAATCTGG-3' 5'-AGGCAGCAATCTGAAGAGTC-3' 136 bp
Csf1 5'-GCTCCAGGAACTCTCCAATA-3' 5'-TCTTGATCTTCTCCAGCAGC-3’ 119 bp
Tnf 5'-CCACGCTCTTCTGTCTACTGA-3’ 5'-GGCCATAGAACTGATGAGAGG-3' 92 bp
Tgb1 5'-GCAACATGTGGAACTCTACCAG-3’ 5'-CAGCCACTCAGGCGTATCA-3' 94 bp




ysis of variance (analysis of variance) followed by a
Tukey post hoc test (GraphPad Software, Inc.).

Results
Confocal SLO in BMC and Control Mice

To monitor the state of the blood-retinal barrier and to
establish the involvement of blood-borne macrophages
migrating into the retinal injury site in vivo, we used BMC
mice that were lethally irradiated and transplanted with
GFP-expressing bone marrow cells. The ocular fundus
(excitation at 514 nm), fundus autofluorescence (excita-
tion at 488 nm and 795 nm) and indocyanine green
angiography (excitation at 795 nm) was monitored by
SLO in wild-type control and BMC mice 1, 7, and 14 days
after blue light exposure (Figure 1). No leakage of retinal
vessels was apparent at different time points in control
and BMC mice, indicating that no major breakdown of the
blood-retinal barrier occurred (Figure 1C).

At 514 nm funduscopy, a circumscribed area in the
ocular fundus, previously termed hot spot,?" was easily
detectable in retinas of control and BMC mice 1 day after
blue light exposure (Figure 1A, arrows). The hot spot,
which appears lighter than the remaining retina in the
514-nm funduscopy, masked the choroidal vasculature
and is likely due to a subretinal fluid accumulation. At all
time points analyzed, no major difference in the fundus
imaging was observed between control and BMC mice
(Figure 1B and 1C). At an excitation of 488 nm, fundus
examination revealed the presence of GFP-positive
autofluorescent bone marrow cells in vessels and retinal
tissue of BMC mice 1 day after light (Figure 1A, star). No
autofluorescence was detected in control wild-type mice.
Autofluorescent cells remained in the retina of BMC mice
until the end of the observation period (Figure 1, B, and
C, star). In both control and BMC mice we observed an
accumulation of autofluorescent material within the hot
spot area at both excitation wavelengths (488 nm and
795 nm) at 7 and 14 days (Figure 1B and 1C, arrow-
heads). These findings suggest that retinoid-containing
debris with the corresponding absorption of 488 nm and
debris of to date unknown molecular composition with an
absorption of 795 nm accumulate within the hot spot
region (subretinal space and pigment epithelium). Retin-
oids are contained in breakdown products of photore-
ceptor outer segments that contain the visual pigment
chromophore 11-cis-retinal. In addition, however, macro-
phages having engulfed photoreceptor material may still
be present in the hot spot region.

Blood-Borne Macrophages Invade Specifically
the Injured Side of the Retina in BMC Mice after
Blue Light Exposure

To localize and to identify blood-borne macrophages,
GFP autofluorescence was observed on retinal cryosec-
tions alone or combined with antibodies for microglia
(GSA-IB4 and Ibal) or macrophages (Iba1 and CD68)
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(Figure 2). Unexposed retinas from BMC mice presented
green fluorescent cells within choroidal and conjunctival
blood vessels, within presumptive meninges and con-
nective tissues around the optic nerve (Figure 2A, left
panel) but not in the retina itself. Only few cells appeared
in retinal vessels, whereas the regions of the ciliary body
and overlying conjunctiva were more populated (Figure
2B, left panel, arrows). Three days after light exposure,
the optic nerve head and the ciliary body were strongly
colonized by green bone marrow cells (Figure 2, A, B,
arrow, right panels). The migration of green bone marrow
cells was more pronounced into the area of the hot spot
(Figure 2A, right panel, arrow) than in the contralateral
side that underwent no damage in the light-exposed eye
(Figure 2A, right panel, arrowhead).

