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PURPOSE. Laser-induced choroidal neovascularization (CNV) is a widely used model to mimic
many features of CNV resulting from wet AMD. Macrophages have been implicated in the
pathogenesis of AMD. Class A scavenger receptors, scavenger receptor-A (SR-A) and
macrophage receptor with collagenous domain (MARCO), are expressed on macrophages
and are associated with macrophage function. The goal of this study is to examine the role of
macrophage scavenger receptors in immune cell recruitment and the formation of CNV.

METHODS. Laser photocoagulation was performed in wild-type and knockout mice with
deletion of SR-A (SR-A�/�), MARCO (MARCO�/�), or both SR-A and MARCO double knockout
(DKO). Immune cell recruitment at different time points and CNV lesions at 14 days after laser
treatment were evaluated through immunostaining and confocal microscopy. Microarray
analysis was performed in eyes 1 day after laser injury.

RESULTS. Wild-type eyes showed higher chemokine/receptor expression compared with
knockout eyes after laser injury. Scavenger receptor deficiency markedly impaired the
recruitment of neutrophils and macrophages to CNV lesions at 1- and 3-days post laser injury,
respectively. Significantly reduced CNV volumes were found in the eyes from scavenger
receptor knockout mice compared with wild-type mice.

CONCLUSIONS. The deficiency of scavenger receptors impairs the formation of CNV and
immune cell recruitment. Our findings suggest a potential role for scavenger receptors in
contributing to CNV formation and inflammation in AMD.
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Age-related macular degeneration is the leading cause of
irreversible central blindness in the elderly, worldwide. It is

clinically characterized by degenerative changes in the macula,
the region of the retina that permits fine central vision. One of
the key pathologic features of AMD is the development of large
drusen, extracellular deposits located in Bruch’s membrane
beneath the RPE. Their presence is a harbinger of further
retinal change, the major risk factor for the development of
advanced AMD, which can be classified into two subtypes:
geographic atrophy (dry) and neovascular/exudative (wet).1 In
wet AMD, new vessels from the choroid breach Bruch’s
membrane and grow into the subretinal space and retina. This
process is also called choroidal neovascularization (CNV). It
represents only 10% of all cases of advanced AMD, but about
90% of AMD patients experience severe vision loss resulting
from this subtype. Various animal models attempt to mimic the
clinical manifestations of AMD. Among them, a laser-induced
murine CNV model is widely used to mimic the wet form of
AMD by compromising Bruch’s membrane to induce CNV
formation in the subretinal region. This model allows for
visualization and evaluation of the morphologic changes of
experimental CNV and has been a valuable tool to study the
diverse components of complex CNV lesions.2

The exact mechanisms that cause AMD are not clear. Recent
information suggests that immune mechanisms play an
important role in AMD.3–5 Complement dysregulation and the
involvement of macrophages are thought to contribute to
initiation and progression of the disease. Contradictory results
have been reported regarding the role that macrophages play in
CNV formation. Grossniklaus and colleagues suggested that
macrophages may promote CNV since macrophages in the
AMD lesions express VEGF.6 Ambati et al. showed that fewer
macrophages were observed in Ccl2�/� and Ccr2�/�mice at the
RPE and choroid region. These knockout animals developed
histologic signs of AMD, including accumulation of lipofuscin
and drusen beneath the RPE, photoreceptor atrophy, and CNV,
suggesting that macrophages play a protective role in AMD.7

Cherepanoff showed in humans that activated macrophages
were found more commonly in patients with CNV.8

Receptors on macrophages contribute to many cellular
functions. For example, scavenger receptors, a diverse family of
multifunctional receptor proteins expressed by macrophages
and endothelial cells in lymphoreticular tissue, are associated
with phagocytosis and uptake of waste products. More
specifically, Class A scavenger receptors have been found to
play a central role in regulating the inflammatory response in
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infectious models of disease.9 Two relevant subtypes of Class A
scavenger receptors, scavenger receptor-A (SRA) and macro-
phage receptor with collagenous domain (MARCO), macro-
phage receptors with similar collagenous structures, are

involved in homeostatic functions such as lipid metabolism
and recognition and clearance of pathogens, bacteria, and
microbial cell wall products. While SR-A is ubiquitously
expressed by most tissue macrophages, MARCO expression is

FIGURE 1. The eyes from untreated knockout mice demonstrate similar morphology as wild-type eyes. Photomicrographs of the wild-type, SR-A�/�,
MARCO�/�, and DKO retina before laser (n¼1 eye/group) show similar retinal morphology (hematoxylin and eosin, original magnifications: 3200).

