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Abstract
Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system (CNS) characterized by vary-
ing degrees of secondary neurodegeneration. Retinal ganglion cells (RGC) are lost in MS in association with optic neuritis but 
the mechanisms of neuronal injury remain unclear. Complement component C3 has been implicated in retinal and cerebral 
synaptic pathology that may precede neurodegeneration. Herein, we examined post-mortem MS retinas, and then used a 
mouse model, experimental autoimmune encephalomyelitis (EAE), to examine the role of C3 in the pathogenesis of RGC 
loss associated with optic neuritis. First, we show extensive C3 expression in astrocytes  (C3+/GFAP+ cells) and significant 
RGC loss  (RBPMS+ cells) in post-mortem retinas from people with MS compared to retinas from non-MS individuals. A 
patient with progressive MS with a remote history of optic neuritis showed marked reactive astrogliosis with C3 expression 
in the inner retina extending into deeper layers in the affected eye more than the unaffected eye. To study whether C3 medi-
ates retinal degeneration, we utilized global C3–/– EAE mice and found that they had less RGC loss and partially preserved 
neurites in the retina compared with C3+/+ EAE mice. C3–/– EAE mice had fewer axonal swellings in the optic nerve, reflect-
ing reduced axonal injury, but had no changes in demyelination or T cell infiltration into the CNS. Using a C3-tdTomato 
reporter mouse line, we show definitive evidence of C3 expression in astrocytes in the retina and optic nerves of EAE mice. 
Conditional deletion of C3 in astrocytes showed RGC protection replicating the effects seen in the global knockouts. These 
data implicate astrocyte C3 expression as a critical mediator of retinal neuronal pathology in EAE and MS, and are consistent 
with recent studies showing C3 gene variants are associated with faster rates of retinal neurodegeneration in human disease.
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Introduction

The role of the immune system in mediating CNS tissue 
injury is increasingly being examined not only in neuro-
inflammatory diseases but also in classical primary neu-
rodegenerative processes. While peripheral immune cells 
may extravasate into the CNS, it is also clear that resident 
glia often lose their homeostatic functions and become 
dysregulated as part of reactive gliosis [1, 4]. Indeed, glial 
activation and aberrant expression of inflammatory and 
potentially neurotoxic mediators have been described and 
are postulated to be pathogenic in numerous neurodegen-
erative diseases [2, 8, 25, 27, 28, 34]. The anterior visual 
pathway affords an opportunity to study the mechanisms 
by which inflammatory demyelination in the optic nerve 
mediates retinal ganglion cell (RGC) loss in the retina. 
RGC layer thinning measured by optical coherence tomog-
raphy (OCT) following acute optic neuritis and chronic 
optic neuropathy are well described in people with MS, 
and one study has documented loss of nucleated cells in 
the ganglion cell layer of MS post-mortem retinas [10, 33].

Seminal work showing expression of early complement 
pathway molecules, C1q and C3, on neuronal synapses 
in the retina and the thalamus during development and in 
disease has led to the hypothesis that aberrant complement 
expression by microglia (C1q) and astroglia  (C3+) may be 
neurotoxic [40]. More recently, it has been suggested that 
C1q and C3 activation fragments such as C3b and C3d 
opsonize adult neuronal synapses leading to their prun-
ing by activated microglia that express the C3d receptor 
CD11b, thereby mediating neuronal degeneration in neu-
rodegenerative diseases including MS [15, 25, 32, 38, 43].

Pathological studies of MS cortical, thalamic, and hip-
pocampal gray matter lesions have shown increased com-
plement transcription and deposition, with variable expres-
sion in both active and chronic lesions across studies [17, 
29–31, 44]. The opsonin complement activation product, 
C3b, was shown to be increased on neurons and glia in 
MS cortical and deep grey matter as compared to healthy 
controls [44]. Both C1q and C3 activation were increased 
in the CA3/2 and CA1 subfield of MS hippocampi, which 
also exhibited a marked decrease in synapses, indicating 
a correlation between the complement pathway and syn-
aptic changes [35, 44]. Clusters of  C3d+ microglia have 
been described in chronic MS tissue and are thought to 
be involved in debris clearance at late stages of disease 
[29]. In addition, we recently showed that C3 gene vari-
ants are associated with more rapid rates of retinal neu-
rodegeneration in people with MS [7]. Our MS GWAS 
analyses suggest that C3 gene variants may predispose 
people with MS to develop more rapid and severe retinal 
neurodegeneration, and we hypothesize that these variants 

lead to increased C3 expression. There has been a paucity 
of post-mortem MS retina to examine for C3 expression. 
Herein, we examine C3 expression and its cellular source 
in post-mortem MS and non-MS control retina. We show 
extensive C3 expression in astrocytes in MS retinas associ-
ated with RGC loss.

Several recent publications support a critical role of C3 
in mediating synaptic pathology in the MS animal model 
experimental autoimmune encephalomyelitis (EAE) [5, 13, 
19, 41, 45]. We and others have shown RGC loss following 
optic neuritis in  MOG35-55 induced EAE, indicating that it 
is a useful model to study anterior visual pathway pathology 
as occurs in MS optic neuropathy. To better understand the 
mechanism of RGC loss and optic neuritis and explore the 
possible role of C3, we induced EAE in C3 sufficient (C3+/+) 
and C3 knockout (C3–/–) C57BL/6 J mice by immunization 
with  MOG35-55. Global C3 deficiency partially ameliorated 
RGC loss in mice without affecting infiltration of inflam-
matory cells into the CNS, paralysis score, demyelination 
or gliosis. Using a novel C3-tdTomato reporter mouse line 
we show that astrocytes are a major source of C3 expression 
in the retina and optic nerve. Conditional deletion of C3 in 
astrocytes also partially protected RGCs and adjacent neu-
rites. These data definitively implicate astrocyte expression 
of C3 in mediating neuronal injury in EAE and support the 
notion that C3 inhibition may be beneficial to people with 
MS.