Immunofluorescence was performed on retinal tissues
to identify blood-borne macrophages that may or may not
express glia markers. In BMC mice, the hot spot region
revealed different cell populations 3 and 6 days after light
exposure, respectively (Figure 2C): 1) green fluorescent
macrophages only expressing the GFP protein; 2) GFP-
expressing macrophages additionally stained with one of
the glia markers GSA-IB4 or Ibatl (yellow); and 3) a
minority of cells expressing only glia markers (red). Stain-
ing of GFP cells (green) with anti-CD68 (red) confirmed
the presence of activated macrophages in the hot spot
zone of BMC retinas 6 days after exposure (Figure 2D).
These different expression patterns were only seen within
the hot spot region but not in the contralateral side of the
light-exposed eye and indicate different populations of
macrophages with and without microglial characteristics,
respectively. At 5 and 10 weeks after exposure, the retina
showed a “scar” in the area of the hot spot with loss of
photoreceptors and remaining fluorescent cells within the
vasculature of the posterior eye (data not shown). Around
the optic nerve head, distinct green cell populations were
seen throughout the entire observation period up to 10
weeks (data not shown).

GFP Fluorescent Microglial Cells Adopt
Macrophage Characteristics in the Hot Spot
Region, While Microglia on the Contralateral
Side Is Activated but Not Phagocytic in
CX3CR1~/~ Mouse Retina

CX3CR17/~ knockout mice express GFP instead of
CX3CR1 and specifically label microglia.® GFP-fluores-
cent microglial cells of unexposed control mice showed
an even distribution throughout the entire retina (Figure
3A, left panel). Three days after light exposure, retinas
displayed massive accumulation of green cells in the
optic nerve and in the hot spot region similar to BMC mice
(Figure 3A, right panel, arrow). Compared with the ex-
posed BMC retina where green cells were absent in the
contralateral side of the light-exposed eye, CX3CR1~/~
retinas showed microglia in the outer plexiform layer and
in the inner plexiform layer that are likely resident (Figure
3A, left panel, arrowhead).
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AUTOFLUORESCENCE ANGIOGRAPHY

Green GFP fluorescence Infrared Indocyanine
(514 nm) (488 nm) (795 nm) (795 nm)