TABLE. The Fold Change of 20 Chemokine/Receptor Genes After Laser Injury Compared With Untreated Eyes

Gene Symbol Gene Title WT_ Laser SR-A_ Laser MARCO_ Laser DKO_ Laser

Cxcl14 Chemokine (C-X-C motif) ligand 14 4.9 1.2 5.3 1.2

Ccl12 Chemokine (C-C motif) ligand 12 4.1 1.1 3.1 1.3

Ccl6 Chemokine (C-C motif) ligand 6 4.0 2.7 3.1 �1.5

Ccl9 Chemokine (C-C motif) ligand 9 3.5 1.5 1.9 �1.2

Cxcl3 Chemokine (C-X-C motif) ligand 3 3.1 �1.2 1.3 1.2

Ccl8 Chemokine (C-C motif) ligand 8 3.0 3.4 2.7 �1.2

Ccl2 chemokine (C-C motif) ligand 2 2.5 1.2 2.4 1.3

Ccr1 Chemokine (C-C motif) receptor 1 2.5 �1.2 1.1 1.3

Cxcl2 Chemokine (C-X-C motif) ligand 2 2.1 1.0 1.4 1.0

Cxcl12 Chemokine (C-X-C motif) ligand 12 2.1 1.6 2.2 -1.7

Ccl7 Chemokine (C-C motif) ligand 7 1.9 1.2 1.3 1.2

Ccl5 Chemokine (C-C motif) ligand 5 1.8 1.2 1.2 1.2

Cxcl5 Chemokine (C-X-C motif) ligand 5 1.6 1.2 1.6 �1.1

Cxcl9 Chemokine (C-X-C motif) ligand 9 1.6 1.6 �1.0 1.1

Cxcl13 Chemokine (C-X-C motif) ligand 13 1.5 1.1 2.3 �1.4

Cxcl17 Chemokine (C-X-C motif) ligand 17 1.4 2.8 �1.1 1.5

Ccl11 Chemokine (C-C motif) ligand 11 1.4 1.2 1.5 -2.4

Ccl21a,b,c Chemokine (C-C motif) ligand 21A, B, C 1.2 1.0 1.5 -1.6

Cxcr7 Chemokine (C-X-C motif) receptor 7 1.1 �1.2 �1.0 -1.8

Ccl3 Chemokine (C-C motif) ligand 3 �1.1 1.1 2.8 �1.3

Fold differences of 1.6 (our cutoff) and over are bolded.
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limited to a defined subset of macrophages in the steady state,
although induced more widely on macrophages by infection.10

Whether scavenger receptors contribute to the infiltration of
macrophages and formation of CNV in the eye is unknown.

In this study, we wished to see the effect of scavenger
receptors in the mouse model for CNV. We showed that the
eyes from SR-A�/�, MARCO�/�, and double knockout (DKO)
mice have similar morphology compared with wild-type mice.
The chemokine/receptor expression patterns between knock-
out mice and wild-type eyes were similar before laser
administration. After laser administration, we found that wild-
type eyes had higher global chemokine/receptor expression
relative to knockout eyes. Consistently, we further showed that
the eyes from knockout mice have reduced neutrophil and
macrophage/microglia recruitment around laser lesions. In-
triguingly, we observed significantly reduced CNV volumes in
knockout mice as compared with wild type.

MATERIALS AND METHODS

Animals

C57BL/6J animals were purchased from Taconic (Hudson, NY).
SR-A�/�, MARCO�/�, and SR-A�/�-MARCO�/� DKO mouse strains
on a C57BL/6J background were provided by the Sir William
Dunn School of Pathology (Oxford, UK). The animals did not
carry the RD8 mutation. Female animals between 7- to 10-weeks
old were fed standard laboratory chow in an air conditioned
room, and a 12 hour light/12 hour dark cycle was used. All
animals were kept in specific pathogen-free conditions and
procedures were conducted according to the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.