Materials and methods

Human retina staining by immunofluorescence

Multiple sclerosis and control retinas were obtained from a 
rapid autopsy protocol at the NIH or from the Johns Hopkins 
Ocular Pathology Laboratory and post-mortem delay was 
less than 24 h. Paraffin embedded human retinas were sec-
tioned at 8 µm using a microtome. Sections were deparaffi-
nized by immersing into Xylene, 100% ethanol, 95% etha-
nol, 90% ethanol and 50% ethanol sequentially for 3 min for 
each step. Sections were washed with PBS before antigen 
retrieval. Citrate buffer was used for antigen retrieval by 
heating to 80 °C for 50 min. After antigen retrieval, sec-
tions were permeabilized with PBS containing 0.4% of Tri-
ton X-100 for 5 min and then blocked with PBS containing 
5% normal donkey serum, 5% normal goat serum, and 0.1% 
Triton X-100 for 30 min at room temperature. Sections were 
then incubated with the primary antibody of interest over-
night at 4 °C. The primary antibodies that were used are 
shown in Table 1. The sections were then incubated for 3 h at 
room temperature with anti-species-specific secondary anti-
bodies directly conjugated to Alexa fluorophores (1:1000, 
Invitrogen) followed by nuclei staining with Hoechst. Aqua 
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poly/mount reagent (Polysciences, Warrington, PA, USA) 
was used to mount sections. Images were captured using 
a Zeiss Axio Observer Z1 epifluorescence microscope and 
Zeiss 710 confocal microscope with the appropriate exci-
tation and emission filters. RGCs were quantified by enu-
merating the number of RNA binding protein with multiple 
splicing (RBPMS)+ cells per unit length of retina across 
the entire length of each retina. To quantify GFAP and C3 
levels, twelve equidistant regions along each retina were 
selected. ImageJ software (National Institutes of Health) 
was used to quantify mean fluorescent intensity (MFI) in the 
ganglion cell layers of each region, and the twelve regions 
were then averaged to represent the GFAP and C3 MFIs for 
each subject.

Animals

C57BL/6J mice (strain 000664) and the global C3-deficient 
[46] mice (strain 003,641) were purchased from The Jackson 
Laboratory. An additional C3-deficient strain, generated pre-
viously by crossing a floxed allele with a Cre-Deleter strain 
[22], was used to validate the results observed with the first 

strain. C3-tdTomato/floxed (C3tdt−fl) reporter mice, which 
were recently described [22], were used to confirm CNS C3 
expression and conditionally deplete C3. GFAP-Cre mice 
[11] were purchased from the Jackson Laboratory (strain 
024,098) and crossed to C3-tdTomato/floxed reporter mice 
to produce GFAP-Cre+;C3tdT−fl mice. Only  Cre+ females 
were crossed to  Cre− males to avoid embryonic recombina-
tion previously reported in this Cre strain. All animals were 
housed in the pathogen-free, temperature-controlled animal 
facility at the Johns Hopkins University School of Medicine 
with 12 h/12 h light/dark cycles and fed with standard food 
and water ad libitum. National Institutes of Health guidelines 
for the use of experimental animals were exactly followed 
and all experimental protocols were approved by the Johns 
Hopkins Institutional Animal Care and Use Committee.

EAE model

EAE was induced as we described previously [19]. All stud-
ies were carried out using 10–13 week-old mice. Briefly, 
mice were injected subcutaneously with 150 μg of  MOG33-55 
(Johns Hopkins Peptide Synthesis Core) in complete Fre-
und’s adjuvant (CFA) (ThermoScientific, Rockford, IL, 
USA) containing 600 μg of mycobacterium tuberculosis 
(BD, Franklin Lakes, NJ) on the lateral abdomen. On the 
same day as immunization and 2 days later, mice were also 
injected IP with 300 ng of pertussis toxin (List Biological 
Labs, Campbell, California, USA). Mice were sacrificed at 
late disease, PID42, to explore the effect of neuroprotection 
in long term, and peak stage, PID16, to look at infiltration 
and possible pathological manifestations related to long-
term effects.

Clinical EAE behavioral scores were obtained daily, in 
a masked manner, using the established standard scoring 
from 1 to 5; 0 = no signs of disease; 1 = loss of tail tonic-
ity; 2 = loss of tail tonicity and mild paralysis of hindlimbs; 
3 = paralysis of hindlimbs; 4 = hindlimbs paralysis and mild 
paralysis of forelimbs; and 5 = complete paralysis or death.

Mouse retina and optic nerve sample preparation.

Mouse retina and optic nerves were collected as described 
previously [19]. After anesthetizing, mice underwent car-
diac perfusion with 30 mL phosphate buffered saline (PBS). 
After PBS perfusion, the eyes were removed from the eye 
socket by blunt enucleation using curved dressing forceps 
and immediately placed into 4% paraformaldehyde (PFA) for 
immersion fixation for 4 h then transferred into 30% sucrose 
for cryoprotection.

Whole flat mount retinas and vertical sectioned retinas 
were prepared as described using paired eyes from a single 
mouse as we previously showed RGC counts across retinas 
are the same within an EAE mouse [19]. Flat mount retinas 

Table 1  Primary antibodies used for immunofluorescence staining

Antibody Source Dilution

Goat anti-Brn3a Santa Cruz Biotech 1:100
Rabbit anti-Brn3a Synaptic Systems 1:1000
anti-β-III tubulin BD Pharmingen 1:100
Rabbit anti-IBA-1 Wako 1:500
Rabbit anti-GFAP DAKO 1:500
Rat anti-C3 Hycult Biotech 1:200
Goat anti-tdTomato Biorbyt 1:500
Goat anti-tdTomato MyBioSource 1:500
Rabbit anti-NeuN Millipore Sigma 1:100
Rat anti-CD4 Biolegend 1:100
Mouse anti-SMI31 Biolegend 1:250
Mouse anti-SMI32 Biolegend 1:250
Rabbit anti-MBP Cell signaling technology 1:250
Mouse anti-GFAP Cell signaling technology 1:250
Goat anti-Sox9 R & D systems 1:100
Anti-CD11b ThermoFisher 1:100
Anti-CD45 Biolegend 1:100
Anti-CD4 ThermoFisher 1:200
Anti-CD8a ThermoFisher 1:200
Anti-CD3 ThermoFisher 1:200
Anti-IFNγ ThermoFisher 1:100
Anti-IL-17a ThermoFisher 1:100
Anti-human C3 Biolegend 1:100
Anti-human NeuN Genetex 1:500
Anti-human C3 Biolegend 1:100
Anti-RBPMS Genetex 1:100
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were processed for RGC labeling with anti-Brn3a (Pou4f1) 
antibody. After staining, the whole retinas were flat mounted 
onto slides and imaged for RGC counting. For vertical sec-
tioned retinas, the eyes were placed into TissueTek mold 
filled with Optimal Cutting Temperature (O.C.T.) compound 
(VWR, Radnor, PA, USA), snap frozen with 2-methylbutane 
and then stored at − 80 °C until cryosectioned. The eyes 
were sectioned at 16 μm vertically and then mounted onto 
slides (ThermoScientific, Rockford, IL, USA) followed by 
staining with antibodies.

