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Choroidal neovascularization 
is inhibited via an intraocular 
decrease of inflammatory cells 
in mice lacking complement 
component C3
Xue Tan1, Katsuhito Fujiu2,3,4, Ichiro Manabe2, Junko Nishida1, Reiko Yamagishi1, 
Ryozo Nagai3 & Yasuo Yanagi1,5,6,7

In early age-related macular degeneration (AMD), complement component C3 can be observed 
in drusen, which is the accumulation of material beneath the retinal pigment epithelium. The 
complement pathways, via the activation of C3, can upregulate the expression of cytokines and 
their receptors and the recruitment of inflammatory leukocytes, both of which play an important 
role in the development of choroidal neovascularization (CNV) in exudative AMD. Laser-induced CNV 
lesions were found to be significantly smaller in C3−/− mice than in wild-type mice. By using flow 
cytometry, we demonstrated that the proportions of intraocular granulocytes, CD11b+F4/80+Ly6Chi 
and CD11b+F4/80+Ly6Clo cells, were lower in C3−/− mice than in wild-type mice as early as day 1 
after laser injury, and the proportions of granulocytes and three macrophage/monocyte subsets were 
significantly lower on day 3. In contrast, C3−/− mice had more granulocytes and CD11b+F4/80+Ly6Chi 
cells in peripheral blood than wild-type mice after injury. Further, the expression levels of Vegfa164 
were upregulated in intraocular Ly6Chi macrophages/monocytes of C3−/− mice, but not as much as 
in wild-type mice. Collectively, our data demonstrate that despite a more pronounced induction 
of systemic inflammation, inhibition of complement factor C3 suppresses CNV by decreasing the 
recruitment of inflammatory cells to the lesion.

Age-related macular degeneration (AMD) is among the most common causes of blindness in developed 
countries1. Exudative AMD is characterized by the growth of abnormal blood vessels, called choroi-
dal neovascularization (CNV). Leakage from these vessels under or into the retina is the major cause 
of vision loss2, and these changes usually occur after lipofuscin has accumulated between the retinal 
pigment epithelium (RPE) and Bruch’s membrane3. Lipofuscin accumulation is observed in healthy as 
well as diseased eyes, but it has been demonstrated that abnormal lipofuscin accumulation is related to 
drusen formation4.

Previous studies have demonstrated that drusen are the product of local inflammation resulting from 
RPE disorders involving the immune system3,5, and the complement component C3 is contained in the 

1Department of Ophthalmology, The University of Tokyo, Tokyo, Japan. 2Department of Cardiovascular Medicine, 
Graduate School of Medicine and Faculty of Medicine, The University of Tokyo, Tokyo, Japan. 3Department of 
Ubiquitous Health Informatics, School of Medicine, The University of Tokyo, Tokyo, Japan. 4Precursory Research 
for Embryonic Science and Technology, Japan Science and Technology Agency, Tokyo, Japan. 5Jichi Medical 
University, Tochigi, Japan. 6Singapore Eye Research Institute, Singapore, Singapore. 7Medical Retina Department, 
Singapore National Eye Center, Singapore, Singapore. Correspondence and requests for materials should be 
addressed to Y.Y. (email: yanagi-tky@umin.ac.jp)

Received: 18 February 2015

Accepted: 28 September 2015

Published: 28 October 2015

OPEN

mailto:yanagi-tky@umin.ac.jp


www.nature.com/scientificreports/

2Scientific RepoRts | 5:15702 | DOi: 10.1038/srep15702

drusen of patients with AMD6. The alternative pathway is activated by spontaneous hydrolysis of C3. 
The anaphylatoxins produced by C3 hydrolysis, such as C3a and C3b, and their downstream factors, 
including C5a, are important chemoattractants that can trigger the recruitment of neutrophils and mac-
rophages7,8. In a mouse CNV model, both C3a and C5a have been suggested to contribute to angiogene-
sis and upregulate the expression of vascular endothelial growth factor (VEGF)9. The alternative pathway 
via C3b anaphylatoxin can also lead to the formation of the membrane attack complex (MAC) C5b-98. 
It has been demonstrated that inhibition of MAC formation results in the inhibition of CNV in mice10.

The involvement of inflammatory cells, including macrophages, in the pathogenesis of exudative AMD 
has been reported in histologic studies of CNV11,12. In experimental models, macrophages and granulo-
cytes have also been found to infiltrate laser-induced CNV lesions13,14. Many studies have suggested that 
macrophage depletion correlates with reduced CNV responses14,15, although others have demonstrated 
that an intraocular injection of macrophages reduces CNV size16,17. These contradictory findings suggest 
that the effect of macrophages on CNV is complex and may depend on the age of the mice used and the 
age and subtypes of macrophages.

