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Glaucoma is a complex neurodegenerative disease leading to a loss of retinal ganglion
cells (RGCs) and optic nerve axons. An activation of the complement system seems
to contribute to cell loss in this disease. Hence, we investigated a possible initiation of
the complement system and the cytokine response in the βB1-CTGF glaucoma model.
In these mice, intraocular pressure is elevated, which is the main glaucoma risk factor
in patients, and RGC loss occurs at 15 weeks of age. Therefore, quantitative real-time
PCR and immunohistological experiments were performed in 5-, 10-, and 15-week-old
βB1-CTGF animals and their corresponding wildtypes (WT) to analyze the expression of
several complement system factors. We could show that mRNA levels of the terminal
complement pathway components C3 and C5 (Hc) were upregulated at 10 weeks.
In accordance, more C3+ and membrane attack complex+ cells were observed in
transgenic retinae. Further, the C5a receptor anaphylatoxin receptor (C5ar) and the
complement component C5a receptor 1 (C5ar1; CD88) mRNA levels were upregulated
in 10- and 15-week-old βB1-CTGF mice. Interestingly, all three activation routes of the
complement system were elevated in βB1-CTGF mice at some age. Especially C1q, as
a marker of the classical pathway, was significantly increased at all investigated ages.
Furthermore, mRNA expression levels of interferon-γ (Infg) were upregulated at 5 weeks,
while Cxcl1 and Cxcl2 mRNA levels were upregulated at 10 and 15 weeks. The mRNA
levels of the chemokines Cxcl10 were increased at all ages in βB1-CTGF mice. These
results lead to the assumption that in these transgenic mice, a complement activation
mainly through the classical pathway as well as a cytokine response plays a major role
in cell death.

Keywords: glaucoma, βB1-CTGF, complement system, classical pathway, CXCL1, cytokines

INTRODUCTION

The complement system forms an integral part of the early immune response. Three complement
cascades, the classical, the lectin, and the alternative, can activate the terminal pathway including
the membrane attack complex (MAC) (Walport, 2001; Bayly-Jones et al., 2017). It could be
demonstrated that in nucleated target cells, membrane disruption leads to cell death by apoptosis
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or by lysis if enough MAC is present (Koski et al., 1983; Kim et al.,
1989; Nauta et al., 2002).

In the eye, the complement system is usually activated at
low levels and provides immune tolerance (Sohn et al., 2000;
Niederkorn, 2007). Recent data indicates that all retinal cells
are able to express components of the complement system
(Pauly et al., 2019). Albeit it resembles a double-edged sword
since its activation can either benefit or harm the host and is
therefore probably involved in several retinal diseases. In the
last years, a contribution of the complement in glaucoma, a
leading cause of blindness worldwide, was described. An elevated
intraocular pressure (IOP) is the main risk factor for this disease
and hallmarks are a loss of retinal ganglion cells (RGCs) as
well as a degeneration of optic nerve axons (Casson et al.,
2012). In donor eyes of glaucoma patients, an upregulation of
proteins associated with the complement system, for example
C1s, C3, C9, and mannose-binding serin proteases (MASPs)
1 and 2, were detected (Tezel et al., 2010; Doudevski et al.,
2014). Furthermore, C1q, a component linked to the classical
pathway, was found in human glaucoma retinae (Stasi et al.,
2006). In addition, proteome analyses identified lectin pathway
proteins (Tezel et al., 2010). Assembling of MAC can result in
an activation of pro-inflammatory cytokines, such as interleukin
(IL)-1, tumor necrosis factor α (TNFα), CCL2, interferon-γ
(INF-γ), or IL-8 (CXCL8) (Schonermark et al., 1991; Liu et al.,
2011; Xie et al., 2019). In aqueous humor samples of glaucoma
patients, certain cytokines, like IL-1α, IL-8, CCL2, and INF-
γ, were upregulated (Chua et al., 2012; Chono et al., 2018).
Furthermore, a recent study suggests that elevated levels of IL-
8 can be considered a risk factor used for detecting and managing
glaucoma (Chono et al., 2018).