Optic nerves were dissected out and evenly divided into 
three parts and then vertically placed into TissueTek mold 
filled with O.C.T. and snap frozen with 2-methylbutane. Fro-
zen samples were stored at − 80 °C until cryosectioning. 
Optic nerves were sectioned at 10 μm thickness and then 
mounted on slides for further immunofluorescence staining.

Immunofluorescence staining

All immunofluorescence staining protocols are previously 
published [19]. Briefly, sections were permeabilized with 
PBS containing 0.4% of Triton X-100 then blocked with 
PBS containing 5% normal donkey serum and 0.1% Triton 
X-100 for 1 h at room temperature and incubated with pri-
mary antibody of interest overnight at 4 °C. The primary 
antibodies that were used are shown in Table 1. The sec-
tions were then incubated for 1 h at room temperature with 
species-specific secondary antibodies directly conjugated to 
Alexa fluorophores (1:1000, Invitrogen) followed by nuclei 
staining with Hoechst. A coverslip was mounted onto sec-
tions using aqua poly/mount reagent (Polysciences, War-
rington, PA, USA). Images were captured using a Zeiss Axio 
Observer Z1 epifluorescence microscope and Axiovision 
software with the appropriate excitation and emission filters.

For vertical retina Tuj quantification, the IPLs of six equi-
distant regions of interest (ROI) per retina were analyzed 
using ImageJ software. For optic nerve, three cross sectional 
regions were quantified as previously described [19]. ImageJ 
software was used to quantify mean fluorescent intensity 
(MFI) of the immunofluorescent signal by persons blinded 
to sample information. For enumerating glia and T cells, Zen 
Blue software (Carl Zeiss, Oberkochen, Germany) was used.

RGC counts

To count RGC number in whole retina, a mosaic image of 
the whole mount retina was captured using a Zeiss Axio 
Observer Z1 epifluorescence microscope with a motorized 
stage and a z-stack step size of 1 μm. After the images were 
acquired, each retinal quadrant was segmented into central, 
middle, and peripheral regions and 4 areas were counted per 
region, as shown in Fig. 2 and described previously [19]. Our 
MATLAB-based semi-automated RGC counting algorithm 

was used to determine RGC number in each mouse [19]. 
Briefly, selected segments were exported as tagged image 
file format (TIF) and fed into a custom MATLAB (Math-
works, Natick, MA, USA) size segmentation algorithm to 
perform automated counts. Cells in selected retinal segments 
undergo filtering, automatic or user-defined thresholding, 
and binarization followed by identification of cell bounda-
ries. Labeled RGCs were counted at 20X magnification and 
a total of twelve regions were averaged to represent RGC 
density for each mouse retina. All analyses were performed 
masked to genotype and behavior score and data underwent 
quality control check.

Flow cytometric analysis

Cell isolation

Resident glia and infiltrating mononuclear cells were har-
vested from the CNS of PID 16 EAE mice. Mice were eutha-
nized with isoflurane overdose then cardiac perfused with 
ice cold HBSS. Tissue was collected and chopped with a 
razor prior to enzymatic digestion with 2 mg/ml Collagenase 
IV and 100 U/ml DNase (Worthington, Lakewood, NJ, USA) 
for 30 min at 37 °C. Digested tissue was passed through a 
100 µm cell strainer to create a single cell suspension. Cells 
were separated from myelin with a 40% percoll solution and 
processed for flow cytometry. Peripheral immune cells were 
isolated from spleens after perfusion. Spleens were mechani-
cally dissociated over 100 µm cell strainers, and red blood 
cells were removed by incubation in RBC Lysis Buffer (Bio-
legend, San Diego, CA, USA).

Flow cytometry

Following preparation of single cell suspensions, cells were 
stained with a fixable viability dye (Live/Dead Aqua Ther-
moScientific, Rockford, IL, USA. Zombie NIR, Biolegend, 
San Diego, CA, USA) for 20 min at room temperature, then 
Fc blocked (Biolegend, San Diego, CA, USA) for 10 min at 
4 °C, and then surface stained for 30 min at room tempera-
ture in FACS buffer (2% FBS in PBS with 2 mM EDTA). 
When intracellular staining (ICS) was performed after sur-
face staining, the cells were then fixed and permeabilized 
using IC Fixation Buffer and Permeabilization Buffer (Ther-
moScientific, Rockford, IL, USA) according to manufac-
turer’s recommendations. ICS staining was then performed 
in permeabilization buffer for 1 h at room temperature. Cells 
were then washed twice and resuspended in FACS buffer. 
When measuring cytokines, cells were re-stimulated with 
Cell Stimulation Cocktail and Protein Transport Inhibitor 
(ThermoScientific, Rockford, IL, USA) for 5 h at 37 °C in 
complete media prior to beginning the staining. Samples 
were run on a MACSQuant X flow cytometer (Miltenyi 
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Biotec, Bergisch Gladbach, Germany) or a Cytek Aurora 
(Cytek Biosciences, Fremont, CA, USA). Fluorescence-
minus-one (FMOs) staining controls were used for gating 
where necessary. Data were analyzed in FlowJo (BD Bio-
sciences, Franklin Lakes, NJ, USA).