The bone marrow and peripheral blood are the primary sources from which monocytes are mobi-
lized to enter into tissue sites after injury18. There are three subsets of macrophages (Ly6Chi, Ly6Cint, and 
Ly6Clo) that are derived from circulating inflammatory monocytes in mouse models of chronic disease19. 
Ly6Chi macrophages/monocytes, which are similar to M1 macrophages, migrate to injured tissues and 
produce pro-inflammatory cytokines and chemokines in a mouse model of arteriosclerosis, chronic heart 
failure, and chronic kidney failure20–22. In contrast, Ly6Clo macrophages/monocytes that differentiate into 
the M2 macrophage subtype promote wound healing in myocardium, inflamed skeletal muscle, and brain 
tissues23–25. Ly6Chi monocytes have been demonstrated to leave the bone marrow and enter the circulat-
ing blood via CC-chemokine receptor 2-mediated migration26. In the steady state, Ly6Chi macrophages/
monocytes differentiate into Ly6Clo macrophages/monocytes in the circulation27. Ly6Clo macrophages/
monocytes are recruited into tissue via the chemokine receptor CX3CR128 and are considered to become 
tissue-resident macrophages; however, recent studies suggest tissue-resident macrophages originate from 
the yolk sac or fetal liver progenitors and self-renew in situ29–31. Ly6Cint macrophages/monocytes are 
thought to be a phenotype that the Ly6Chi subtype adopts (under steady-state conditions) before they 
form the Ly6Clo subtype32. Moreover, their functions depend on the context in which they are found32,33.

To test directly the involvement of C3 in the recruitment of inflammatory cells in the development of 
CNV, we generated laser-induced CNV in wild-type and C3-deficient (C3−/−) mice. First, we compared 
lesion size between wild-type and C3−/− mice. Second, we used flow cytometry to evaluate the time 
course of changes in the proportions of granulocytes and macrophage subsets in the posterior segment of 
the eye and the peripheral blood in both types of mice after laser photocoagulation. Lastly, we examined 
the expression of Vegfa164 and Vegfr1 in intraocular Ly6Chi macrophages/monocytes with or without 
laser treatment.

Results
We used C3−/− mice and their wild-type littermates to investigate the role of C3 in CNV. C3−/− mice and 
wild-type mice were all Rd1 and Rd8 negative and had similar retinal morphology in the absence of laser 
treatment. At the age of 6 months, no drusen, retinal lesions, or immune cell infiltration were detected 
in mice of either genotype (data not shown).

Male mice 7 to 8 weeks of age were used for the laser-induced CNV mouse model. At 7 days after laser 
injury, C3−/− mice had lesions that were 35% smaller than those in wild-type mice (P <  0.05; Fig. 1A–C).

In wild-type mice, the proportion of granulocytes recruited into the posterior segment of the eye 
among the total number of cells increased greatly from day 1 after laser injury and peaked on day 3. In 
contrast, the increase in the proportion of granulocytes in C3−/− mice was moderate; it peaked at 1 day 
after laser injury and decreased thereafter, and was significantly lower on days 1 (43.8 ±  11.0%) and 3 
(16.5 ±  3.9%) than in wild-type mice (Fig. 2A,B).

The three subsets of intraocular macrophages/monocytes (Ly6Chi, Ly6Cint, and Ly6Clo) peaked at 3 
days after laser injury in wild-type mice. Compared with wild-type mice, the increase in Ly6Chi and 
Ly6Clo macrophages/monocytes was suppressed from day 1 after injury in C3−/− mice (to 52.0 ±  14.9% 
and 20.5 ±  11.5% of wild-type values, respectively), and the three macrophage/monocyte subsets were 
significantly lower on day 3 after injury relative to those in wild-type mice (8.0 ±  1.3%, 23.1 ±  4.1%, and 
25.5 ±  0.7% of wild-type values, for Ly6Chi, Ly6Cint, and Ly6Clo, respectively; P <  0.05 for all compari-
sons) (Fig. 3A,B).

Considering that circulating inflammatory cells migrate into the lesion, we next asked whether there 
were any changes in the inflammatory cells circulating in peripheral blood. There was no significant 
difference in the number of granulocytes and macrophages/monocytes between wild-type and C3−/− 
mice without treatment (Figs  4B and 5B). Although granulocytes and Ly6Chi macrophages/monocytes 
circulating in peripheral blood in wild-type mice subsequently increased until day 7 after laser treatment, 
significantly higher percentages of granulocytes were observed in C3−/− mice than in wild-type mice 
at days 1 (7.3 ±  2.0-fold compared with wild-type values), 3 (3.2 ±  0.6-fold compared with wild-type 
values), and 7 after laser injury (2.4 ±  0.2-fold compared with wild-type values; P <  0.05 for all compar-
isons) (Fig. 4B). With regard to Ly6Chi macrophages/monocytes, C3−/− mice also had more Ly6Chi cells 
in the peripheral blood than wild-type mice at days 1 (8.9 ±  0.3-fold compared with wild-type values), 
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3 (4.9 ±  0.7-fold compared with wild-type values), and 7 after laser injury (3.6 ±  0.1-fold compared with 
wild-type values; P <  0.05 for all comparisons) (Fig. 5B). There was no significant difference in the pro-
portions of Ly6Clo and Ly6Cint macrophages/monocytes in the blood between the two groups during 
CNV formation (Fig.  5). Moreover, there was no significant change in the percentages of splenic and 
myeloid inflammatory cells between both groups (data not shown).