In the DBA2/J model as well as in a surgical induced ocular
hypertension (OHT) model, an activated complement system
could be revealed (Kuehn et al., 2006; Stasi et al., 2006). Similar
results were shown in an IOP-independent glaucoma model
(Reinehr et al., 2016, 2018b). However, the contribution of
the complement system in the transgenic βB1-CTGF mouse
model has not been investigated yet. Previous studies showed
that in these transgenic mice, IOP elevation is accompanied by
a degeneration of optic nerve axons and apoptotic RGC loss
making it a reliable model for primary open-angle glaucoma
(POAG) (Junglas et al., 2012; Reinehr et al., 2019b; Weiss et al.,
2021). Particularly, already at the ages of 5 and 10 weeks,
more cleaved caspase 3+ RGCs and TUNEL+ apoptotic cells
were detected in the transgenic βB1-CTGF mice. This was
accompanied by a loss of retinal neurofilament H in 10-week-old
mice (Weiss et al., 2021).

Hence, we now aimed to determine, which mechanisms lead
to the apoptosis and subsequent cell loss in this model. Here, we
investigated a possible contribution of the complement system.
In addition, a potential corresponding cytokine response was
investigated in βB1-CTGF mice at different ages. We revealed,
for the first time, an activation of the complement system,
mainly via the classical pathway, as well as a response of pro-
inflammatory cytokines. This was noted even before a notably
RGC loss occurred in the βB1-CTGF model as shown previously
(Reinehr et al., 2019b).

MATERIALS AND METHODS

Animals
All procedures concerning animals adhered to the ARVO
statement for the use of animals in ophthalmic and vision
research. All experiments involving animals were approved by the
animal care committee of North Rhine-Westphalia, Germany.
Mice were kept under environmentally controlled conditions
with free access to chow and water.

The used βB1-CTGF and wildtype (WT) animals in this study
had a CD1 background (Reinehr et al., 2019b; Weiss et al.,
2021). All animals were bred in-house at the animal facility at
the Ruhr-University Bochum. WT CD1 mice for breeding were
obtained from Charles River (Sulzfeld, Germany). βB1-CTGF
mice for breeding were kindly provided by Prof. Fuchshofer
(University Regensburg, Germany). Then, all animals for this
study were bred and housed at the animal facility at the Ruhr-
University Bochum (Bochum, Germany). Potential βB1-CTGF
mice were screened by isolating genomic DNA from tail biopsies
and testing for transgenic sequenced by PCR, using the following
primer sequences: 5′-GGAAGTGCCAGCTCATCAGT-3′ and 5′-
GTGCGGGACAGAAACCTG-3′.

5-, 10-, and 15-week-old female and male mice were included
in the current study.

Quantitative Real-Time PCR
Both retinae of an animal at each age (5, 10, and 15 weeks;
n = 5–7 animals/group) were pooled for RNA preparation and
cDNA synthesis as previously described (Reinehr et al., 2019b).
Total RNA was extracted with the Gene Elute Mammalian
Total RNA Miniprep Kit, including a digestion with RNAase
free DNase according to the manufacturer’s instructions (Sigma-
Aldrich, St. Louis, MO, United States). The quantity and
quality of the RNA were determined utilizing a NanoDrop
ONE (Thermo Fisher Scientific, Schwerte, Germany). Total
RNA of 1 µg was applied for reverse transcription using a
cDNA synthesis kit (Thermo Fisher Scientific). The designed
oligonucleotides for RT-qPCR are shown in Table 1. Actb and
Cyclophilin (Ppid) served as reference genes. The RT-qPCR
was performed using DyNAmo Flash SYBR Green (Thermo
Fisher Scientific) on the PikoReal RT-qPCR Cycler (Thermo
Fisher Scientific) (Palmhof et al., 2018; Wilmes et al., 2018). No
template controls, where PCR grade water (Roche Diagnostics,
Basel, Switzerland) was applied instead of cDNA, were used as
negative controls (Adams, 2020). For quantification, values were
transferred to REST© software (Qiagen, Hilden, Germany) for
further analysis.