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 
software version 8 (GraphPad, San Diego, CA, USA). 
Unpaired two-tailed Student's t test was used to analyze data. 
Results were considered significant if the p value was < 0.05. 
Error bars indicate SEM in all figures.

Results

C3 is highly expressed in  GFAP+ cells in MS patient 
retinas

Given our previously reported genetic findings linking C3 
gene variants with more rapid rates of retinal degeneration 
in MS, we examined C3 expression and its cellular source 
in post-mortem MS retinas (Fig. 1). We obtained the retinas 
from a 60-year-old woman with progressive MS (MS-1) who 
passed away after a 6-month history of pancreatic cancer 
(not treated with checkpoint inhibitors). She had a long-
standing history (signs present in 2009) of optic neuropathy 
(OS) with relative afferent pupillary defect and her retinal 
optical coherence tomography (OCT) scans performed in 
2019 a year prior to her death showed marked thinning of 
the retinal nerve fiber layer (RNFL) and ganglion cell layer 
in the left eye (OS) but with only mild subclinical thinning in 
the right eye (OD) (Figs. 1a and S1, online resource). At post 
mortem, we immunostained retinal cross-sections to exam-
ine expression of astrocytes, neurons, and C3 (Fig. 1b). The 
left retina (OS) exhibited marked reactive astrogliosis and 
C3 expression, which was extensive but regionally variable 
(Fig. 1c, d). The C3 expression was almost exclusively colo-
calized to  GFAP+ cells. The unaffected eye had much less 
astrogliosis and C3 expression, although areas of GFAP/C3 
expression were also seen despite no clinical symptoms or 
signs of optic neuropathy. To extend these observations, we 
examined 3 additional MS and 4 non-MS retinas (Table 2), 
and the same expression pattern with regions of high  C3+/
GFAP+ cells was seen repeatedly in the MS cases exam-
ined but was significantly less although also noted in some 
of our aged control cases (Fig. 1e, f). Across these cases, 
the MS patients expressed higher levels of C3 in the GCL 
than the non-MS controls. There was no significant differ-
ence in GFAP expression (Fig. 1g). Finally, we enumerated 
 RBPMS+ cells in the ganglion cell layer and found, as has 
been previously reported using H&E stain [10], that RGC 

counts are lower in MS cases compared to age-matched con-
trols (Fig. 1h, i). These data provide support for the concept 
that neurodegeneration, especially in the retina is common 
in MS and is frequently associated with an altered phenotype 
of reactive, potentially neurotoxic glia [2, 10, 25].

Deletion of C3  (C3–/–) partially ameliorated RGC 
loss and preserved neurites in the inner retina 
of experimental autoimmune encephalomyelitis 
(EAE) mice

To ascertain whether C3 expression was deleterious or pro-
tective following optic neuritis, we next examined retinas 
from EAE mice with or without global deletion of C3. We 
prepared whole flat mount sections of the retina at 42 days 
post-immunization (PID42, late EAE) to quantify RGCs. 
RGCs were stained with the specific marker, Brn3a (Pou4f1) 
and were quantified using semi-automated software as 
described previously [19]. C3+/+ and C3–/– CFA control 
mice had similar amounts of RGCs (Fig. 2a, b). As expected, 
C3+/+ mice with EAE had significant loss of RGCs relative 
to their CFA controls. While still experiencing significant 
RGC loss compared to CFA controls, C3–/– mice with EAE 
had significantly more RGCs relative to C3+/+ EAE mice, 
suggesting C3–/– was moderately protective against RGC 
loss though not required for normal RGC development. 
We also examined vertical sections of the retina to assess 
layer specific pathology. C3–/– mice had significantly less 
neuritic loss (measured using ßIII-tubulin (Tuj) staining) in 
the IPL than C3+/+ mice (Fig. 2c, d). The increased density 
of RGC neurites in C3–/– mice with EAE provided further 
confirmation of a protective effect of global C3 deletion on 
RGC health. There was no difference in mean fluorescence 
intensity (MFI) of ßIII-tubulin on neurites between C3+/+ 
and C3–/– CFA mice.

C3 deletion did not suppress EAE behavioral score, 
effector T cell infiltration into the optic nerve 
or demyelination

To determine if C3–/– mice had RGC protection due to 
less inflammation, we first examined the incidence and 
severity of EAE using behavioral score. The incidence 
of EAE in C3+/+ and C3–/– mice was similar (C3+/+: 
C3–/– = 84.1%: 81.4%), and the average motor behavioral 
score was not different between C3+/+ and C3–/– EAE (2.7 
vs 2.5 (Fig. 3a)). Since behavioral score predominately 
reflects spinal cord pathology and it has been previously 
shown that C3 expression is more upregulated in the optic 
nerves, we also measured immune cell infiltration into the 
CNS in EAE C3+/+ mice vs C3–/– mice [18]. We exam-
ined the  CD4+ T-cell infiltration into optic nerve in EAE 
at PID16 (peak stage), and PID42 (late stage) by IHC. 
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At PID16, both C3+/+ and C3–/– EAE mice had  CD4+ 
T-cell infiltrates of similar amounts in the optic nerve 
(Fig. 3b, c). At PID42, although the absolute numbers 
were reduced (Fig. 3b, c), again no differences were seen 
between C3+/+ and C3–/– EAE mice. To determine whether 
global C3 depletion might affect myeloid cell infiltrate or 

gliosis in the optic nerve, we stained for IBA1 (infiltrating 
myeloid and microglia) and GFAP in PID16 optic nerves 
(Fig. 3d–f) and saw no differences. Immune cell infiltra-
tion into the brain and spinal cord was also examined by 
flow cytometry at PID16. No differences were observed 
between C3+/+ and C3–/– mice in T-cell infiltration 
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 (CD3+;CD4+), myeloid infiltration (CD11b + ;P2RY12-
), microgliosis (CD11b + ;P2RY12 +), or T-cell cytokine 
production (IFNγ+ and IL-17a+ in  CD3+;CD4+ cells)
(Fig. 3g–i, Fig. S3, online resource). Given contradictory 
reports previously published on the effect of C3 deletion 
on the EAE behavioral score [5, 41], we also induced 
EAE in a second independent C3 deficient strain and 
again observed no behavioral differences (Fig. S4, online 
resource).