This seemingly discrepant increase in inflammatory cells in the blood and decrease in cells infiltrat-
ing the eye led us to investigate Vegf and one of its receptors, Vegfr1, which is expressed on monocytes 
and functions as a chemoattractant receptor. To investigate Vegf and Vegfr1 expression in intraocular 
inflammatory cells in both groups before and after laser injury, we performed real-time quantitative 
reverse transcriptase-polymerase chain reaction (RT-PCR). Vegfa164 expression was barely detected in 
intraocular Ly6Chi or Ly6Clo macrophages/monocytes in both groups without laser treatment. In con-
trast, Vegfa164 expression levels were upregulated in intraocular Ly6Chi cells after laser injury; however, 
the upregulated expression in C3−/− mice (4.5 ±  1.7-fold compared with the Ly6Clo values of wild-type 
mice) was significantly lower than in wild-type mice (11.6 ±  2.7-fold compared with the Ly6Clo values 
of wild-type mice) (Fig.  6A). There was no significant difference in the expression levels of Vegfr1 in 
intraocular Ly6Chi cells between both groups before or after laser injury. Vegfr1 expression was not 
detected in intraocular Ly6Clo cells of both groups with or without laser treatment (Fig. 6B).

Discussion
Prior studies have demonstrated that the activation of complement component C3 in drusen can induce 
chronic inflammation in the RPE and play an important role in angiogenesis in AMD3,5,6. Recent studies 
have also described the importance of C3 and the C3a receptor in leukocyte recruitment to the choroid 
after laser treatment in a laser-induced CNV model9,34. In contrast, another group reported that C3–/– 
mice have increased neovascularization35. In this study, we investigated the effects of C3 on CNV lesion 
size and the involvement of C3 deficiency in inflammatory cell recruitment, such as granulocytes and 
macrophage/monocyte subsets, during the formation of CNV.

The result that CNV lesion size was significantly decreased in C3−/− mice was consistent with a pre-
vious report34, and several groups have reported that maximal neutrophil infiltration into the choroid 

Figure 1. Lesion size after laser photocoagulation. At 7 days after laser injury, the mice were perfused 
transcardially with PBS and then with FITC-conjugated concanavalin A (20 μ g/mL in PBS) to label the 
choroidal neovascularization (CNVs). The eyes were removed and retinal pigment epithelium (RPE)-choroid 
flatmounts were prepared. Measurements of CNV lesion area were carried out using ImageJ. The outline 
of the CNV was drawn around the contour of the lesion and then the total lesion area was measured. The 
average area obtained from 4 lesions in each eye was used for analysis. (A) Lesion size was significantly 
smaller in C3−/− mice than in wild-type (WT) mice. (B) The CNV in a representative WT mouse (white 
arrows). (C) The CNV lesion in a representative C3−/− mouse is smaller than that in the WT mouse shown 
in B. Scale bars, 100 μ m. *P <  0.05 compared with WT mice. n =  6 for each group.
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occurs 1 day after laser injury9,36. However, others have reported that neutrophil infiltration is maximal 
at 3 days after laser injury in wild-type mice13. All studies concur that macrophage infiltration peaks 
on day 3 after laser injury9,36,37. In our study, granulocytes and all three macrophage subsets showed 
maximal infiltration into the posterior segment of the eyes of wild-type mice 3 days after laser treat-
ment. However, in C3−/− mice, the proportions of intraocular granulocytes and Ly6Chi macrophages 
were maximal at 1 day after laser injury, whereas Ly6Cint macrophages were maximal at 3 days and the 
proportion of Ly6Clo macrophages increased until at least 7 days. In sharp contrast to the larger propor-
tion of inflammatory cells in the peripheral blood of C3−/− mice, immune cell infiltration of the eyes was 
markedly suppressed by C3 deficiency. It is likely that tissue migration and the recruitment of immune 
cells were inhibited because of the lack of C3a and C5a anaphylatoxins. It is also plausible that when the 
number of inflammatory cells infiltrating the eyes is increased, a feedback loop may occur and reduce 
the number of inflammatory cells in the peripheral blood38. Our results also suggest that this feedback 
mechanism might be abrogated in C3−/− mice, probably due to the deletion of C3 and subsequent loss 
of anaphylatoxin production.