Laser-Induced CNV

Animals were anesthetized with intraperitoneal injections of
ketamine (80 mg/kg) and xylazine (8 mg/kg). Topical 0.5%

proparacaine was applied and pupils were dilated with a
mixture of topical 0.5% tropicamide (Bausch & Lomb, Tampa,
FL), 2.5% phenylephrine Alcon, Fort Worth, TX), and 1.0%
atropine sulfate (Alcon). Four laser burns were made with an
ND: YAG 532-nm laser (Alcon) using a 4.3-mm contact fundus
laser lens (Ocular Instruments, Bellevue, WA) with a 50 lm,
100 mW of power, and 0.100 seconds of exposure time.
Lesions with ‘‘bubble formation’’ were used for experiments
since this ensures breakage of Bruch’s membrane. The
animals were then euthanized by CO2 exposure 6 hours,
and 1, 3, 4, 7, and 14 days after laser injury.

Histopathology

Eyes were harvested and fixed in 10% formalin for at least 24
hours. Tissues were embedded in methacrylate and serially
sectioned in the vertical pupillary-optic nerve plane. Eyes
from each group were cut into six sections and stained with
hematoxylin and eosin. If an ocular lesion was detected,
another 6 to 12 sections would be made through the lesion. A
histopathologic grading score was assigned and evaluated by
a masked ocular pathologist (CCC) to each animal’s eye from
0 to 4 based on the degree of inflammation, with 0 being no
disease and 4 representing complete retinal destruction. The
score of each eye was determined by comparing the severity
of the retinal lesions to the mean percentage of the whole
retina with degenerative lesions for each animal group. Slides
were evaluated under a light microscope (3200).11

RNA Isolation and Microarray

Total RNA was extracted from the posterior cup of six eyes
from six animals of wild-type, SR-A�/�, MARCO�/�, SR-A�/�-
MARCO�/� DKO mouse groups before and 1 day after laser
injury (RNeasy Kit; Qiagen, Valencia, CA). RNA from each
animal group was pooled and microarray assay performed in
single using Affymetrix mouse Gene ST 1.0 arrays (Affyme-

FIGURE 2. Reduced expression of chemokine and chemokine receptors in knockout eyes compared with the wild type. (A) Heat map of 20
chemokine/receptor genes differentially expressed between wild type, SR-A�/�, MARCO�/�, and DKO before, and after laser injury. Before laser
injury, the expression profile is similar between wild-type and knockout eyes. After laser injury, wild-type laser had higher chemokine/receptor gene
expression compared with knockout eyes. Red indicates an upregulation, black indicates no change, and green indicates downregulation. (B) When
examining the chemokine/receptor expression after laser to before laser in the animal groups, the wild-type ratio had the highest number of
upregulated genes and the least number of unchanged genes compared with knockout eyes.

The Role of Scavenger Receptors in CNV IOVS j September 2013 j Vol. 54 j No. 9 j 5961



FIGURE 3. Neutrophil distribution is reduced in knock out eyes. (A) Neutrophil recruitment is marginally impaired in knockout eyes before laser
and becomes profoundly impaired after 1 day of laser injury, as detected by flow cytometry (n¼10 eyes/group). (B) A maximal intensity projection
image of a wild-type whole mount 1-day post laser injury shows that the majority of neutrophils labeled with Gr-1 (green) are concentrated within
and around the laser lesions and fit the 5 3 5 tile scan area used to image individual lesions, as represented by the stippled white borders. The
periphery and optic nerve head (ONH) have a reduced amount of neutrophils. (C) Representations of laser lesions with neutrophil distribution

The Role of Scavenger Receptors in CNV IOVS j September 2013 j Vol. 54 j No. 9 j 5962



trix, Santa Clara, CA) and analyzed with GeneSpring GX
software (Agilent Technologies, Inc., Santa Clara, CA). RNA
samples with a 260/280 absorbance ratio between 1.8 and 2.0
measured by Nanodrop 2000 Spectrophotometer (Thermo
Scientific, Wilmington, DE) were used. RNA quality was
assessed by running the RNA samples on a denaturing agarose
gel and the ratio of 28S rRNA:18S should be approximately
2:1. The microarray assay was repeated once. A 1.6-fold cutoff
was used on the expression of chemokine/receptor in at least
one paired comparison group.