C3–/– EAE mice had reduced axonal spheroids 
in the optic nerve as compared to  C3+/+ EAE mice

Since C3 deletion protected against RGC soma and neurite 
loss, we expected it would also alleviate axonal injury in 
the optic nerve. We examined myelination and axonal integ-
rity in the optic nerve by staining with myelin basic protein 
(MBP) and phosphorylated (SMI31, intact axons) and non-
phosphorylated (SMI32, reversibly injured axons) neurofila-
ment markers at PID16. C3–/– had no effect on myelination 
(Fig. 3j, k), nor on the expression of SMI31 (Fig. 3j, l). 
However, C3–/– EAE mice had fewer  SMI32+ spheroids in 
the optic nerve as compared to C3+/+ EAE mice (Fig. 3j, m), 

indicating that C3 deletion reduced the early axonal degen-
eration in EAE mice.

C3‑tdTomato reporter mice revealed astrocytes 
as a major cellular source of C3 in the inflamed EAE 
CNS

Complement component C3 is well recognized as a criti-
cal component of the peripheral immune system [14]. 
Previously, its expression in the CNS had been thought 
to be negligible and/or limited to neuronal synapses such 
as on RGCs [40]. More recently, neurotoxic astrocytes 
were implicated as a major cellular source of C3 in a 
number of human neurodegenerative diseases, as well as 
MS, and related animal models [19, 25, 42, 48]. How-
ever, microglia, which are innate immune cells, have also 
been shown to express C3 in MS autopsy studies [36]. We 
used a recently published mouse line in which a floxed 
tdTomato (tdT-fl) cassette is inserted towards the end of 
the endogenous C3 locus. In these mice, Cre mediated 
recombination deletes the tdTomato cassette along with 
the last 5 exons of the C3 transcript and leads to a short-
ened unstable C3 mRNA [22]. This reporter system has 
the added advantage of clearly pinpointing which cells 
have induced C3 gene expression and is not dependent on 
antibodies, which also bind to secreted C3 and its degra-
dation products (C3b and C3d).

We first validated that the tdTomato signal colocalized 
with cells that were  C3+ by antibody immunohistochemistry 
in EAE mice at PID16 since this was the time point that C3 
was previously shown to be highly activated (Fig. 4). Hav-
ing established that the reporter was faithful, we utilized its 
brighter signal and the greater reliability of a genetically 
driven reporter system to examine C3 expressing cells in 
the optic nerve and retina. We found that in the optic nerve, 
 tdTomato+ expressing cells were ~ 80%  GFAP+ cells and 
20%  IBA1+ cells (Fig. 4c), suggesting that a greater propor-
tion of C3 expressing cells are astrocytes than microglia/
monocytes in the optic nerve of EAE mice at this timepoint. 
Next, we utilized the reporter to examine C3 expression in 
the retina (Fig. 5). There were clear examples of RGCs 
expressing tdTomato although this was much less common 
than  tdTomato+/GFAP+ cells (~ 25% vs ~ 75% respectively) 
(Fig. 5a, b). We very rarely observed reporter  tdTomato+/
IBA1+ in the neural retina (Fig. 5c). tdTomato expres-
sion was also observed on radial (Müller) glia in the IPL, 
inner nuclear layer (INL), and outer plexiform layer (OPL) 
(Fig. 5d) consistent with a possible role for C3 in deep reti-
nal inflammatory pathology. We also examined spinal cords 
and found C3 expression in astrocytes there as well, but no 
difference in NeuN (Fig S5, online resource).

Fig. 1  MS retinas exhibit enhanced regional C3 expression and astro-
gliosis. a Retinal optical coherence tomography (OCT) scans from a 
60-year-old woman with progressive MS and optic neuropathy, show-
ing marked thinning of the ganglion cell layer in the left eye (OS) but 
not in the right eye (OD). Red indicates thickness value is less than 
1st percentile for age matched controls. b Schematic diagram of reti-
nal cross-section and immunofluorescence staining of individual reti-
nal layers. GCL ganglion cell layer, INL inner nuclear layer, IPL inner 
plexiform layer, OPL outer plexiform layer, ONL outer nuclear layer, 
RPE Retinal pigment epithelium. c Representative immunofluores-
cence images of paraffin-embedded retinal cross-sections from the 
left eye (OS) of the patient presented in panel A. Magnification 20x; 
Scale bar = 200 μm. Enlarged images of the boxed region are shown 
to the right; Scale bar = 50 μm. d Representative immunofluorescence 
images of paraffin-embedded retinal cross-sections from the right eye 
(OD) of the patient presented in panel A. Magnification 20x; Scale 
bar = 200 μm. Enlarged images of the boxed region are shown to the 
right. Scale bar = 50  μm. e Representative images of non-MS and 
additional MS retina stained with GFAP and C3; Scale bar = 50 μm. 
f Confocal image of human MS retina stained with GFAP and C3, 
showing colocalization of C3 and GFAP staining; Scale bar = 10 μm. 
g Quantification of C3 and GFAP expression in the GCL from MS 
and non-MS retinas, presented as mean fluorescent intensity (MFI). 
AU arbitrary unit. (h) Representative images of  RBPMS+ cells in 
retinal cross sections from 2 non-MS and 2 MS individuals; Scale 
bar = 50  μm. i Quantitation of the number of  RBPMS+ cells/ mm 
length of retina from MS (n = 4) vs non-MS (n = 4) cases. The average 
length of retinas quantified for RBPMS + cells were 27.82 ± 6.47 mm 
for non-MS and 23.33 ± 2.13  mm for MS cases. The number of 
 RBPMS+ cells for the retinas shown in panel c–d: OS#4, OD#18, 
average #11 presented in the plot as one of the MS cases. Significance 
between groups was assessed by unpaired t-test. Error bars represent 
SEM.