Tissue Preparation for Immunohistology
At 5, 10, and 15 weeks, eyes (n = 7–9/group) were enucleated
and fixed in 4% paraformaldehyde for 1 h. Thereafter, the
eyes underwent a 30% sucrose treatment overnight and
got embedded in a Neg-50 compound (Tissue-Tek; Thermo
Fisher Scientific). 10 µm thick cross-sections were cut with
a cryostat (Thermo Fisher Scientific) for further staining
(Casola et al., 2016).
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TABLE 1 | Sequences of oligonucleotides.

Gene Forward (F) and reverse
(R) oligonucleotides

GenBank acc.
no.

Amplicon
size

Primer
efficiency

Actb-F
Actb-R

ctaaggccaaccgtgaaag
accagaggcatacagggaca

NM_007393.5 104 bp 1.00

C1qa-F
C1qa-R

cgggtctcaaaggagagaga
tcctttaaaacctcggatacca

NM_007572.2 71 bp 1.00

C1qb-F
C1qb-R

aggcactccagggataaagg
ggtcccctttctctccaaac

NM_009777.3 80 bp 1.00

C1qc-F
C1qc-R

atggtcgttggacccagtt
gagtggtagggccagaagaa

NM_007574.2 75 bp 1.00

C3-F
C3-R

accttacctcggcaagtttct
ttgtagagctgctggtcagg

NM_009778.3 75 bp 1.00

C5ar-F
C5ar-R

gctgatggtgggttttgtgt
gttcagcttctccaccctct

AY220494.1 229 bp 0.94

C5ar1-F
C5ar1-R

gctgatggtgggttttgtgt
gttcagcttctccaccctct

NM_001173550.1 229 bp 0.85

Cfb-F
Cfb-R

ctcgaacctgcagatccac
tcaaagtcctgcggtcgt

M57890.1 112 bp 1.00

Cfd-F
Cfd-R

atggagtgacggatgacgac
gggzgaggcactacactctg

NM_013459.4 109 bp 1.00

Cfh-F
Cfh-R

aaaaaccaaagtgccgagac
ggaggtgatgtctccattgtc

NM_009888.3 74 bp 1.00

Cxcl2-F
Cxcl2-R

tgaactgcgctgtcaatgc
gcttcagggtcaaggcaaac

NM_009140.2 153 bp 1.00

Cxcl1-F
Cxcl1-R

agactccagccacactccaa
tgacagcgcagctcattg

NM_008176.3 130 p 1.00

Cxcl10-F
Cxcl10-R

gctgccgtcattttctgc
tctcactggcccgtcat

NM_021274.2 110 bp 1.00

Hc-F
Hc-R

tgacaccaggcttcagaaagt
agttgcgcacagtcagctt

XM_017315669.2 69 bp 1.00

Infg-F
Infg-R

atctggaggaactggcaaaa
ttcaagacttcaaagagtctgagg

NM_008337.4 89 bp 1.00

Masp2-F
Masp2-R

ggcggctactattgctcct
aacacctggcctgaacaaag

NM_001003893.2 86 bp 1.00

Ppid-F
Ppid-R

ttcttcataaccacaagtcaagacc
tccacctccgtaccacatc

M60456.1 95 bp 1.00

The listed oligonucleotide pairs were used in quantitative real-time PCR
experiments, while Actb and Cyclophilin (Ppid) served as housekeeping genes.
The predicted amplicon sizes are given. F, forward; R, reverse; acc. no., accession
number; bp, base pair.

Immunohistology
In order to identify different complement markers, specific
immunofluorescence antibodies were applied (n = 7–9
eyes/group; 6 sections/animal, Table 2; Reinehr et al., 2016).
Briefly, retina cross-sections were blocked with a solution
containing 10–20% donkey, 2–3% BSA and/or goat serum and
0.1% or 0.3% Triton-X in PBS. Sections were incubated with
primary antibodies at room temperature overnight. Incubation
using corresponding secondary antibodies was performed for
1 h on the next day. Nuclear staining with 4′,6 diamidino-
2-phenylindole (DAPI, Serva Electrophoresis, Heidelberg,
Germany) was included to facilitate the orientation on the
slides. Negative controls were performed for each stain by using
secondary antibodies only.

