
Age-related macular degeneration (AMD), the leading 
cause of irreversible blindness in the United States [1], is 
thought to be a disease of chronic inflammation. Evidence 
from human retinas and animal models implicates activation 
of the complement system [2-5]. In humans, complement 
factor 3 (C3) and activated C3 were discovered in drusen, 
extracellular deposits representing the earliest clinical finding 
in AMD [6]. Additionally, polymorphisms within genes 
encoding complement proteins increase the risk of AMD 
[7-12]. Last, patients with AMD have elevated serum levels 
of primary and activated complement products [13].

Mouse models have been useful for studying the 
contributions of complement to the end-stage pathologies 
of AMD, which include degeneration of the photoreceptors 
and the RPE (dry AMD), and choroidal neovascularization 
(CNV; wet AMD). Mice lacking complement factor D, an 
initiator of the alternative pathway, are protected from 

photoreceptor degeneration following light damage [14]. 
Similarly, mice lacking either complement anaphylatoxin 
receptor C3aR or C5aR were found to have decreased CNV 
following laser-induced injury [15]. Interestingly, divergent 
functions of C3aR and C5aR in the mouse retina have been 
suggested. Mice with knockout (KO) of C3aR but not C5aR 
have progressive retinal cell loss and decreased function 
by electroretinography, before and following light damage, 
compared to wild-type (WT) mice [16].

Identifying mechanisms through which complement 
anaphylatoxins modulate inflammation in the retina may 
provide a rationale for targeted drug design. Chemotactic 
recruitment of monocytes is a well-established function of 
anaphylatoxins, which has been demonstrated in the mouse 
choroid [15] but not in the retina. The relationship between 
complement and microglia may be important as microglia 
serve as resident immunological sensors of the retina that 
can rapidly transform to reactive phagocytes following insults 
[17]. In humans and animals, phagocytic activity of microglia 
is thought to promote degeneration of retinal photoreceptors 
[18-20]. Here, we seek to elucidate the relationship between 
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Purpose: The complement system is involved in the pathogenesis of age-related macular degeneration (AMD). Because 
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light damage–induced migration of microglia/macrophages into the mouse outer retina via immunofluorescence and 
real-time quantitative PCR.
Results: We found that the mRNA levels of C3, C5, C3aR, C5aR, and two activators of the complement alternative 
pathway, Cfb and Cfd, were all upregulated after light exposure. Retinal Iba1-positive microglia/macrophages express 
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Iba1. Compared with the wild-type (WT) mice, these increases were attenuated in the C5aR KO mice but not in the 
C3aR KO mice.
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complement anaphylatoxins and microglia in the light damage 
model using C3aR and C5aR KO mice.

METHODS

Animals: Male C3aR (stock number: 005712) and C5aR (stock 
number: 006845) knockout mice on a BALB/cJ background 
(about 2 months old), as well as wild-type (WT) BALB/cJ 
mice (stock number: 000651), were purchased from Jackson 
Laboratory (Bar Harbor, ME). Procedures complied with 
the ARVO Statement for the Use of Animals in Ophthalmic 
and Vision Research and were approved by the Institutional 
Animal Care and Use Committee of the University of Penn-
sylvania. The eyes of the C3aR KO (2 months of age), C5aR 
KO (5 months of age), and age- and sex-matched WT mice 
were enucleated after the mice were euthanized at day 7 
following light damage for morphologic analysis. Euthanasia 
was carried out by first giving an IP injection of (in mg/
kg bodyweight): 80 ketamine (Par Pharmaceutical, Spring 
Valley, NY), 10 xylazine (LIoyd Inc., Shenandoah, IA), and 
2 acepromazine (Boehringer Ingelheim Vetmedica, Inc. St. 
Joseph, MO), followed by cervical dislocation. Eyes were 
enucleated for real-time quantitative PCR (qPCR) and immu-
nohistochemistry 2 days following light damage, a time point 
at which we previously found the number of retinal microglia/
macrophages peaked [21].

Light damage paradigm: Without any previous dark adap-
tation, the mice were exposed to 10 k lux of cool white 
light-emitting diode (LED) light in a well-ventilated room 
continuously for 4 h from 12:00 PM to 4:00 PM. LED arrays 
(4NFLS-x2160–24V-x, Superbrightled, St. Louis, Missouri) 
were placed outside the cage, above and on both sides, at a 
distance of 25 cm from the center of the cage. The maximum 
irradiance was in the blue band (about 380 to 485 nm), at 43 
Watt/m2. After the exposure to light, the mice were placed 
in the normal light-dark cycle before they were euthanized.