1 day after light

7 days after light
Control

BMC

Control

14 days after light

BMC

Figure 1. SLO and angiography in BMC and wild-type mice. A: One day after light exposure, wild-type (control) and BMC mice showed a subretinal edema in
the hot spot (arrow), which appeared lighter than the remaining fundus in the 514 nm-funduscopy. Fluorescence of bone marrow-derived cells was distinct within
vessels and in retinal tissue (asterisk) of BMC mice. Indocyanine green angiography showed no leakage of retinal and choroidal vessels in control and BMC mice.
B: Seven days after light exposure, in addition to GFP fluorescence of cells in BMC, both control and BMC mice displayed distinct autofluorescent deposits in the
hot spot absorbing at 488 and 795 nm (arrowheads). C: Fourteen days after light exposure, accumulation of retinoid-containing cellular debris in the hot spot
region persisted (arrowheads) and GFP fluorescent cells were distributed in the entire retina (asterisk).
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Figure 2. Localization and cell type identification of bone marrow-derived cells in control and light-exposed BMC retinas. A: GFP-positive cells were detected
by their autofluorescence on retinal cryosections cut through the optic nerve and analyzed by fluorescence microscopy. In dark control retinas, GFP-positive cells
were mainly localized within meninges and connectives tissues around the optic nerve and in the ciliary body, while the retinal tissue was almost completely
lacking green cells (left). Three days after exposure (right), green cells were accumulating in the hot spot region (arrow) whereas in the contralateral retina of
the light-exposed eye, GFP-positive cells were limited to the choroid (arrowhead and close-up). Scale bar = 200 um; 66.7 wm for inset. B: Overlay of Nomarski
and fluorescent images to show the presence of GFP-positive cells in the ciliary body (CB, arrows). C: Stainings of BMC retinas with glia markers GSA-IB4 (red,
upper row) and anti-Ibal antibodies (red, lower row) revealed three distinct populations of labeled cells (red, green and yellow appearance, respectively).
Staining with GSA-IB4 lectin labeled additionally all blood vessels in the control (dark) retina (upper left). Anti-Ibal antibodies labeled resident microglial cells
in the control retina (red). Yellow appearing round macrophages in the hot spot indicate immigrated bone marrow cells (arrowheads). D: Fluorescence
microscopy of retinal sections revealed a colocalization of GFP-positive cells with CD68, a marker for activated macrophages (arrowheads). ON, optic nerve;
CB, ciliary body; OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer.
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Figure 3. Localization and cell type identification of the GFP-fluorescent microglial cells in control and light-exposed CX3CR1™/~ retinas. A: In CX3CR1~/~ dark
control retinas, GFP-autofluorescent microglial cells were mainly localized around the optic nerve head and in the retinal plexiform layers (left). Three days after
exposure (right), microglia was concentrated in the outer retina of the hot spot area (arrow) but not in the unaffected retinal parts (arrowhead). Note the
massive presence of resting microglia in the contralateral uninjured side (in the light-exposed eye) in the plexiform layers (close-up). Scale bar = 200 um; 66.7
wm for inset. B: Staining of CX3CR1™/" retinas with glia markers GSA-IB4 (red, upper row) and anti-Ibal antibodies (red, lower row) revealed distinct
populations of labeled cells. The GSA-IB4 lectin staining of resting microglial cells is very faint (control, upper left) compared with the clear double labeling with
anti-Ibal (lower left). Activated microglial cells in the hot spot revealed the round morphology of phagocytes and were clearly labeled by both glial markers
(arrowheads). C: Staining with anti-CD68 for activated macrophages shows labeling of cells in the hot spot region of CX3CR1™/~ mice after light exposure
(arrowhead). D: Fluorescence micrographs showing macrophages in the hot spot with distinct staining patterns for thodopsin (arrowheads) in CX3CR1~/
mice. In the contralateral non-damaged region of the light-exposed eye, no macrophages are seen but GFP-positive glia in the OPL and IPL.

Immunostaining with the lectin GSA-IB4 and the anti- 3B). Similarly to BMC mice, GFP-microglia stained with anti-
Ibal antibody revealed that microglia was strongly acti- CDe68, a specific marker for activated macrophages, con-
vated 3 and 6 days after light exposure in the hot spot firmed that retinal glia-derived macrophages populated the

region and showed macrophage morphology (Figure hot spot 6 days after exposure (Figure 3C, arrows).
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(untreated)

1 d light damage
(hot spot)

1 d light damage
(contraleral)
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Figure 4. Confocal light micrographs of CX3CR1™/~ control retinas and 1
day after light exposure (view onto flat mount retinas at different layers).
A—C: Microglial cells expressing GFP under control of the Cx3CR1 promoter
in the NFL, IPL, and OPL were characterized by small cell bodies and
extensive, fine arborizations of their processes. D—G: In the hot spot area, a
remarkable lack of microglial cells occurred in the NFL and IPL, whereas the
OPL showed activated microglia with shortened, thick processes showing
initial signs of phagocytosis (white arrow) and rounded cell bodies. In the
hot spot, microglial cells displayed macrophage-like morphology with some
cells still displaying glia-like morphology with thickened processes (G). H-J:
Microglia in the contralateral unexposed retina (from the light-exposed eye)
showed already signs of activation in NFL, IPL, and OPL compared with
controls. PRL, photoreceptor layer.

Interestingly, 6 days after exposure, GFP-fluorescent
microglial cells were located at the level of damage, ie, in
the photoreceptor outer segment layer (Figure 3D). The
colocalization of microglia-derived macrophages with an
anti-rhodopsin antibody (anti-Rho4D2, red) indicated that
microglial cells phagocytosed photoreceptor debris (Fig-
ure 3D, arrowheads). On the contralateral side of the
light-exposed retina, photoreceptor outer segments were
still preserved and no invasion of green cells was noticed
in the photoreceptor layer (Figure 3D; compare also Fig-
ure 1, B and C).