◂
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Table 2  Patient demographic 
information and clinical 
characteristics

Demographics

Patients identifier Age Sex Types of MS Cause of death

MS Patients MS-1 60 Female PPMS Pancreatic Cancer
MS-2 77 Female SPMS Pneumonia
MS-3 78 Female SPMS Unknown
MS-4 57 Female SPMS Respiratory arrest

Controls Controls-1 62 Male – Pneumonia, Leukemia
Controls-2 64 Female – TEN
Controls-3 72 Male – Myocardial infarction
Controls-4 74 Male – Myocardial infarction

Fig. 2  C3–/– EAE mice have less RGC loss and partially preserved 
neurite projections in the inner retina. a Representative images of 
Brn3a staining in flat-mount whole retina; Scale bar = 1  mm, 20X 
magnification.  Brn3a+ RGC are shown from a central segment in 
whole mount retina from CFA and EAE groups at PID42. Images 
were acquired with 20 × magnification; Scale bar = 50 µm. b Quantifi-
cation of  Brn3a+ RGC in whole mount retina from different groups at 
PID42. Each dot represents a mouse RGC count, which was derived 

from an average of 12 segments as shown in panel A. c Representa-
tive images of Tuj staining in the retina of CFA and EAE mice. 
Dotted white lines indicate IPL ROI quantified in d. Images were 
acquired with 40 × magnification; Scale bar = 20  µm. d Quantifica-
tion of IPL Tuj staining in CFA and EAE mice, presented as Mean 
Fluorescent Intensity (MFI). AU arbitrary unit. Significance between 
groups was assessed by unpaired t-test. Error bars represent SEM
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C3tdT−fl x GFAP‑Cre mice specifically depleted C3 
in astrocytes and exhibited retinal neuroprotection 
in EAE

Given the robust expression of C3 in astrocytes, we then per-
formed a series of EAE experiments in C3tdT−fl mice crossed 
with GFAP-Cre mice to specifically deplete C3 in astrocytes. 
 Cre+ animals had an overall 50% reduction of tdTomato sig-
nal in PID16 optic nerve (Fig. 6a, b). Cell specific markers 
revealed the reduction was specific to Sox9 + astrocytes and 
not microglia/myeloid cells (IBA1) (Fig. 6c–f). To con-
firm that GFAP-Cre+ mice had no peripheral effects on C3 
expression we examined spleens of PID16 EAE mice and 
saw no differences in tdTomato signal (Fig. S6a-d, online 
resource). Again, as with the global knockout EAE mice, 
we did not observe any change in the behavioral score of 
 Cre+ mice as compared to  Cre− mice with EAE (Fig. S6e, 
online resource). RGC numbers in PID42 EAE mice were 
higher in the C3tdT−fl  Cre+ mice as compared to the C3tdT−fl 
 Cre− controls (Fig. 7a, b). Further, neurites were signifi-
cantly higher at PID42 EAE in C3tdT−fl  Cre+ mice as com-
pared to the  C3tdT−fl  Cre− controls (Fig. 7c, d). These data 
are consistent with astrocytes as a major cellular source of 
C3 and directly implicate  C3+ astrocytes as mediators of 
RGC loss that occurs following optic neuritis in this model.

Discussion

Several studies have shown that complement C3 activation 
is associated with synaptic pathology in MS and EAE [5, 
10, 13, 19, 33, 41, 45]. C3 gene variants are associated with 
more rapid rates of ganglion cell layer thinning on longitu-
dinal OCT in persons with MS and C3 expression by neu-
rotoxic glia has been specifically implicated as playing a 
direct role in CNS and retinal degeneration [2, 7, 12, 25]. We 
first examined post mortem retinas donated by people with 
MS and saw marked reactive astrogliosis that was regionally 
heterogeneous. The majority of these astrocytes in the inner 
retina had high levels of C3 expression. Remarkably, in a 
patient who had progressive MS with a more than ten-year 
history of established optic neuropathy, the affected eye with 
extensive documented (in vivo OCT) ganglion cell layer 
thinning had more extensive inner retinal C3 astrogliosis 
as compared to the clinically unaffected eye. Interestingly, 
there were regions of the affected eye in which the reactive 
astrogliosis extended into the deeper retina. Nonetheless, 
the unaffected eye also had C3 astrogliosis, but this was less 
severe and regionally limited presumably accounting for the 
clinical quiescence. The patterns observed in this patient 
were seen to varying degrees in three other MS retinas. 
While age matched controls without confounding variables 

are hard to obtain, we did examine four control eyes and 
found less C3 expression in the inner retina than in MS.

To explore the cellular mechanism underlying RGC loss 
following optic neuritis, we used the EAE model, in which 
there is extensive anterior visual pathway pathology asso-
ciated with glial C3 expression [19]. We, and others, have 
reported that there is loss of RGCs following optic neuri-
tis in EAE [16, 19, 23, 24, 26]. Here we show that global 
C3–/– EAE mice have significantly improved RGC survival 
at PID42 as compared to WT mice. Both neuritic processes 
in the IPL and optic nerve axons were also protected con-
firming that global C3 deletion mediated partial retinal 
neuroprotection.

Remarkably, this effect did not appear to be the sequelae 
of reduced inflammation since the incidence of EAE and 
behavioral scores were not altered. Further, we found no 
evidence that peripheral infiltration by effector T cells was 
affected by C3 deletion in EAE. In addition, the amount 
of infiltrating myeloid cells, the number of  CD4+ T cell 
infiltrates into the CNS, and the Th1 and Th17 profile were 
unchanged by IHC and flow cytometric measurements. The 
absence of an effect on behavioral scores and early inflam-
matory mediators of EAE suggested to us that the effects of 
C3 deletion on reducing RGC loss in EAE were related to 
CNS resident cells, such as neurotoxic astrocytes.