Immunohistochemistry

Following enucleation, eyes were immediately fixed in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) in PBS for 1 hour. Using a dissecting microscopy, the
posterior eyecup was separated while also detaching the
retina. The eyecups were washed three times with
immunocytochemistry (ICC) buffer (0.5% BSA, 0.2% Tween
20, 0.05% sodium azide) for 15 minutes and once with PBS
for 1 hour. For CNV volume staining, isolectin IB4

conjugated with Alexa Fluor 568 (1:100; Invitrogen-Molecu-
lar Probes, Eugene, OR) was prepared in ICC buffer.
Isolectin IB4 has been used as an endothelial cell marker
and allows for visualization of vascular tubes and CNV
network.2 In addition, granulocyte receptor-1 (Gr-1) anti-
body conjugated with Alexa Fluor 488 (1:200; Biolegend,
San Diego, CA) and 40,6-diamidino-2-phenylindole (DAPI)
were used for neutrophil quantification. Alternatively, F4/80
conjugated with Alexa Fluor 647 (1:200; Biolegend, San
Diego, CA) was replaced for macrophage quantification. F4/
80 has been established as one of the most specific cell
surface markers for murine macrophages and is highly and
constitutively expressed on most resident tissue macrophag-
es.12–15 After overnight staining, eyecups were washed three
times with ICC buffer for 15 minutes, and once with PBS for
1 hour. Flatmounts were then made with four radial
incisions from the optic nerve and mounted in Fluorogel
with Tris Buffer (Electron Microscopy Sciences, Hatfield,
PA).

Confocal Microscopy

Images of whole mounts and lesions were visualized using
the 403 objective of a scanning Zeiss LSM 700 Confocal
Microscope (Carl Zeiss Microimaging, Inc., Thornwood, NY).
After scanning whole mounts to examine immune cell
distribution using the tile scan feature and Z-stack function
of the Zen 2011 software (Carl Zeiss Microimaging GmbH,
Jena, Germany), it was determined that the majority of
immune cells were concentrated around a 5 3 5 tile scan
area. Individual lesions were imaged using a 5 3 5 tile scan
area with Z-stack settings of 0.5-lm sections and a number
of sections that captured all immune cells, depending on
each lesion. For three-dimensional (3D) reconstructions of
each lesion, maximal intensity projection images for both
whole mounts and individual lesions were generated and
stitched. To obtain both immune cell quantitation and CNV
volume, multiple z-series images were collected at 512 3 512

pixel resolution at a depth of 8 bits per channel. Voxel
dimensions were 0.621 lm 3 0.621 lm 3 0.62 lm for the x,
y, and z-axis.

Immune Cell Quantitation and Lesion Evaluation

Neutrophils and macrophages were quantified using the Zen
2011 software’s region of interest (ROI) and number tools.
Immune cells were quantified using maximal intensity
projection images under a 5 3 5 tile scan area. An average
of 10 eyes from each animal group was used at each time
point. For CNV quantitation, confocal microscope z-series
collected as TIFF images were analyzed with the image-
analysis software, Volocity (Improvision, Inc., Lexington,
MA). The image sequence was generated to build a 3D
reconstruction of the CNV complex with the 3D opacity
tool. CNV complexes were identified using the red channel
(Isolectin IB4) and volumes measured in cubic micrometers
at 14 days after laser injury. An average of 12 eyes was used
from each animal group.

Flow Cytometry

Ten eyes from each wild-type, SR-A�/�, MARCO�/�, and DKO
animal group were collectively cut in 10% complete medium
containing 1 mg/mL collagenase D and 1 vial of DNase (0.9 mg/
vial). The posterior eyecups were then incubated for 2 hours at
378C. Gr-1 conjugated with Alexa Fluor 488 (Biolegend), was
used to label neutrophils and F4/80 conjugated with Alexa
Fluor 647 (Biolegend) to label macrophages. Digested tissue
was collected and washed twice using complete medium. Four
spleens were isolated from each animal group and used as a
reference to gate immune cells of the eye. Data were acquired
using a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA) and analyzed with FlowJo software (Tree Star, Inc., San
Jose, CA).

Statistical Analysis

For immune cell quantification and CNV lesion evaluation,
one-way ANOVA and Tukey’s multiple comparisons tests
were performed to test for significance between animal
groups at selected time points using GraphPad Prism 5.0
(GraphPad Software, Inc., La Jolla, CA). Error bars represent
SEM.