Complement C3 is produced in the RPE/choroid and upregulated in the CNV mouse model34,39. 
C3a and C5a anaphylatoxins have been shown to regulate tissue infiltration of macrophages and mono-
cytes, and control VEGF production and secretion from RPE cells. RPE cells also contribute to the 
VEGF-VEGFR1 axis. It is likely that macrophage/monocyte recruitment into the eye and the upregula-
tion of VEGF expression are suppressed in C3−/− mice because of the absence of C3a and C5a. Moreover, 
the inhibition of laser-induced CNV in C3−/− mice is likely to be due to the reduction of VEGF expres-
sion in the eye. However, further studies are still required to identify the role of C3 in the production 
of VEGF by RPE cells and to clarify whether locally or systematically produced C3 plays a pivotal role.

Blockade of the complement pathway is a new strategy for the treatment of AMD. Many new drugs 
are currently being studied in clinical trials. POT-4 (Potentia Pharmaceuticals, Louisville, KY) is a pep-
tide capable of binding to human complement factor C3 and preventing its activation, and a phase I clin-
ical trial of POT-4 for exudative AMD has been completed40. Our findings provide additional evidence 
that an ocular C3-targeting agent is likely to be effective in the treatment of exudative AMD.

Figure 2. Time course of changes in the proportion of granulocytes recruited into the posterior segment 
of the eye in response to laser photocoagulation. (A) Representative flow cytometry plots of granulocytes 
in the posterior segment of the eye from WT and C3−/− mice without laser treatment and at 1, 3, and 7 days 
after injury. The regions surrounded by ovals contain CD11b+Ly6G+ cells. (B) Ratios of CD11b+Ly6G+ cells 
(oval region in A) to total number of live cells. *P <  0.05 compared with WT mice. Six mice were used to 
give a single value; n =  3 in each experiment.
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In conclusion, our data show that inhibition of intraocular complement factor C3 might suppress 
CNV formation via reduction of macrophage/granulocyte infiltration and Vegfa164 expression. Thus, 
a C3 inhibitor might be useful in the treatment of AMD. Importantly, our results also support the 
pro-angiogenic nature of Ly6Chi macrophages/monocytes in CNV.

Methods
Ethics statement. All animal experiments were performed in accordance with the guidelines of the 
University of Tokyo and the Association for Research in Vision and Ophthalmology. All experimental 
protocols were approved by the department’s animal experimentation committee of the University of 
Tokyo.

Animals. Male wild-type C57BL/6J mice were purchased from Kiwa Laboratory (Wakayama, Japan). 
Male C3-deficient mice (C3−/−), backcrossed into a C57BL/6 background, were kindly provided by Dr. 
Naito (Osaka University Graduate School of Medicine). The mice were used at 7 to 8 weeks of age. 
Genotyping was performed as described previously and also to exclude the presence of Rd1 and Rd8 
mutations41–43. Anesthesia was achieved by intramuscular injection of 75 mg/kg ketamine HCL (Ketalar®; 
Sankyo, Tokyo, Japan) and 5 mg/kg xylazine (Celectal®; Bayer, Tokyo, Japan). Pupils were dilated with a 
solution of 0.5% tropicamide (Mydrin-M®; Santen, Osaka, Japan).

Laser-induced CNV. CNV lesions were induced by laser photocoagulation. Laser radiation was deliv-
ered between the major retinal vessels and at equal distances from the optic disc with a diode laser (DC-
3000®; NIDEK, Osaka, Japan) and a slit lamp delivery system (SL-7F; Topcon, Tokyo, Japan). Through 
a glass cover used as a contact lens, we delivered laser light (200 mW intensity, 170 μ m size, 0.02 s dura-
tion) to 4 spots per eye for the lesion size study and to 12 spots per eye for the flow cytometry studies. 
The rupture of Bruch’s membrane for each lesion was evidenced by bubble formation at the time of laser 
exposure44,45. Each experimental group consisted of 6 or 10 mice. For the analysis of CNV area, 6 mice 
per group were subjected to laser treatment and used for the analysis. For flow cytometric analysis, cells 
isolated from 6 mice were used for a single FACS analysis and cells from 10 mice were used for a single 

Figure 3. Lack of C3 affected the recruitment of macrophage/monocyte subsets to the posterior segment 
of the eye. (A) Representative flow cytometry plots of macrophages/monocytes in the posterior segment of 
the eye from WT and C3−/− mice without laser treatment and at 1, 3, and 7 days after injury. Hi, int, and 
lo correspond to CD11b+F4/80+Ly6Chi, CD11b+F4/80+Ly6Cint, and CD11b+F4/80+Ly6Clo cells, respectively. 
(B) Ratios of CD11b+F4/80+Ly6Chi (region hi in A), CD11b+F4/80+Ly6Cint (region int in A), and 
CD11b+F4/80+Ly6Clo (region lo in A) cells to total number of live cells. *P <  0.05 compared with the same 
subtype of WT mice. Six mice were used to give a single value; n =  3 in each experiment.
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RNA isolation protocol. The results from three independent experiments are shown. Thus, a total of 54 
wild-type mice and 54 C3−/− mice were used for the experiments.