To analyze specifically the retinal localization and ac-
tivation pattern of microglial cells, CX3CR1~/~ mice were
analyzed by confocal laser scanning microscopy. In con-
trol non-exposed retinas, the resting microglia showed a
dense network of fine arborizations of their processes in
the nerve fiber layer, the inner plexiform layer and in the
outer plexiform layer (Figure 4, A-C). One day after light
exposure, a remarkable migration of microglial cells from
the nerve fiber layer and the inner plexiform layer into
the outer plexiform layer, close to the region of damage
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Control
(No light)

6 days after light
(Contralateral side)

Figure 5. Confocal light micrographs of CX3CR1™/~ control retinas and 6
days after light exposure. A and C: Controls. A: View onto flat mount of the
OPL. C: The same retinal area as shown in A, but tilted by 90°. In control
retinas, microglial cells of the OPL showed characteristic arborizations of
their processes and only few processes extending toward the photoreceptor
layer (outer nuclear layer). B and D: In the contralateral retinal area from the
light-exposed eye, a significant increase in number of microglial cells oc-
curred 6 days after light exposure with a remarkable increase of thickened
processes extending toward the photoreceptor layer (arrowheads in D).

occurred (Figure 4, D-G). Microglial cells within the outer
plexiform layer above the hot spot became rounded and
amoeboid with fewer processes, thereby displaying
signs of phagocytosis (Figure 4F, arrow). Within the hot
spot, the majority of microglial cells were indistinguish-
able from macrophages (Figure 4G). Notably, an activa-
tion pattern of microglia in the entire retina occurred as
seen in the contralateral undamaged retina of the light-
exposed eye where increased and thickened microglial
cell processes and somata were observed (Figure 4,
H-J). These activated microglial cells in an unaffected
retinal area possibly indicated a similar surveillance func-
tion as was shown for microglia in the normal and dis-
eased CNS.?® Additionally, a significant increase in num-
ber of cells and their processes in the inner and outer
plexiform layers (about twofold) was observed at 6 days
after light stress (Figure 5, Table 3). This increase might
be due to local microglial proliferation. By contrast, the
other eye that was not light-exposed showed no micro-
glial reactions (data not shown). In BMC mice we ob-
served an immigration and subsequent differentiation of
GFP-labeled cells into ramified microglial cells in the
retinal periphery after light exposure (data not shown).
Furthermore, the number of microglial processes extend-
ing especially into the outer nuclear layer increased
about ninefold (Table 3; Figure 5).

The route of entry of macrophage precursors and the
exit of debris-laden macrophages were studied by elec-
tron microscopy. Electron microscopy suggested that
those routes in both BMC and CX3CR1~/~ mice were
mainly via the retinal and optic nerve vasculature (Figure
6). Monocytes were found to attach to small vessels in the
area around the optic nerve (Figure 6A). Debris-contain-
ing macrophages occupied the subretinal space in the
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Table 3. Quantification of Microglial Cells and of the Number of Cell Processes in Control (No Blue Light Exposure) and in the
Contralateral Uninjured Retina after Light Exposure
Microglial cells  Microglial cells ~ Number of cell Number of
in NFL/IPL in OPL (per processes in processes/ Process length
(per mm?) mm>) ONL (per mm?)  microglial cell  (mean in um)
Control, unexposed 114 + 25 114 £ 22 28 + 30 0.27 £ 0.3 20+ 8
Six days after blue light-contralateral 250 = 59** 239 + 89** 274 = 100** 1.13 £ 0.5* 17 £9

side of the light-exposed eye

Three visual fields in each of three animals per group (N = 9 per group) were evaluated in flat mount z-stacks from ganglion cell layer to pigment
epithelium. Note the almost identical numbers of microglia cells in NFL/IPL and OPL. Results are presented as means = SD.