Real-time qPCR: RNA was isolated from neurosensory 
retina (NSR) samples (RNeasy Kit; Qiagen, Valencia, 
CA) according to the manufacturer’s protocol. cDNA was 
synthesized with reverse transcription reagents (TaqMan; 
Applied Biosystems, Darmstadt, Germany) according to the 
manufacturer’s protocol [21]. cDNA was synthesized with 
reverse transcription reagents (TaqMan; Applied Biosys-
tems, Darmstadt, Germany) according to the manufacturer’s 
protocol. Real-time qPCR was used to analyze the expres-
sion of genes in the NSR samples obtained from the eye of 
each mouse that was not used for immunostaining. Samples 
were obtained from the WT, C3aR KO, and C5aR KO mice 
without light damage (n = 4 for each genotype) and then were 
compared to the samples from those genotypes 2 days after 

light damage (n = 4 for each genotype). The probes used were 
ionized calcium binding adaptor 1 (Iba1, Mm00479862_g1), 
complement component 3 (C3, Mm01232779_m1), comple-
ment component 5 (C5, Mm00439275_m1), complement 
component 3a receptor 1 (C3aR, Mm02620006_s1), comple-
ment component 5a receptor 1(C5aR, Mm00500292_s1), 
complement factor b (Cfb, Mm00433909_m1), and comple-
ment factor d (Cfd, Mm01143935_g1). Eukaryotic 18S rRNA 
(Hs99999901_s1) was used as an endogenous control. Real-
time qPCR (TaqMan; ABI, Foster City, CA) was performed 
on a sequence detection system (Prism Model 7500; ABI) 
using the ΔΔCT method, which provides normalized expres-
sion values. All reactions were performed in technical tripli-
cates (three qPCR replicates per qPCR probe for each of the 
four mice). One eye was used to obtain the qPCR samples 
from each mouse.

Immunofluorescence on cryosections and image analysis: 
As previously described [21], the globes were immersion 
fixed in 4% paraformaldehyde (PFA), and the eyecups were 
generated by removing the anterior segment. The eyecups 
were infiltrated in 30% sucrose overnight and embedded 
in Tissue-Tek optimum cutting temperature (OCT; Sakura 
Finetek, Torrance, CA). Immunofluorescence was performed 
on 10-μm-thick sections from the superior retina about 
300  μm away from the optic nerve head. The primary 
antibodies against a microglia/macrophage marker, ionized 
calcium binding adaptor 1 (Iba1; Wako Chemicals USA, Inc., 
Richmond, VA) and translocator protein (TSPO; EPR5384, 
Abcam, Cambridge, MA), C5aR1 (ab117579, Abcam), and 
fluorescein isothiocyanate (FITC)–conjugated C3aR anti-
body (MA5–17475, Thermo Scientific, Waltham, MA) were 
used at 1:200 dilution. Primary antibody was detected using 
f luorophore-labeled secondary antibodies (711–165–152, 
Jackson ImmunoResearch Laboratories, Inc., West Grove, 
PA). Control sections were treated identically but without 
primary antibody. The sections were analyzed with fluores-
cence microscopy with identical exposure parameters (Model 
TE300 microscope; Nikon, Tokyo, Japan, with ImagePro 
software; Media Cybernetics, Silver Springs, MD).

Statistical analysis: Statistical analyses for the complement 
profile by real-time qPCR were performed in GraphPad 
Prism 6.0 (San Diego, CA) using the unpaired Student t test. 
Iba1-positive cell quantification and qPCR for Iba1 were 
performed with one-way ANOVA with a Tukey post hoc test 
comparing the mean of each group with the mean of every 
other group. Comparison of the outer nuclear layer (ONL) 
nuclei was performed with one-way ANOVA with post hoc 
pairwise comparisons using Bonferroni adjustment. A p 
value of less than 0.05 was considered statistically significant.
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RESULTS

Upregulation of complement genes after light damage: 
Several genes in the complement pathway were upregulated 
in the neural retina by light damage. At day 2 following light 
damage, a time point at which we previously found high 
levels of microglia/macrophage retinal infiltration [21], the 
mRNA levels of C3, C5, C3aR, and C5aR were all signifi-
cantly increased in the light-damaged retinas compared with 
the non-light-damaged retinas (Figure 1A–D). Additionally, 
two activators of the alternative complement pathway, which 
could produce anaphylatoxin, Cfb and Cfd, were significantly 
upregulated after light damage (Figure 1E,F).