RESULTS

The Eyes From Knockout Mice Demonstrate

Similar Morphology as Compared With Wild-Type
Eyes

Histopathologic evaluation of the retina from wild-type, SR-A�/�,
MARCO�/�, and SR-A�/�-MARCO�/�DKO mice was performed to
compare scavenger receptor knockout and wild-type eyes.
Before laser, scavenger receptor knockout eyes had a healthy
retinal morphology identical to wild-type eyes (Fig. 1). Immune

labeled with Gr-1 (green) 6 hours and 1-day post laser injury show that knockout eyes have less neutrophil recruitment compared with wild-type
eyes. Maximal intensity projections are used to show 3D reconstructions of lesions. The inserts show higher magnification of neutrophils labeled
with Gr-1 (green) and DAPI (blue), which corresponds to the lesion areas with white stippled borders. (D) Knockout eyes have reduced neutrophil
recruitment around laser lesions compared with wild-type eyes, most marked 1 day after laser injury when observed by confocal microscopy (P <
0.0001). While neutrophil recruitment in wild-type eyes changed substantially over 4 days, neutrophil distribution remained comparably stable over
time in scavenger receptor knockout eyes (n¼10 eyes/group). One-way ANOVA and Tukey’s multiple comparisons tests were performed to test for
significance between animal groups at selected time points. Error bars, SEM.
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FIGURE 4. Macrophage distribution is reduced in knockout eyes. (A) Macrophage recruitment did not differ significantly between wild-type and
scavenger receptor knockout eyes before laser injury, but the distribution is impaired in knockout eyes after 1 day of laser injury, as detected by flow
cytometry (n ¼ 10 eyes/group). (B) A maximal intensity projection image of a wild-type whole mount 3-days post laser injury shows that the
majority of macrophages labeled with F4/80 (red) are concentrated within and around the lesions and fit the 5 3 5 tile scan area used to image
individual lesions, as represented by the stippled white borders. The periphery and ONH have a reduced amount of macrophages. (C)
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cell infiltration, retinal lesions, and retinal degeneration were
not detected in all eyes of the four groups.

Differential Expression of Chemokine and
Chemokine Receptors Between Eyes From Wild-
Type and Knockout Mice

To study the gene expression pattern of wild type, SRA�/�,
MARCO�/�, and DKO, we performed microarray analysis and
identified 20 chemokine/receptor genes, up or downregulated
with a 1.6-fold difference in at least one paired comparison
among the different experimental groups (Table). Before laser
injury, knockout eyes had similar expression of chemokines/
receptors compared with wild-type eyes. After laser injury,
wild-type eyes show higher chemokine/receptor expression
compared with knockout eyes, particularly when compared
with DKO eyes (Fig. 2A).

The number of upregulated, unchanged, and downregulat-
ed genes in the ratio of wild-type, SR-A�/�, MARCO�/�, and
DKO eyes after laser to before laser is shown in Figure 2B.
Fourteen (70%), 6 (30%), and 0 genes were upregulated,
unchanged, and downregulated in wild-type mice compared
with 5 (25%), 15 (75%), and 0 in SR-A�/�, 11 (55%), 9 (45%),
and 0 in MARCO�/�, and 0, 16 (80%), and 4 (20%) in SR-A�/�-
MARCO�/� DKO mice, respectively. The Table lists fold
differences of chemokine/receptor genes after laser compared
with before laser treatment.

Knockout Eyes Have Reduced Neutrophil
Recruitment

Neutrophils have been hypothesized to promote CNV
through secretion of various angiogenic factors.16 Since we
had observed that chemokine/receptor expression was
reduced in knockout eyes, we examined neutrophil distribu-
tion across the groups by flow cytometry. Neutrophil
recruitment was impaired in all scavenger receptor knockout
eyes compared with wild-type eyes before laser injury (Fig.
3A). Neutrophil distribution after laser increased across all
animal eyes compared with before laser treatment. Prelaser,
SR-A�/�, MARCO�/�, and DKO had 1.4% to 2.1% of Gr-1
positive neutrophils, compared with 5.5% in the wild-type
eyes. After laser injury, Gr-1 positive neutrophils increased to
9.6% in wild-type eyes, whereas scavenger receptor knockout
eyes had only a slight increase in Gr-1 positive neutrophils,
from 3.4% to 3.9% (Fig. 3A). Next, we examined immune cell
recruitment through confocal microscopy. We firstly pro-
cessed whole mounts of posterior eyecups 1-day post laser
injury and observed that the majority of neutrophils were
concentrated within and around lesions that fit a 5 3 5 tile
scan area, as represented by the stippled white borders in
Figure 3BA, representation of neutrophil distribution around
individual laser lesions in a 5 3 5 tile scan area is shown in
Figure 3C at 6 hours and 1 day post laser injury. The inserts
show higher magnification of neutrophils labeled with Gr-1
(green) and DAPI (blue), which correspond to the lesion areas
with white stippled borders. Results for confocal microscopy
were consistent with neutrophil quantification obtained
through flow cytometry. Neutrophil recruitment increased