NFL, nerve fiber layer; IPL, inner plexiform layer; OPL, outer plexiform layer; ONL, outer nuclear layer.

Statistical analysis was performed to compare data between both groups (U-test; **P < 0.01).

hot spot area (Figure 6B) and were also found to attach to
capillary walls at the optic nerve head (Figure 6, C and
D). Furthermore, occasional debris-laden macro-
phages were found in the process of diapedesis into a
capillary of the optic nerve head (Figure 6, E and F).

Figure 6. Electron micrographs showing debris-laden macrophages near
small optic nerve vessels in BMC and CXCR1~/~ mice. A: A blood-derived
monocyte (M) without any signs of phagolysosomes in close contact to an
endothelial cell (arrow) in the vessel lumen (VL) of a capillary in the
retrobulbar perioptic nerve region. B: Macrophage with phagocytosed pho-
toreceptor material (arrow) in the subretinal space at the microvilli margin of
a retinal pigment epithelium cell (PE). C and D: Interstitial macrophages
filled with debris (arrows) in close contact to basal lamina and endothelial
cells. Note attachment of macrophage to endothelial cell external membrane
(arrowhead). E and F: Macrophage with engulfed photoreceptor debris in
the process of diapedesis through an optic nerve head capillary, the cell
nucleus is inside the capillary whereas parts of the debris-containing cyto-
plasm is still externally located (arrow).

Specific Cytokines/Chemokines Are Strongly
Up-Regulated after Blue Light Exposure in
Retinas and Eyecups of Wild-Type Mice

Cytokine and chemokine mRNA expression profiles were
monitored in the entire isolated retina, including the hot
spot region and undamaged periphery, and in the eye-
cups, including the retinal pigment epithelium, choroid
and sclera, of wild-type mice (Figure 7). Ccl4 was signif-
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Figure 7. Chemokine/cytokine mRNA profiles in isolated retinas and eye-
cups of wild-type mice. Entire retinas (hot spot and periphery) and eyecups
(retinal pigment epithelium, choroid, and sclera) from wild-type mice were
collected after dark adaptation and at different time points after blue light
exposure as indicated. Statistical analysis was performed to compare data
between dark control and the different time points after light exposure in
wild-type mice (*P < 0.05, *P < 0.01, **P < 0.001).
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icantly overexpressed in the retinal tissue but not in the
eyecup of wild-type mice 1 day after blue light exposure
(Figure 7). In both tissues, Ccl12, Ccl5, and Csf1 were
highly and significantly induced after 1 day but always at
a lesser extent in the eyecup (Figure 7). Tnf presented a
pattern of activation different in retinas and eyecups.
Indeed, the peak of activation for Tnf occurred after 1 day
in the retina while Tnf significantly rose already at 6 hours
after light exposure in the eyecup and declined rapidly
thereafter, suggesting that it might constitute one of the
initial attraction/activation signals for immune cells (Fig-
ure 7). The anti-inflammatory cytokine Tgfb1 was specif-
ically expressed in the eyecup and peaked at 12 hours
followed by a gradual decline thereafter. Gene expres-
sion of other chemokines such as Ccl9, Il1b, Cx3cl1, Ccl,2
and Igf1 have also been tested but they were not signif-
icantly changed in retina and eyecup of wild-type mice
after light exposure compared with dark control mice
(data not shown).

To show the cellular localization of CCL5 and TNF pro-
teins, immunostainings were performed on retinal cryosec-
tions of BMC mice and of CX3CR1~/~ mice 6 days after
light exposure (Figure 8). TNF was chosen for its roles as

mice (arrowheads). Scale bar = 100 um; 16.7 um for inset.

the classical inflammatory mediator and initiator of oxidative
stress as well as for sustaining macrophage responses. We
selected CCL5 because of a specific function to promote
leukocyte transendothelial migration in the retina®® and
macrophage modulation in other tissues.?”