Iba1-positive microglia/macrophages also are TSPO-
positive: To investigate the staining specificity of the Iba1 

antibody, we performed double immunolabeling with Iba1 
and TSPO antibodies. Figure 2 shows that the signals from 
Iba1 (red in Figure 2) and TSPO (another marker of activated 
murine microglia/macrophages [22], green in Figure 2) were 
colocalized (merged images in Figure 2). This result provides 
confirmation that Iba1-positive cells (white arrows in Figure 
2) were activated microglia/macrophages.

Iba1-positive microglia/macrophages express C3aR and 
C5aR: Triple immunolabeling for Iba1 (marker of microglia/
macrophages), C3aR, and C5aR (white arrows in Figure 3) 
showed that the Iba1-positive microglia/macrophages in the 
retina coexpress C3aR and C5aR (the first row in Figure 
3), mainly in the outer retina. In the no primary antibody 
controls, there was no labeling (the second row in Figure 3). 
Sections of the C3aR KO and C5aR KO retinas served as 

Figure 1. Relative mRNA levels 
measured with qPCR. There were 
significantly higher levels of C3, 
C5, C3aR, C5aR, Cfb, and Cfd 
mRNA in the retina at 2 days after 
light damage compared with the 
non-light-damaged control retinas. 
n = 4, *p<0.05, **p<0.01.
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negative controls for C3aR and C5aR labeling, respectively. 
In the merged images, colocalization of Iba1, C3aR, and 
C5aR demonstrate that activated Iba1-positive microglia/
macrophages express receptors for C3a and C5a.

Number, distribution, and morphology of Iba1-positive 
microglia/macrophages: The mouse retinas were divided into 
three zones to study microglia/macrophages. Zone 1 spans 
from the ganglion cell layer to the outer plexiform layer, 
zone 2 comprises the ONL, while zone 3 contains the photo-
receptor inner/outer segments (IS/OS) and the RPE layer 
(Figure 4A). In the non-light-damaged retinas, microglia/
macrophages were primarily localized to the inner retina, and 
only a few were observed in the ONL, IS/OS, or RPE [23,24].

The number, distribution, and morphology of microglia/
macrophages changed following light damage. The microglia 
in zone 1 displayed a branched morphology (green arrow-
heads in Figure 4A) but were amoeboid in zone 3 (white 
arrowheads in Figure 4A). The total number of microglia/
macrophages in the entire retina was increased by 3.5-fold 
at day 2 after light damage in the WT mice (Figure 4B) with 
an increased percentage of microglia/macrophages located 
in zones 2 and 3 in the WT light-damaged retinas compared 
with the non-light-damaged retinas. These results suggest that 
microglia migrated from the inner retina toward the outer 
retina, in agreement with previous reports [23-25]. However, 
in the C5aR KO light-damaged retinas, but not in the C3aR 
KO light-damaged retinas, the number of microglia/macro-
phages was significantly reduced in all three zones when 
compared to WT light-damaged retinas (Figure 4B).

The mRNA levels of Iba1 in retinas at day 2 after light 
damage: Before the light damage, there were no differences 
in the mRNA levels of the microglia/macrophage marker Iba1 
among the WT, C3aR KO, and C5aR KO mice (the non-light-
damaged group in Figure 4C). Light damage induced a statis-
tically significant increase in the mRNA level of Iba1 in all 
genotypes. However, the mRNA levels of Iba1 were signifi-
cantly lower in the C5aR KO light-damaged group compared 
with the WT light-damaged group (p = 0.016) and to the 
C3aR KO light-damaged group (p = 0.042; light-damaged 
group in Figure 4C). There was no difference between the 
WT light-damaged group and the C3aR KO light-damaged 
group (p = 0.65).

Quantification of the ONL nuclei at day 7 after light damage: 
Because there were fewer activated microglia/macrophages 
in the C5aR KO retina after light damage, we tested whether 
this would protect against light damage. At day 7 following 
light damage, morphologic analysis was performed, and the 
numbers of ONL nuclei were quantified in sagittal sections 
through the optic nerve head. We observed thinning of the 
ONL and loss of photoreceptor IS/OS in the WT, C3aR KO, 
and C5aR KO retinas. Counting of the ONL nuclei revealed 
no statistically significant difference between the WT and 
C3aR KO retinas (Figure 5A) or between the WT and C5aR 
KO retinas (Figure 5B).