post laser injury for wild-type, SR-A�/�, MARCO�/�, and DKO
eyes compared with baseline. Before laser, there was no
difference in neutrophil distribution between scavenger
receptor knockout and wild-type eyes as detected by Gr-1
staining. However, after laser injury, neutrophil recruitment
was significantly increased in wild-type eyes compared with
scavenger receptor knockout eyes, and this difference was
most dramatic at 1 day after injury, a time point when
neutrophil distribution peaked in all animal groups (P <
0.0001). This difference disappeared by 4-days post laser
injury (Fig. 3D). Overall, the number of neutrophils in the
scavenger receptor knockout eyes remained more stable over
time compared with the wild-type eyes.

Macrophage Recruitment Is Impaired in Scavenger
Receptor Knockout Eyes Compared With the Wild
Type

Macrophages have been postulated to contribute to the CNV
and inflammation seen in AMD.17 We examined the distribu-
tion of macrophages across the groups before and after laser
treatment by cytometry. F4/80 positive macrophages increased
(from 3.3%–15%) in wild-type eyes, while remaining constant
in knockout eyes post laser injury, compared with prelaser
numbers (Fig. 4A). Confocal microscopy was performed to
validate these findings. Figure 4B shows a wild-type whole
mount 3-days post laser injury demonstrating that the majority
of macrophages are concentrated within and around lesions
that fit a 5 3 5 tile scan area, as represented by the stippled
white borders. A representation of macrophage distribution
around individual laser lesions in a 5 3 5 tile scan area is shown
in Figure 4C at 1- and 3-days post laser injury. The inserts show
higher magnification of macrophages labeled with F4/80 (red)
and DAPI (blue), which correspond to the lesion areas with
white stippled borders. Macrophage recruitment increased
after laser injury across the groups in comparison to before
laser injury. Before laser, macrophages were absent as
determined by F4/80 staining in the eyes of all groups.
Consistent with the flow cytometry findings, SR-A�/�,
MARCO�/�, and DKO had statistically significantly lower
numbers of macrophages at 1-, 3-, and 4-days post laser injury,
compared with the wild-type eyes (P < 0.0001). Macrophage
recruitment peaked around lesions in all animal groups at 3-
days post laser and then declined afterwards, until day 7 (Fig.
4D).

CNV Volumes in the Scavenger Receptor Knockout
Eyes are Significantly Reduced Compared With
Wild-Type Eyes

We examined the laser-induced CNV complexes through 3D
reconstructions of lesions with Volocity in the wild-type, SR-
A�/�, MARCO�/�, and DKO eyes 14-days post laser injury. A
representative lesion from each animal group is shown in
Figure 5A. As shown in Figure 5B, knockout eyes had
statistically significantly smaller lesion volumes compared with
wild-type eyes, 14 days after laser injury (P < 0.0001).

Representation of laser lesions in a 5 3 5 tile scan area with macrophage distribution labeled with F4/80 (red) 1- and 3-days post laser injury shows
that knockout eyes have reduced macrophage recruitment compared with wild-type eyes. Maximal intensity projections were used to depict 3D
reconstructions of lesions. The inserts show higher magnification of macrophages labeled with F4/80 (red) and DAPI (blue), which corresponds to
the lesion areas with white stippled borders. (D) Knockout eyes have reduced macrophage recruitment compared with wild-type eyes, most
dramatically at 3 days after laser injury when observed by confocal microscopy (P < 0.0001). The difference between wild-type and scavenger
receptor knockout eyes’ macrophage distribution decreases over time (n ¼ 12 eyes/group). One-way ANOVA and Tukey’s multiple comparisons
tests were performed to test for significance between animal groups at selected time points. Error bars, SEM.
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FIGURE 5. Choroidal neovascularization volumes are reduced in knockout eyes after laser injury. (A) Typical examples of CNV lesions labeled with
Isolectin IB4 (red) are shown for wild-type, SR-A�/�, MARCO�/�, and DKO eyes through the 3D opacity feature with Volocity. (B) Scavenger receptor
knockout eyes have significantly smaller lesion volumes compared with wild-type eyes 14 days after laser injury (P < 0.0001, n¼ 12 eyes/group).
One-way ANOVA and Tukey’s multiple comparison tests were performed to test for significance between selected animal groups. Error bars, SEM.
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DISCUSSION