In both strains of mice, CCL5 staining (in red) was spe-
cifically localized in GFP-positive cells, suggesting that
CCL5 was expressed by macrophages within the hot spot
region (Figure 8A). Similarly, TNF (in red) was detected in
the cytoplasm and the perinuclear region of GFP-positive
cells in BMC and in CX3CR1~/~ mice (Figure 8B). In con-
trast to the early rise of TNF in the eyecup preparation, this
cellular response was observed at the peak period of mac-
rophage activity in the retina. Thus the expression pattern of
both CCL5 and TNF in the retina may be considered as a
self-sustaining inflammatory response.

Discussion

We used two distinct animal models to investigate
whether hematogenous immigrants or local microglia or
both participate in phagocytosis after retinal injury. We
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observed a distinct and rapid immigration of bone mar-
row-derived cells to the site of retinal injury. Likewise,
resting retinal microglia was rapidly activated and mi-
grated toward the lesion, adapted amoeboid shape and
transformed into phagocytic cells. A fraction of phago-
cytes of either origin (blood-borne or microglia-derived)
showed characteristics of both hematogenous macro-
phages and retinal microglia, as demonstrated by immu-
nofluorescence staining. Particularly striking was the mi-
croglia activation pattern in the entire retina outside of the
hot spot: cells increased in number and in the outer
plexiform layer developed significantly more and thicker
processes, which were mainly oriented toward the pho-
toreceptors. Microglia in the unexposed eye remained
unstimulated. Thus, in contrast to bone marrow-derived
macrophages, microglia is “alerted” in the entire retina of
the light-exposed eye and may thus critically modify neu-
rons via specific signaling. Macrophages loaded with
photoreceptor debris appeared to leave the retina via
optic nerve head vessels in both BMC and CX3CR1~/~
mice. Autofluorescent cells in choroidal vessels of light-
exposed CX3CR1~/~ mice as well as macrophages filled
with photoreceptor debris and showing a positive stain-
ing for rhodopsin (fluorescence microscopy), entering
into optic nerve head vessels (electron micrographs),
supported this notion.

Bone Marrow Chimeric Mice

Whole body irradiation of mice did not induce any overt
ocular and retinal changes during the period of our ex-
periments, confirming observations previously report-
ed.?® Circulating blood monocytes give rise to tissue-
resident macrophages, CNS microglia and dendritic
cells. Monocytes originate from myeloid precursors and
are released into the peripheral blood circulating there for
several days before they replenish tissue macro-
phages.?® A special subset of blood monocytes is des-
tined as microglia precursor cell.*°

Recruitment of bone marrow-derived cells into the ret-
ina has been observed after different stimuli including
retinal lesions®'~3% and inherited retinal degeneration.'*
By contrast, in normal unstimulated eyes there is rather
slow turnover of microglia with replacement by bone
marrow-derived precursor cells in the range of 6 to 12
months.®* In our study, the interval between bone marrow
transplantation and light exposure was 6—8 weeks. In line
with this we did not observe GFP-positive cells in dark-
adapted retinal tissue but mainly in the choroidal-, ciliary-
and optic nerve meningeal vasculature. In our study,
light-induced retinal damage triggered an extensive im-
migration of GFP-expressing bone marrow cells into
the area of the hot spot beginning at 6 hours and
increasing significantly at 24 hours, 3 days, and 6 days
after light exposure. Immigration occurred via the optic
nerve and ciliary body vasculature. GFP-labeled cells
showed different antibody-staining patterns under-
scoring heterogeneity of cell populations (Figure 2, C
and D; Figure 3, B and D).

Recruitment of bone marrow-derived cells might re-
quire several signaling steps: the mobilization of mono-

cytes from bone marrow and blood, the trafficking across
the blood-retina and blood-aqueous barriers including
adhesion and diapedesis, the attraction to the site of
injury within the retina and finally the transformation into
active macrophages. Monocyte recruitment is regulated
by members of the chemokine family of chemotactic
cytokines. In mice, the CC chemokine receptor 2 (CCR2)
was shown to be highly expressed on blood monocytes
and implicated in the recruitment of monocytes. In addi-
tion, the ligands Ccl2 and Ccl7 were critical for mono-
cyte mobilization from bone marrow'® and Ccl5 sup-
ported transepithelial migration in the retina.2® In our
study, Ccl12 rather than Ccl2 was significantly up-
regulated after light exposure underscoring different
regulative mechanisms in different conditions.