Figure 2. Double immunolabeling 
for Iba1 and TSPO. Fluorescence 
photomicrographs show Iba1 (red) 
and TSPO (green) in the retinas at 
day 2 after light damage. Retinal 
sections from wild-type (WT) mice 
labeled with secondary antibody 
served as a negative control (upper 
row). The merged images show 
colocalization of Iba1 and TSPO 
(white arrows). GCL = ganglion cell 
layer, INL = inner nuclear layer, 
ONL = outer nuclear layer, RPE = 
retinal pigment epithelium. Scale 
bar equals 50 μm.
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DISCUSSION

In this study, we compared the microglia/macrophage 
response in the retina following light damage in WT mice 
versus mice lacking one of two complement anaphylatoxin 
receptors, C3aR or C5aR. Consistent with previous studies, 
we found that following retinal insult, highly branched 
microglia, normally located predominantly in the inner 
retina, migrate to all layers of the retina, and transform into 
an amoeboid morphology in the outer retina [23-26]. Before 
the light exposure, there was no difference in the resident 
Iba1-positive microglia/macrophages in the retinas among the 
WT, C3aR KO, and C5aR KO mice. In contrast, the microg-
lial/macrophage response was impaired in the light-damaged 
mice that lacked C5aR but not C3aR, suggesting that C5aR 
is important for the recruitment of microglia/macrophages 
2 days following light insult, a time of high-level microglial 

infiltration in this light damage model. It has been shown 
that although C3a and C5a are chemoattractants, C5a causes 
robust and prolonged activation of various signaling pathways 
in many cell types, while the response with C3a is generally 
transient and weak [27]. The present data are consistent with 
this concept.

As previously reported, the complement system was 
activated by light exposure [21,28]. The qPCR data also 
showed upregulation of the mRNA levels of genes involved 
in the complement cascade, including C3, C5, C3aR, C5aR, 
Cfb, and Cfd. Cfb activates the alternative pathway by 
generating C3 convertase after cleavage (of a proenzyme) by 
Cfd. After C3 is cleaved by C3 convertase, C5 convertase 
forms and generates the anaphylatoxin C5a. Although we 
were unable to measure C5a directly with enzyme-linked 
immunosorbent assay (ELISA) due to low levels of C5 in the 

Figure 3. Triple immunolabeling 
for Iba1, C3aR, and C5aR. Fluo-
rescence photomicrographs show 
Iba1 (red), C3aR (green), and C5aR 
(dark gray) in the retinas at day 2 
after light damage. Retinal sections 
from the C3aR knockout (KO) mice 
and the C5aR KO mice were used 
as controls for antibody specificity. 
Staining of the wild-type (WT) 
retinal sections with (first row) 
and without (second row) primary 
antibody are shown. The merged 
images show colocalization of 
Iba1, C3aR, and C5aR (white 
arrows). GCL = ganglion cell layer, 
INL = inner nuclear layer, ONL = 
outer nuclear layer, RPE = retinal 
pigment epithelium. Scale bar 
equals 50 μm.
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neural retina, the mRNA levels of Cfb, Cfd, C3, and C5 in 
the retina were significantly increased following light damage 
suggesting that more C5a would be generated. As immuno-
labeling showed C5aR on Iba1 microglia/macrophages, and 
C5aR KO light-damaged mice have fewer retinal microglia/
macrophages, we posit that direct action of C5a is necessary 
for the recruitment of these cells. Confirming our observa-
tions of C5aR-dependent microglia/macrophage expansion, 
the increase in the mRNA levels of Iba1 in the retina was 
attenuated in the light-damaged mice that lacked C5aR but 
not C3aR. Diminished microglia/macrophage recruitment in 
the C5aR KO mice did not result in a change in the extent of 
the ONL loss induced by light damage. This may reflect the 
moderate reduction in microglial recruitment or indicate that 
microglial recruitment is a consequence but not a cause of the 
loss of photoreceptors in this model.