RPE flatmounts. At 7 days after laser injury, the mice were perfused transcardially with 
phosphate-buffered saline (PBS) and then with FITC-conjugated concanavalin A (20 μ g/mL in PBS; 
Vector Laboratories, Burlingame, CA) to label the CNVs. The eyes were removed and the posterior 
segment of the eyeball was prepared as a flatmount. RPE flatmounts were observed using a fluorescence 
microscope (Keyence Corporation, Tokyo, Japan). Measurements of CNV lesion area were performed 
using ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; avail-
able at http://rsbweb.nih.gov/ij/index.html). The outline of the CNV was drawn around the perimeter of 
the lesion and then total lesion area was measured46. The average CNV area obtained from 4 lesions in 
each eye was used to give a single value for analysis.

Flow cytometry. To isolate cells from eyes, retinas and RPE/choroids were harvested from 12 eyes (6 
mice) of each group and combined in collagenase (1 mg/mL; Wako, Osaka, Japan) and dispase (1 mg/mL; 
Invitrogen, Waltham, MA, USA) in PBS. After 10 min incubation at 37 °C, the cells were passed through a 
40-μ m nylon mesh and then centrifuged at 700 ×  g for 5 min at 4 °C. The supernatant was discarded, and 
cells resuspended with PBS were kept on ice for flow cytometry. Peripheral blood was collected from the 
heart with 1000 U/mL heparin (Novo-Heparin®; Mochida, Tokyo, Japan). After the spleens and femurs 
were harvested, the cells were isolated from them as described previously47. After single cell suspensions 
were prepared as described previously48, the samples were subjected to flow cytometric analyses. All 
analyses were performed using a FACSAria III (BD Biosciences, San Jose, CA, USA) and FlowJo software 
(Tree Star, Ashland, OR, USA). Anti-F4/80-APC, anti-Ly6C-FITC, and anti-Ly6G-APC-Cy7 (all from 
BioLegend, San Diego, CA, USA) and anti-CD11b-PE (eBioscience, San Diego, CA, USA) were used 

Figure 4. Change in the percentage of granulocytes circulating in peripheral blood after laser injury. 
(A) Representative flow cytometry plots of CD11b+Ly6G+ cells (in ovals) in peripheral blood from WT and 
C3−/− mice. There was no significant difference in the number of granulocytes between WT and C3−/− mice 
without treatment. Although the proportion of granulocytes circulating in peripheral blood in WT mice 
increased until day 7 after laser treatment, significantly higher proportions of granulocytes were observed in 
C3−/− mice than in WT mice at 1, 3, and 7 days after laser injury. (B) Ratios of CD11b+Ly6G+ cells (oval 
region in A) to total number of live cells. *P <  0.05 compared with WT mice. Six mice were used to give a 
single value; n =  3 in each experiment.

http://rsbweb.nih.gov/ij/index.html
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for the flow cytometric analyses. Granulocytes and macrophage/monocyte subsets were identified as 
CD11bhiF4/80loLy6Ghi and CD11bhiF4/80hiLy6Chi/int/lo, respectively. Changes of inflammatory cells over 
time were evaluated without laser treatment and at days 1, 3, and 7 after laser injury. Ly6Chi and Ly6Clo 
cells were sorted from the retina and RPE/choroids of wild-type and C3−/− mice without laser treatment 
or at 3 days after injury by using the FACSAria III (BD Biosciences)48.

Real-time RT-PCR. RNA from macrophages sorted by fluorescence-activated cell sorting was 
extracted using an RNeasy Mini Kit (QIAGEN, Valencia, CA, USA), and RT was performed using 
SuperScript®  VILO™  Master Mix (Invitrogen) in accordance with the manufacturer’s protocol. Real-time 
RT-PCR was performed using Platinum SYBR Green qPCR SuperMix UDG (Invitrogen) in a Thermal 
Cycler Dice® Real Time System II (Takara, Shiga, Japan) in accordance with the manufacturer’s pro-
tocol. Vegfa164 and Vegfr1 expression levels in intraocular Ly6Chi and Ly6Clo cells of wild-type and 
C3−/− mice were evaluated. Values were normalized to the expression levels of Gapdh. The primer 
sequences for mouse Vegfa164 were forward, 5′ -GCCAGCACATAGGAGAGATGAGC-3′ ; and reverse, 
5′ -CAAGGCTCACAGTGATTTTCTGG-3′ . The primer sequences for mouse Vegfr1 were forward, 
5′ -GAGGAGGATGAGGGTGTCTATAGGT-3′ ; and reverse, 5′ -GTGATCAGCTCCAGGTTTGACTT-3′ .  
The primer sequences for mouse Gapdh were forward, 5′ -CACATTGGGGGTAGGAACAC-3′ ; and 
reverse, 5′ -AACTTTGGCATTGTGGAAGG-3′ .