Our study demonstrated that class A scavenger receptor
deficient eyes after laser injury exhibited defective chemokine
and receptor expression compared with wild-type eyes (Fig.
2), which may account for the reduced recruitment of
neutrophils and macrophages in knockout eyes (Figs. 3, 4).
The roles SR-A and MARCO play in inflammation are complex
and may involve multiple processes, including cell trafficking,
chemokine secretion by both resident and infiltrated macro-
phages, cytoskeletal rearrangement, and damaged tissue
remodeling.18 Consistent with our findings, Kuchibhotla et
al. showed that CD36 and SR-A knockout mice displayed a
decreased pro-inflammatory cytokine and chemokine expres-
sion profile, and reduced migration in experimental athero-
sclerosis.19 Along this line, a number of other studies also
demonstrated that the absence of SR-A was protective in
murine atherosclerosis models.20–23 Our current finding that
scavenger receptors are pro-inflammatory in an ocular
inflammation model is consistent with most previous reports;
although, there are other studies that suggest an anti-
inflammatory and antiatherogenic role for scavenger recep-
tors.24–26

We demonstrated reduced neutrophil recruitment to the
lesion areas in knockout eyes. Inhibiting SR-A leads to reduced
interaction between macrophages and other immune cells
including B cells and T cells suggesting that a scavenger
receptor deficiency in macrophages may influence their local
immune environment.27 Macrophages and neutrophils collab-
orate with each other in response to acute injury28; for
instance, neutrophils produce oxidized phospholipids and can
assist with the recognition and recruitment of macrophages
through scavenger receptors.29 In atherosclerosis, recruited
macrophages bearing scavenger receptors recognize and bind
LDL from apoptotic cell populations including neutrophils,
leading to the formation of foam cells.29,30 Cotena et al.
reported that neutrophil recruitment was enhanced in sterile
peritonitis and prolongs the inflammatory response in SR-A
deficient mice.31 Other studies have reported that neutrophil
recruitment was not affected in SR-A�/� mice.32,33 Therefore,
the differences found in the inflammatory response with
scavenger receptor deficiency may depend on the local
inflammatory milieu and the type of inflammatory stimulus
or injury.

We observed decreased laser induced CNV formation (Fig.
5) in scavenger receptor deficient animals. Our data suggest
that the absence of scavenger receptors is protective in
response to acute injury, possibly due to a reduced pro-
inflammatory intraocular environment in knockout eyes.
Studies investigating the role of immune cells in CNV are
contradictory. The presence of inflammatory cells correlates
with larger CNV lesions in AMD.6,34,35 Zhou et al. also
demonstrated that in animals, neutrophil depletion is associ-
ated with decreased CNV and reduced VEGF expression.16

Furthermore, neutrophil depleted Ccr2 knockout mice after
Gr-1 Ab treatment have a significantly decreased CNV
compared with wild-type mice.36 Some reports show that
macrophages provide a protective role by enhancing wound
healing and controlling vessel growth during development.37,38

Furthermore, Apte et al. showed that Il10�/� mice have
decreased CNV volume with increased macrophage infiltration
compared with wild-type animals. This suggests that macro-
phage influx could play a protective role and inhibit CNV.39

Alternatively, other findings reported that macrophages can
promote CNV development. Xie et al. reported that suppres-
sion of macrophage infiltration through Ccr-2 inhibited CNV
formation, demonstrating that macrophages contribute to CNV
development.40 Macrophage depletion was also found to