Inflammatory Signaling in Wild-Type Mice

Inflammatory signaling comprises a vast array of cyto-
kines and chemokines. Some of them, which were found
to be increased in many other studies of brain and retina,
did not reveal a blue light-evoked expression pattern in
our study (not shown). For example, in retinal degenera-
tion (rd7 mouse), Ccl2, Ccl7, Ccl3, Ccl4, and Ccl5 were
up-regulated during the period of most severe photore-
ceptor loss concomitant with microglia activity.®® In our
study, retinal RNA-inflammatory chemokine expression
peaked at 1 day after light exposure and declined there-
after, whereas morphological lesions and macrophage
activity were greatest at 3 days and 6 days after light
exposure. In the eyecup, Tnf rapidly peaked already at 6
hours after light and may therefore constitute an initial
attraction and activation signal for blood-borne cells.
Csf1 began to rise at 12 hours after light in the retina and
might thus activate or regulate local resident microglia.
Similarly, Tgfb1 was distinctly up-regulated in the eyecup
but not in the retina, beginning at 6 hours and peaking at
12 hours after light and could thus represent a protective
anti-inflammatory response of the pigment epithelium.

CX3CR1~/~ Mice

Microglia is the local phagocytic system of the CNS in-
cluding the retina. In the brain, microglia can act as
antigen presenting cell and may be neurotoxic as well as
neuroprotective under various experimental conditions. '®
The chemokine system plays an essential role not only in
leukocyte trafficking but also in immunity.*® The fracta-
lkine chemokine (CX3CL1) is unique in that it is the only
ligand for only one receptor, the CX3CR1, in the brain.
Fractalkine was shown to have several functions, espe-
cially the regulation of microglia neurotoxicity,”" the
transmission of pathological pain®’ and neuron to glia
signaling.®®

Because CX3CR1 is expressed on CNS microglia, this
fact was used to create a mouse model for selectively
labeling brain microglia.? We used this mouse model to
study microglia behavior and to differentiate between
acutely immigrated monocyte-macrophages and glia-de-
rived macrophages in the retina after acute light damage.



In the brain, complete deficiency of the fractalkine recep-
tor (CX3CR1~/7) resulted in insufficient migration of mi-
croglia and in an increase in microglia neurotoxicity by
worsening neurodegeneration.’ In our study, light-in-
duced degeneration was not enhanced in CX3CR1~/~
mice and homo- and heterozygous knockout mice were
practically indistinguishable in damage severity. Simi-
larly, recruitment of retinal microglia in the young mouse
eye was CX3CR1-independent.®® Furthermore, Cx3cl1
mRNA was not up-regulated after light exposure (data
not shown). However, posttranslational regulation of pro-
tein levels has been described in the brain®® and cannot
be excluded in our study. Effects of Cx3cr1 deficiency in
microglial activation may thus depend on the nature of
the stimulus and possibly on species and strain differ-
ences. In the retina, activation and migration of microglia
toward the region of injury was induced by a variety of
conditions, including different levels of white light or laser
and axotomy of one optic nerve,*°~“3 retinal degenera-
tion,®*> docosahexaenoic acid hydroperoxide,** retinal
detachment*® and ischemia-induced retinopathy.®

However, molecular signaling by activated microglia
and the effects of activation have not been investigated in
detail for the retina. Brain microglia can be activated, for
example, by pro-inflammatory signals and by neuron
damage.'® Pattern recognition receptors on microglia
can monitor a large variety of damaging agents resulting
in migration and phagocytic activity as well as in the
release of inflammatory messengers (cytokines, chemo-
kines and lipid mediators) and reactive oxygen species,
which collectively lead to neurotoxicity.'® Similar mecha-
nisms may exist in the retina. Apoptosis, release of in-
flammatory lipid mediators and reactive oxygen species
are known to occur in retinal light damage’2*” and may
thus act as initial local signals for microglia activation.