A recently published study showed that C3aR/C5aR 
double KO mice developed less severe uveitis than the control 
mice [29], supporting the roles of these receptors in retinal 
inflammation. Previous work by Yu et al. demonstrated that 
mice lacking C3aR but not C5aR had progressive retinal cell 
loss, retinal dysfunction, and increased dysfunction following 
light damage [16]. Those findings suggest that C3aR but not 
C5aR is necessary for retinal protection. Accordingly, we also 
discovered divergent functions of these anaphylatoxin recep-
tors by demonstrating that C5aR but not C3aR is required for 
migration and activation of microglia/macrophages following 
light damage. Taken together, these studies suggest that at 
least in the retinal light damage model, C5aR is proinflam-
matory whereas C3aR can be protective. However, this 
distinction in immune function between C3aR and C5aR 
function may not be generalizable outside the retina as both 

Figure 4. Fluorescence photomi-
crographs and quantification of 
Iba1-labeled retinal microglia/
macrophages following light 
damage. A: Longitudinal branched 
(green arrowheads) and amoe-
boid-shaped (white arrowheads) 
microglia/macrophages are shown 
in different zones of the wild-type 
(WT) retina. B: Counting of Iba1-
positive microglia/macrophages 
revealed increased numbers in the 
light-damaged retinas compared 
with the non-light-damaged retinas. 
There were significantly fewer 
Iba1-positive microglia/macro-
phages in all zones of the C5aR 
knockout (KO) retinas compared to 
the WT and C3aR KO retinas. n = 4, 
*p<0.05. GCL = ganglion cell layer, 
INL = inner nuclear layer, ONL = 
outer nuclear layer, RPE = retinal 
pigment epithelium. C: Relative 
mRNA levels of Iba1 measured 
with real-time quantitative PCR 
(qPCR). No statistically signifi-
cant differences were observed in 
the mRNA levels of Iba1 among 
the non-light-damaged retinas 
of the WT, C3aR KO, and C5aR 
KO mice. There were statistically 

significantly lower mRNA levels of Iba1 in the C5aR KO retinas compared with the WT and C3aR KO retinas after light damage. n = 4, 
*p<0.05.
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anaphylatoxins were found to contribute to CNV and macro-
phage recruitment in choroid tissue [15].

Iba1 is a common marker to microglia and macro-
phages, and therefore, our observations cannot distinguish 
between these cell types. In a study of laser-induced injury 
in mice, basal levels of microglia were found in a 2:1 ratio 
with macrophages, but both populations expanded to almost 
equal levels at 2 days after laser injury [30]. Small lesion 
studies performed in other areas of the mouse central nervous 
system suggest that acute microglial expansion is derived 
mostly from native cells, with only a minority infiltrating 
from the circulation [31]. Likewise, in a study of microglia 
following optic nerve injury in mice, most proliferating cells 
were determined to be locally derived, with 33% of microglia 
proliferating [32]. However, our disease model may have a 
different profile for blood–retina barrier breakdown than 
either of these previous studies and therefore may not have 
comparable numbers of infiltrating immune cells.

A recently published paper showed the ability of comple-
ment factor H (CFH) to inhibit subretinal mononuclear 
phagocyte clearance, and the AMD-associated CFH (H402) 
variant had an increased capacity to inhibit the clearance 
[33]. Thus, this CFH variant may cause subretinal microglia/
macrophage accumulation by increasing the amount of C5a 

to attract these cells and by inhibiting their clearance. In 
summary, our findings in conjunction with previous work 
highlight differing functions of anaphylatoxin receptors in 
the retina. These differences may inform new therapeutic 
directions. Specific inhibition of C5aR could be useful in 
blocking harmful microglia-mediated inflammation while 
sparing retinal-protective effects of C3a. Because microglia 
are known to express and deposit C3 into retinal tissues 
following light damage [34], it is possible that broad inhibi-
tion of microglia may be less desirable as evidenced by retinal 
degeneration and dysfunction of mice lacking C3 and C3aR 
[16]. We propose that the specific blockade of C5aR could 
maintain protective basal action of microglia while preventing 
deleterious over-activation. Further study of C3aR and C5aR 
in additional mouse models of retinal degeneration will be 
needed to evaluate the usefulness of these complements as 
potential targets for treatment of retinal disease.
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Figure 5. Quantification of ONL 
nuclei at day 7 following light 
damage. Plot of the number of 
nuclei per column in the outer 
nuclear layer (ONL; means ± stan-
dard deviation, SD). There was no 
statistically significant difference 
between the wild-type (WT; n = 4, 
green line in A) and C3aR knockout 
(KO) retinas (n =3, red line in A). 
Similarly, no statistically significant 
difference was observed between 
the WT (n = 4, blue line in A) and 
C5aR KO retinas (n = 4, black line 
in B).
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