Figure 5. Change in the percentage of macrophage/monocyte subsets circulating in peripheral blood 
after laser injury. (A) Representative flow cytometry plots of CD11b+F4/80+Ly6Chi, CD11b+F4/80+Ly6Cint, 
and CD11b+F4/80+Ly6Clo cells in peripheral blood from WT and C3−/− mice. A no-stain control was used 
to exclude cells with spontaneous fluorescence. There was no significant difference in the proportions of 
macrophages/monocytes between WT and C3−/− mice without treatment. Although CD11b+F4/80+Ly6Chi 
cells circulating in peripheral blood in WT mice increased until day 7 after laser treatment, significantly 
higher proportions of CD11b+F4/80+Ly6Chi cells were observed in C3−/− mice than in WT mice at 1, 3, and 
7 days after laser injury. There was no significant difference in the proportions of CD11b+F4/80+Ly6Clo and 
CD11b+F4/80+Ly6Cint cells in blood between both groups during CNV formation. Hi, int, and lo correspond 
to CD11b+F4/80+Ly6Chi, CD11b+F4/80+Ly6Cint, and CD11b+F4/80+Ly6Clo cells, respectively. (B) Ratios of 
CD11b+F4/80+Ly6Chi (region hi in A), CD11b+F4/80+Ly6Cint (region int in A), and CD11b+F4/80+Ly6Clo 
(region lo in A) cells to total number of live cells. *P <  0.05 compared with the same subtype of WT mice. 
Six mice were used to give a single value; n =  3 in each experiment.



www.nature.com/scientificreports/

8Scientific RepoRts | 5:15702 | DOi: 10.1038/srep15702

Statistical analysis. Unpaired t tests were performed to compare the differences between the groups. 
P values less than 0.05 were considered statistically significant.

References
1. Pascolini, D. et al. 2002 global update of available data on visual impairment: a compilation of population-based prevalence 

studies. Ophthalmic Epidemiol 11, 67–115 (2004).
2. de Jong, P. T. Age-related macular degeneration. N Engl J Med 355, 1474–1485, doi: 10.1056/NEJMra062326 (2006).
3. Hageman, G. S. et al. An integrated hypothesis that considers drusen as biomarkers of immune-mediated processes at the RPE-

Bruch’s membrane interface in aging and age-related macular degeneration. Prog Retin Eye Res 20, 705–732 (2001).
4. Eldred, G. E. Lipofuscin fluorophore inhibits lysosomal protein degradation and may cause early stages of macular degeneration. 

Gerontology 41 Suppl 2, 15–28 (1995).
5. Anderson, D. H., Mullins, R. F., Hageman, G. S. & Johnson, L. V. A role for local inflammation in the formation of drusen in 

the aging eye. Am J Ophthalmol 134, 411–431 (2002).
6. Johnson, L. V., Leitner, W. P., Staples, M. K. & Anderson, D. H. Complement activation and inflammatory processes in Drusen 

formation and age related macular degeneration. Experimental eye research 73, 887–896, doi: 10.1006/exer.2001.1094 (2001).
7. Walport, M. J. Complement. First of two parts. N Engl J Med 344, 1058–1066, doi: 10.1056/NEJM200104053441406 (2001).
8. Markiewski, M. M. & Lambris, J. D. The role of complement in inflammatory diseases from behind the scenes into the spotlight. 

Am J Pathol 171, 715–727, doi: 10.2353/ajpath.2007.070166 (2007).
9. Nozaki, M. et al. Drusen complement components C3a and C5a promote choroidal neovascularization. Proc Natl Acad Sci USA 

103, 2328–2333, doi: 10.1073/pnas.0408835103 (2006).
10. Arteaga Figueroa, L., Barbosa Navarro, L., Patino Vera, M. & Petricevich, V. L. Preliminary Studies of the Immunomodulator 

Effect of the Bougainvillea xbuttiana Extract in a Mouse Model. Evidence-based complementary and alternative medicine : eCAM 
2015, 479412, doi: 10.1155/2015/479412 (2015).

11. Penfold, P. L., Madigan, M. C., Gillies, M. C. & Provis, J. M. Immunological and aetiological aspects of macular degeneration. 
Prog Retin Eye Res 20, 385–414 (2001).

12. Grossniklaus, H. E. et al. Macrophage and retinal pigment epithelium expression of angiogenic cytokines in choroidal 
neovascularization. Mol Vis 8, 119–126 (2002).