decrease the severity of CNV by 50% in a mouse model of
CNV.41

We attribute the pro-angiogenic effect of class A scavenger
receptors to their pro-inflammatory role during inflammation.
Similar to class A type receptors, CD36, a class B scavenger
receptor, can also recognize and internalize oxidized forms of
LDL, triggering pro-inflammatory reactions. However, CD36
functions as a negative regulator during angiogenesis. Apart
from its pro-inflammatory function, CD36 is also known as a
critical receptor for thrombospondin-1 (TSP-1). The CD36/
TSP-1 signal was thought to be essential for the inhibition of
neovascularization. Febbraio et al. suggested TSP-1 can recruit
nonreceptor protein tyrosine kinase fyn to CD36 membrane
complex with activation of the mitogen-activated protein
kinase (MAPKs) p38 and c-Jun N-terminal kinase (JNK), and
caspase-3 to generate antiangiogenic signals that lead to
apoptosis.20 Downstream induction of proapoptotic effector
cell expression includes Fas ligand and TNF-a.42 In the eye,
CD36 was reported to play a major role in the inhibition and
regression of CNV.43 Our observation is the first to show that
class A scavenger receptors are pro-angiogenic and establish
their role in an ocular CNV model. The potential signal
pathways involved in this process are unclear and warrant
further investigation.

We observed that wild-type eyes had higher global chemo-
kine/receptor expression compared with knockout eyes. From
the chemokine/receptor genes upregulated in wild-type eyes,
Cxcl14, Ccl12, Ccl6, Cxcl3, Ccl8, Ccl2, Ccr1, Cxcl12, Ccl7,
Ccl5, Cxcl5, and Cxcl9 have been shown to be involved in
monocyte/macrophage recruitment.44–59 Cxcl3, Ccr1, Cxcl2,
Cxcl12, Ccl7, Ccl5, Cxcl5, and Cxcl9 have been reported to be
chemotactic for neutrophils.59–67 Furthermore, Ccl12, Ccl2,
Cxcl3, Ccr1, Cxcl12, Cxcl2, Ccl7, Ccl5, and Cxcl5 have been
shown to play a role in angiogenesis.50,51,68–78 Therefore,
chemokines/receptors upregulated in wild-type eyes may
contribute to monocyte/macrophage and neutrophil recruit-
ment and angiogenesis found in CNV lesions.

Recent genetic studies have highlighted the role of the
complement system in the pathogenesis of AMD. Single
nucleotide variants of complement factor H (CFH), comple-
ment component 3 (C3), complement factor B (BF), and
complement component 2 (C2) are reported to be associated
with AMD.79–83 Individuals with the risk allele ‘‘C’’ in a coding
variant Y402H (rs1061170, T > C) of CFH exhibited an
increased risk of AMD with odds ratios ranging from 2.4 to 4.6
for a single copy and 3.3 to 7.4 for two copies of the variant
allele.3,5,84 Additionally, the evidence of histopathology and
systemic complement activation also demonstrated the in-
volvement of the complement system in AMD.85–89 There are
very few publications discussing the relationship between
scavenger receptors and complement components. Goh et al.
reported that SR-A modulates macrophage activation through
binding iC3b and suggested a novel property of SR-A
complement receptor interaction able to elicit cell signaling.90

Fujita also reported that lectin-like oxidized LDL receptor 1
(LOX-1), a functional scavenger receptor, bound C-reactive
protein (CRP), and was involved in CRP-induced complement
activation.91 Based on the above publications, it may be
reasonable to propose that the deficiencies of scavenger
receptors may lead to reduced complement activation, and
contribute to the attenuated inflammatory ocular environment
observed in knockout eyes. More studies are needed to reveal
how scavenger receptors interact with complement.

While our study aimed to provide insight into the role of
scavenger receptors in AMD pathogenesis, limitations do exist
with this acute injury model. The onset of inflammatory cell
recruitment that occurs in AMD patients is insidious and does
not occur abruptly after onset of macular disease. Mouse eyes
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do not have a macula, and the majority of the mouse RPE is
binucleated, whereas HRPE is overwhelmingly mononucleat-
ed, suggesting important differences in the physiologic
processes between human and mouse.92–94 Despite the
limitations, our study shows that class A scavenger receptors
are required for the recruitment of immune cells and play a
role in CNV development and progression. Scavenger receptor
subtypes, SR-A and MARCO, may have a redundant function in
this regard and this may be why we do not observe any
statistically significant differences between the SR-A�/�,
MARCO�/�, and DKO groups. However, microarray results
(Fig. 2) demonstrated that chemokine gene expression profile
was not identical in SR-A�/� and MARCO�/� eyes suggesting
different pro-inflammatory mechanisms may be involved.

In conclusion, our present study shows that the deficiency
of scavenger receptors impairs immune cell recruitment,
which correlates with decreased CNV volume. Our results
suggest that class A scavenger receptors may contribute to
CNV formation and inflammation seen in AMD and this line of
investigation may help us understand AMD pathogenesis.
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