Neuron-glia cross-talk may not only comprise death
signals from dead neurons or activated microglia but also
rescue mechanisms. In the retina, activated microglia
expressed neurotrophic factors, which were found to sig-
nal to Mdller cells that in turn released fibroblast growth
factor 2 and glial cell line-derived neurotrophic factor and
thus were suggested to represent a rescue mechanism in
light-induced retinal degeneration.'® Brain microglia also
expresses purinoceptors, which are activated by ATP,
UTP, and UDP as ligands.*®° Since ATP is abundantly
produced and used in the retina, a similar mechanism
could be used for retinal microglia activation.

Microglia in Retinal Degeneration

Retinal microglia may fulfill important functions that go
beyond the mere removal of dead photoreceptor and/or
pigment epithelial cells. It is noteworthy that in our study
microglia distinctly increased in number and developed
pronounced processes in the entire retina outside of the
hot spot, which may indicate similar survey functions as
were described for the normal and injured brain.?*“® In
addition, activated microglia from the contralateral side of
the light-exposed eye may help to replenish microglia in
the damaged retinal area apart from the slow, regular
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substitution by blood monocytes. The survey activity may
convey the message of cell death already at early stages
of degeneration with ensuing remodeling of inner retinal
architecture and wiring. As in other brain degenerations,
such deafferentiation by photoreceptor cell death can
induce distinct remodeling.®" Retinal remodeling gains
increasing importance in view of therapeutic regimens for
retinitis pigmentosa including gene therapy, chip implan-
tation, stem cell and other tissue transplantation. Remod-
eling in its early stage may allow some of the experimen-
tal therapies to succeed.®?°3 Thus it will be important to
analyze activity patterns of retinal microglia in early
stages of diseases, including age-related macular
degeneration.

Subretinal Deposits

SLO with indocyanine green angiography revealed no
leakage of fluid from retinal vessels (Figure 1). However,
a subretinal edema was apparent at 24 hours after light
and resolved within 6 to 7 days after exposure. A recent
study investigated the interaction of proinflammatory cy-
tokines/chemokines and fluid transport.>* A similar
mechanism may regulate the relatively rapid removal of
subretinal edema after acute light-induced lesion in our
study.

Confirming fluorescence microscopy, GFP-labeled
cells remained in the retina for extended periods of time.
Notably, an accumulation of subretinal and/or pigment
epithelial material absorbing at 488 nm appeared in the
hot spot in both wild-type and BMC mice. This absorption
would coincide with that of retinoid components derived
from the visual pigment chromophore 11-cis-retinal in
photoreceptor outer segments. In addition, material ab-
sorbing at 795 nm was monitored, again in both wild-type
and BMC mice, which would not match the known retin-
oid spectrum and thus needs to be analyzed further.

Conclusion

A strong, acute retinal lesion evokes both the rapid re-
cruitment of bone marrow-derived macrophages and of
activated resident microglia to the focus of injury. There
are distinct differences, however, in the activation pattern
of both cell populations: whereas bone marrow-derived
cells concentrate in the focus of damage, microglia is “on
alarm” in the entire retina of the light-exposed eye.
CXBCR1 deficiency did not alter the damage pattern in
our study indicating that this ligand-receptor system may
be replaced by redundant mechanisms or is not required
in acute retinal injury. Macrophages loaded with photo-
receptor debris appeared to leave the retina into the
general circulation and may enter the spleen, a process
that would enable an immunization against retinal pro-
teins.* Specific retinal proteins have long been used to
induce ocular autoimmune inflammation.®® Future studies
need to elucidate molecular signals regulating monocyte
and microglia activation patterns and the potential for
autoimmune reactions after injury leading to or enhancing
retinal degenerations.
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