13. Zhou, J. et al. Neutrophils promote experimental choroidal neovascularization. Mol Vis 11, 414–424 (2005).
14. Sakurai, E., Anand, A., Ambati, B. K., van Rooijen, N. & Ambati, J. Macrophage depletion inhibits experimental choroidal 

neovascularization. Invest Ophthalmol Vis Sci 44, 3578–3585 (2003).
15. Espinosa-Heidmann, D. G. et al. Macrophage depletion diminishes lesion size and severity in experimental choroidal 

neovascularization. Invest Ophthalmol Vis Sci 44, 3586–3592 (2003).
16. Apte, R. S., Richter, J., Herndon, J. & Ferguson, T. A. Macrophages inhibit neovascularization in a murine model of age-related 

macular degeneration. PLoS Med 3, e310, doi: 10.1371/journal.pmed.0030310 (2006).
17. Ambati, J. et al. An animal model of age-related macular degeneration in senescent Ccl-2- or Ccr-2-deficient mice. Nat Med 9, 

1390–1397, doi: 10.1038/nm950 (2003).
18. van Furth, R. & Cohn, Z. A. The origin and kinetics of mononuclear phagocytes. J Exp Med 128, 415–435 (1968).
19. Duffield, J. S. Macrophages and immunologic inflammation of the kidney. Semin Nephrol 30, 234–254, doi: 10.1016/j.

semnephrol.2010.03.003 (2010).
20. Mosser, D. M. & Edwards, J. P. Exploring the full spectrum of macrophage activation. Nat Rev Immunol 8, 958–969, doi: 10.1038/

nri2448 (2008).
21. Libby, P., Nahrendorf, M. & Swirski, F. K. Monocyte heterogeneity in cardiovascular disease. Semin Immunopathol 35, 553–562, 

doi: 10.1007/s00281-013-0387-3 (2013).

Figure 6. Fold changes in Vegfa164 and Vegfr1 expression levels before and after laser. Ly6Chi and Ly6Clo 
cells were sorted from the eyes of WT and C3−/− mice without or with laser treatment (3 days after laser 
injury) by using flow cytometry. Real-time RT-PCR was performed. Vegfa164 expression was not detected 
in intraocular Ly6Chi or Ly6Clo macrophages/monocytes in both groups without laser treatment. In contrast, 
Vegfa164 expression levels were upregulated in intraocular Ly6Chi cells of C3−/− mice after laser injury, but 
not as much as in those of WT mice. There was no significant difference in the expression levels of Vegfr1 in 
intraocular Ly6Chi cells between both groups before or after laser injury. Vegfr1 expression was not detected 
in intraocular Ly6Clo cells of both groups with or without laser treatment. *P <  0.05 compared with WT 
mice. Ten mice were used to give a single value; n =  3 in each experiment.



www.nature.com/scientificreports/

9Scientific RepoRts | 5:15702 | DOi: 10.1038/srep15702

22. Mantovani, A., Garlanda, C. & Locati, M. Macrophage diversity and polarization in atherosclerosis: a question of balance. 
Arterioscler Thromb Vasc Biol 29, 1419–1423, doi: 10.1161/ATVBAHA.108.180497 (2009).

23. Nahrendorf, M. et al. The healing myocardium sequentially mobilizes two monocyte subsets with divergent and complementary 
functions. J Exp Med 204, 3037–3047, doi: 10.1084/jem.20070885 (2007).

24. Arnold, L. et al. Inflammatory monocytes recruited after skeletal muscle injury switch into antiinflammatory macrophages to 
support myogenesis. J Exp Med 204, 1057–1069, doi: 10.1084/jem.20070075 (2007).

25. Saederup, N. et al. Selective chemokine receptor usage by central nervous system myeloid cells in CCR2-red fluorescent protein 
knock-in mice. PLoS One 5, e13693, doi: 10.1371/journal.pone.0013693 (2010).

26. Sunderkotter, C. et al. Subpopulations of mouse blood monocytes differ in maturation stage and inflammatory response. J 
Immunol 172, 4410–4417 (2004).

27. Hristov, M. & Weber, C. Differential role of monocyte subsets in atherosclerosis. Thrombosis and haemostasis 106, 757–762, doi: 
10.1160/TH11-07-0500 (2011).

28. Auffray, C. et al. Monitoring of blood vessels and tissues by a population of monocytes with patrolling behavior. Science 317, 
666–670, doi: 10.1126/science.1142883 (2007).

29. Schulz, C. et al. A lineage of myeloid cells independent of Myb and hematopoietic stem cells. Science 336, 86–90, doi: 10.1126/
science.1219179 (2012).

30. Yona, S. et al. Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis. Immunity 
38, 79–91, doi: 10.1016/j.immuni.2012.12.001 (2013).

31. Davies, L. C. et al. Distinct bone marrow-derived and tissue-resident macrophage lineages proliferate at key stages during 
inflammation. Nature communications 4, 1886, doi: 10.1038/ncomms2877 (2013).

32. Gordon, S. & Taylor, P. R. Monocyte and macrophage heterogeneity. Nat Rev Immunol 5, 953–964, doi: 10.1038/nri1733 (2005).
33. Yang, J., Zhang, L., Yu, C., Yang, X. F. & Wang, H. Monocyte and macrophage differentiation: circulation inflammatory monocyte 

as biomarker for inflammatory diseases. Biomark Res 2, 1, doi: 10.1186/2050-7771-2-1 (2014).
34. Bora, P. S. et al. Role of complement and complement membrane attack complex in laser-induced choroidal neovascularization. 