We next utilized a novel reporter mouse in which the C3 
promoter drives expression of a tdTomato reporter. This 
reporter line was recently used to examine C3 expression 
in infiltrating immune cells in the skin but has not been 
used in a CNS inflammatory model. The tdTomato expres-
sion was faithful, mirroring C3 Ab immunohistochemis-
try but the signal was brighter and more specific allowing 
more accurate colocalization with CNS resident cells. In 
the optic nerve, we found 80% of C3-expressing cells were 
astrocytes as compared to 20% myeloid lineage (microglia 
or macrophages). In the retina, astrocytes were again the 
predominant C3 expressing cell, but RGCs also expressed 
C3, albeit less robustly. We also saw astrocytic expression 
of C3 in the inflamed spinal cord.

In order to definitively implicate astrocyte production of 
C3 in mediating RGC loss, we crossed C3tdT−fl mice with 
GFAP-Cre to conditionally deplete C3 specifically from 
astrocytes and examine whether this would also protect 
RGCs and neurites. Remarkably, C3 depletion in astrocytes 
resulted in RGC protection, equivalent to what we saw in 
the global knockout, further implicating a neurotoxic role 
of  C3+ astrocytes.

Our data are consistent with a model in which aberrant 
expression of C3 during chronic inflammation leads to 
opsonization of synapses, which are then phagocytosed by 
C3 receptor CD11b-expressing microglia [13, 45]. Exces-
sive synaptic stripping may then cause neuronal demise. 
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Two studies have shown that global C3–/– mice induced 
with EAE have a reduction of synaptic pathology and 
improved function. Our study extends knowledge gained 

from these reports in several ways. Here, using a genetic 
reporter we show that C3 is mostly expressed in astrocytes 
both in the optic nerve and retina. We show C3 deficiency 
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is associated with retinal ganglion cell protection. Prior 
studies logically focused on synaptic pathology but were 
performed in areas of the brain in which quantifying neu-
rons is more challenging. Finally, we show astrocyte spe-
cific depletion is also protective.

Some aspects of our results differ as compared to prior 
studies and may be related to details of our model and the 
anterior visual pathway as a CNS site. A notable differ-
ence in our results was the lack of a significant effect of 
C3 deletion on the EAE behavioral score. The literature is 
discrepant on the effects of C3–/– on murine EAE behavioral 
score. Two groups [13, 41] showed that C3 was required for 
maximal development of EAE, and C3–/– mice had reduced 
behavioral scores with a decrease in CNS infiltrating effector 
T cells. However, another group found no improvement in 
C3–/– EAE [5]. In our studies of approximately one hundred 
C3–/– animals (C56/B6J breeder pair originally purchased 
from Jackson Lab in 2016), we did not see alteration of the 
disease onset or course in EAE. In addition, we also repli-
cated our findings in a completely different strain of C57/
BL6N C3 deficient mice and saw no effect on behavioral 
score (Fig. S4, online resource). EAE is known to be variable 
in different centers due to subtle genetic strain differences, 
as well as environmental factors such as the gut microbi-
ome and seasonality [9, 37]. The observed absence of an 
effect on EAE priming is advantageous since interventions 
that affect early EAE will cause a reduction in secondary 
CNS pathology making it difficult to know what is a primary 
effect of C3 in the brain and what is a secondary effect of C3 

deficiency in the periphery that results in decreased immune 
cell infiltration. Our data showing neuroprotection, despite 
no change in the peripheral immune infiltrate, confirm and 
extend the conclusions in previous studies.

The discordance between the effects on EAE behavioral 
score, which reflect spinal cord pathology, and the anterior 
visual pathway pathology are notable. This may be explained 
by a recent study examining regional expression profiles of 
astrocytes in EAE in which complement system upregulation 
was differentially increased in the anterior visual pathway 
and brain-derived astrocytes as compared to those from the 
spinal cord [18]. Nonetheless, we did see C3 + reactive glio-
sis in the spinal cord of EAE mice, however, in EAE there 
is extensive axonal pathology in the spinal cord that may 
reflect mechanisms of injury such as axonal transections that 
are independent of C3.

Our study has some limitations. First, we only examined a 
small number of post mortem MS and control retinas. While 
a number of brain banks exist, only a small subset of patients 
donate their eyes to science and there are very few reposito-
ries for MS and even control eye tissue. Nonetheless, the C3 
reactive gliosis we observed in MS retinas was significantly 
greater than in age matched controls and revealed marked 
regional heterogeneity. Regarding the animal modeling, it is 
well described that EAE is variable in different veterinary 
colonies and within different strains. Nonetheless, we repro-
duced our findings in multiple replicate experiments in both 
global and conditional KO mice over the course of a number 
of years. Although genetic reporters have the added advan-
tage of cellular specificity and avoid over-reliance on non-
specific antibodies, since our C3-tdTomato reporter did not 
create a tdT-C3 fusion protein we could not colocalize C3 at 
a subcellular level and could not track secreted degradation 
products. Finally, we elected to use constitutive GFAP-Cre 
mice since inducible systems require the use of tamoxifen, 
which can possibly suppress EAE or modulate C3 [3, 6]. 
Constitutive GFAP-Cre may have had unintended recombi-
nation during development, but since the majority of the C3 
expression in the CNS was in astrocytes such an effect would 
likely have been minor. Finally, in the GFAP-Cre mice we 
only observed partial C3 depletion in astrocytes, likely due 
to inefficient recombination. Nevertheless, we still saw par-
tial neuroprotection relative to Cre- mice similar to what was 
observed in the global C3 deficient mice relative to wild type 
mice, supporting our conclusion that astrocytic expression 
of C3 is an important mediator of neural pathology in the 
inflamed anterior visual pathway.

C3 has been implicated in a number of other neurode-
generative diseases, including Alzheimer’s and retinal 
pathologies such as macular degeneration. C3 –/– mice have 

Fig. 3  C3 deletion does not affect EAE behavioral score, effector T 
cell infiltration into the optic nerve, or demyelination but reduces 
axonal swellings. a Behavior score of EAE mice over time from one 
representative experiment (C3+/+ EAE, n = 8; C3–/– EAE, n = 6). 
The experiment was replicated 5 times (across all 5 replicate experi-
ments, C3+/+ EAE, n = 108; C3–/– EAE, n = 91). b Representative 
images of  CD4+ T-cell staining in the cross sections of optic nerve 
from EAE mice, 20 × magnification; Scale bar = 50 μm. c Quantifica-
tion of  CD4+ T-cells in the optic nerves of EAE mice at PID16 and 
PID42. d Representative images of GFAP and IBA1 staining in optic 
nerves of EAE mice at PID16, 20 × magnification, Scale bar = 50 μm. 
e–f Quantification of IBA1 e and GFAP f staining in optic nerves 
of EAE mice at PID16, presented as MFI. AU arbitrary unit. g–i 
The percentage of  CD3+CD4+ T cells g, infiltrating myeloid cells 
(CD11b + ;P2RY12-) h, and microglia (CD11b + ;P2RY12 +) i in the 
brain of EAE mice at PID16, quantified by flow cytometry in the pop-
ulation of viable cells. j Representative images of SMI31/MBP and 
SMI32/MBP staining in the optic nerve of EAE mice at PID16. The 
last row shows the magnified images of SMI32; Scale bar = 50  μm. 
k–l Quantification of MBP and SMI31 staining in the optic nerve 
of EAE mice at PID16, presented as MFI. m The counts of  SMI32+ 
spheroids in the optic nerve of EAE mice at PID16. Significance 
between groups was assessed by unpaired t-test. Error bars represent 
SEM. In all quantifications, each dot represents a unique mouse

◂
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been shown to be protective in Alzheimer’s Disease animal 
models [15, 38, 47] and in retinal photoreceptor outer seg-
ment atrophy [21]. Alternatively, C3 and C3R deletion were 

recently shown to be deleterious in a retinitis pigmentosa 
model in which microglial clearance of apoptotic photore-
ceptors is a necessary homeostatic function [39]. Further 

Fig. 4  Astrocytes are the major C3 expressing cell in the optic nerve 
of EAE mice at PID16. a GFAP and C3 staining of optic nerves from 
EAE mice expressing tdTomato under the control of C3 promoter 
(C3 reporter mice); Scale bar = 50  μm. b IBA1 and C3 staining in 

the optic nerve of C3 reporter mice with EAE. c Quantification of 
 GFAP+/tdTomato+ cells or  IBA1+/tdTomato+ cells in the optic nerve 
of C3 reporter mice with EAE at PID16. d Enlarged figure for the box 
area in panel a. e Enlarged figure for the box area in panel b 
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studies are needed to understand the balance between exces-
sive C3 production leading to neuronal demise and its basal 
functions in tissue health and clearance of debris.

The multiple recent studies implicating C3 reactive astro-
gliosis in neurodegeneration have led to an increased interest 
in testing C3 inhibitors. The small molecule C3 inhibitor, 
APL-2, has already shown potential to reduce age related 
macular degeneration geographic atrophy (GA) in a phase 
2 trial but eculizumab, which targets the downstream mol-
ecule C5 failed to halt GA progression in a phase 2 study 
[20]. These results suggest that the beneficial effects of C3 
inhibition in protecting against retinal degeneration may not 
be related to C3 activation of C5b-C9 membrane attack com-
plex (MAC), but rather that C3b mediates opsonization of 
synapses and neuronal pathology independently of MAC. 
Alternatively, it is possible that C3 is not acting solely as 
a secreted extracellular product, but rather it may also be a 

signaling molecule in glia, and its depletion could then alter 
the effector profile of astrocytes in a manner that results in 
neuroprotection.

In summary, RGC loss is a prominent neurological mani-
festation of neurodegeneration in MS/EAE and may be an 
important mediator of progressive disability. Complement 
component C3 expression is extensive in MS post-mortem 
retinas and in EAE mouse retina with retinal neuronal loss, 
suggesting neurotoxic glia are a critical mechanism of 
injury. Further, we show a beneficial effect of C3 global 
and astrocyte specific deletion in EAE that occurs indepen-
dently of peripheral immune cell suppression. Continued 
exploration of the role of C3 activation and astrocyte acti-
vation in MS pathogenesis will shed light on the molecular 
mechanisms of neurodegeneration in MS and may provide 
novel strategies to protect neuronal function and treat pro-
gressive MS.

Fig. 5  C3-tdTomato cells are predominantly astrocytes in the retina. 
a  tdTomato+/GFAP+ cells and  tdTomato+/NeuN+ cells in cross sec-
tioned retina of a tdTomato reporter mouse with EAE at PID16; Scale 
bar = 20 μm. b Quantification of  tdTomato+/GFAP+ cells,  tdTomato+/
NeuN+ cells, and tdTomato/IBA1+ cells in the cross sections of ret-

ina from tdTomato reporter mice at PID16. Each dot represents one 
mouse. c Representative image of a cross sectioned retina showing 
 tdTomato+GFAP+ cell while IBA1+ cells are negative for tdTomato; 
Scale bar = 20 μm. d tdTomato expression in Müller glia in the inner 
nuclear layer (INL) shown by a white arrow; Scale bar = 20 μm
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Fig. 6  GFAP-Cre expression specifically deletes C3 from astrocytes 
in EAE PID16 optic nerves. a Representative images of tdTomato 
expression in the optic nerve of C3tdT−fl x GFAP-Cre mice at EAE 
PID16; Scale bar = 50 μm. b Quantification of tdTomato expression 
in the optic nerve of C3tdT−fl x GFAP-Cre mice at EAE PID16, pre-
sented as MFI; AU, arbitrary unit. c Representative images of tdTo-
mato expression in  SOX9+ astrocytes in the optic nerve of C3tdT−fl x 
GFAP-Cre at EAE PID16. d The percentage of  tdTomato+  SOX9+ 

astrocytes in the optic nerve of C3tdT−fl x GFAP-Cre mice at EAE 
PID16, quantified by IHC. e Representative images of tdTomato 
expression in IBA1 + cells in the optic nerve of C3tdT−fl x GFAP-
Cre mice at EAE PID16; Scale bar = 20  μm. f The percentage of 
 tdTomato+/IBA1+ cells in the optic nerve of C3tdT−fl x GFAP-Cre 
mice at EAE PID16, quantified by IHC. Significance between groups 
was assessed by unpaired t-test. Error bars represent SEM
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