J Immunol 174, 491–497 (2005).
35. Poor, S. H. et al. Reliability of the mouse model of choroidal neovascularization induced by laser photocoagulation. Invest 

Ophthalmol Vis Sci 55, 6525–6534, doi: 10.1167/iovs.14-15067 (2014).
36. Jawad, S. et al. The role of macrophage class a scavenger receptors in a laser-induced murine choroidal neovascularization model. 

Invest Ophthalmol Vis Sci 54, 5959–5970, doi: 10.1167/iovs.12-11380 (2013).
37. Tsutsumi-Miyahara, C. et al. The relative contributions of each subset of ocular infiltrated cells in experimental choroidal 

neovascularisation. Br J Ophthalmol 88, 1217–1222, doi: 10.1136/bjo.2003.036392 (2004).
38. Frangogiannis, N. G. Regulation of the inflammatory response in cardiac repair. Circulation research 110, 159–173, doi: 10.1161/

CIRCRESAHA.111.243162 (2012).
39. Yuda, K. et al. Adrenomedullin inhibits choroidal neovascularization via CCL2 in the retinal pigment epithelium. Am J Pathol 

181, 1464–1472, doi: 10.1016/j.ajpath.2012.06.028 (2012).
40. Leung, E. & Landa, G. Update on current and future novel therapies for dry age-related macular degeneration. Expert Rev Clin 

Pharmacol 6, 565–579, doi: 10.1586/17512433.2013.829645 (2013).
41. Sekine, H. et al. Complement component C3 is not required for full expression of immune complex glomerulonephritis in MRL/

lpr mice. J Immunol 166, 6444–6451 (2001).
42. Gimenez, E. & Montoliu, L. A simple polymerase chain reaction assay for genotyping the retinal degeneration mutation 

(Pdeb(rd1)) in FVB/N-derived transgenic mice. Laboratory animals 35, 153–156 (2001).
43. Mattapallil, M. J. et al. The Rd8 mutation of the Crb1 gene is present in vendor lines of C57BL/6N mice and embryonic stem cells, 

and confounds ocular induced mutant phenotypes. Invest Ophthalmol Vis Sci 53, 2921–2927, doi: 10.1167/iovs.12-9662 (2012).
44. Takahashi, H. et al. Identification of a novel vascular endothelial growth factor receptor 2 inhibitor and its effect for choroidal 

neovascularization in vivo. Curr Eye Res 33, 1002–1010, doi: 10.1080/02713680802492440 (2008).
45. Sakurai, E. et al. Targeted disruption of the CD18 or ICAM-1 gene inhibits choroidal neovascularization. Invest Ophthalmol Vis 

Sci 44, 2743–2749 (2003).
46. Grunwald, J. E. et al. Photographic assessment of baseline fundus morphologic features in the Comparison of Age-Related 

Macular Degeneration Treatments Trials. Ophthalmology 119, 1634–1641, doi: 10.1016/j.ophtha.2012.02.013 (2012).
47. Swirski, F. K. et al. Identification of splenic reservoir monocytes and their deployment to inflammatory sites. Science 325, 

612–616, doi: 10.1126/science.1175202 (2009).
48. Fujiu, K., Manabe, I. & Nagai, R. Renal collecting duct epithelial cells regulate inflammation in tubulointerstitial damage in mice. 

J Clin Invest 121, 3425–3441, doi: 10.1172/JCI57582 (2011).

Acknowledgements
We are grateful to Dr. Atsuhiko T. Naito (Osaka University Graduate School of Medicine) for provid-
ing C3-deficient mice. We gratefully acknowledge H. Tomita and Y. Xiao for their excellent technical 
assistance.

Author Contributions
K.F. and Y.Y. conceived and designed the research. I.M. and R.N. participated in the research design. X.T., 
J.N. and R.Y. performed the experiments. X.T. analyzed data, wrote the manuscript, and prepared figures. 
K.F. and Y.Y. revised the manuscript. All authors read and approved the final manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Tan, X. et al. Choroidal neovascularization is inhibited via an intraocular 
decrease of inflammatory cells in mice lacking complement component C3. Sci. Rep. 5, 15702; doi: 
10.1038/srep15702 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Choroidal neovascularization is inhibited via an intraocular decrease of inflammatory cells in mice lacking complement component C3
	Introduction
	Results
	Discussion
	Methods
	Ethics statement
	Animals
	Laser-induced CNV
	RPE flatmounts
	Flow cytometry
	Real-time RT-PCR
	Statistical analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Choroidal neovascularization is inhibited via an intraocular decrease of inflammatory cells in mice lacking complement component C3
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15702
            
         
          
             
                Xue Tan
                Katsuhito Fujiu
                Ichiro Manabe
                Junko Nishida
                Reiko Yamagishi
                Ryozo Nagai
                Yasuo Yanagi
            
         
          doi:10.1038/srep15702
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep15702
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep15702
            
         
      
       
          
          
          
             
                doi:10.1038/srep15702
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15702
            
         
          
          
      
       
       
          True
      
   