Histological Examination
The single plane photographs were taken using a fluorescence
microscope using 400x magnification (Axio Imager M1 or M2,
Zeiss, Oberkochen, Germany). Two photos of the peripheral and
two of the central part of each retina cross-section were captured.
The images were transferred to Corel Paint Shop Pro (V13, Corel

Corporation, Ottawa, Canada) and equal excerpts were cut out.
Afterward, C3+, MAC+, Factor B+, and C1q+ cells were counted
in the ganglion cell layer (GCL) using ImageJ software (NIH,
Bethesda, MD, United States) (Reinehr et al., 2019b).

MASP2+ staining area in the nerve fiber layer, GCL,
and inner plexiform layer, was evaluated using ImageJ
software. Briefly, images were transformed into grayscale.
To minimize interference with background labeling, a
defined rolling ball radius of 150 pixels was subtracted.
The percentage (%) of the labeled area was then measured
between defined thresholds, which were obtained when the
grayscale and the original picture corresponded the most (lower
threshold: 13.76; upper threshold: 264.8) (Casola et al., 2016;
Reinehr et al., 2018a).

Statistics
Regarding RT-qPCR, the relative expression values are presented
as median ± quartile + minimum/maximum and were assessed
via Pair Wise Fixed Reallocation Randomization Test using
REST© software (Qiagen) (Pfaffl, 2001; Reinehr et al., 2019b,c).
Immunhistological data are presented as mean ± SEM. The
βB1-CTGF animals were compared to the WT group via two-
tailed Student’s t-test using Statistica Software (Version 13, Dell,
Tulsa, OK, United States). Control values were set to 100%.
P-values below 0.05 were considered statistically significant, with
∗p< 0.05, ∗∗p< 0.01, and ∗∗∗p< 0.001.

RESULTS

Upregulation of C3 mRNA Levels
C3 mRNA levels were evaluated via RT-qPCR at all points in
time. In 5-week-old βB1-CTGF mice, no alterations in C3 mRNA
expression levels were noted (1.03-fold expression; p = 0.880).
At 10 weeks, a significant upregulation of C3 mRNA could be
revealed in transgenic mice (1.55-fold expression; p = 0.048).
At 15 weeks, the mRNA expression of C3 was normalized
again and remained unchanged (1.55-fold expression; p = 0.123;
Figure 1A).

Additionally, an anti-C3 antibody was applied to detect
depositions in retinal cross-sections (Figure 1B). At 5 weeks,
the number of C3+ cells remained unchanged in βB1-CTGF
mice (121.75 ± 18.27%) compared to WT (100.00 ± 15.22%;
p = 0.378). Significant more C3+ deposits could be detected in
the GCL of transgenic animals (323.33± 59.69%) in comparison
to WT ones (100.00 ± 39.67%; p = 0.009) at 10 weeks. The
number of C3+ cells went back to the control level at 15 weeks
(βB1-CTGF: 113.16 ± 16.80%; WT: 100.00 ± 18.37%; p = 0.604;
Figure 1C).

Further, to gain an insight which cells might produce
C3 in the retina, co-stainings with antibodies against anti-
NeuN (neurons), anti-GFAP (astrocytes), and anti-Iba1
(macrophages/microglia) were performed in 10-week-old
WT and βB1-CTGF mice. A co-localization of C3+ cells was
mainly found with astrocytes and macrophages/microglia
(Supplementary Figures 1A,C,E).
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TABLE 2 | Primary and secondary antibodies used for immunohistology.

Primary antibodies Secondary antibodies

Antibody Company Dilution Manufacturer proof of
validation

References Antibody Company Dilution

Anti-C1q Abcam 1:200 Recombinant Anti-C1q
antibody [4.8] KO Tested
(ab182451) | Abcam

Welsh et al., 2020 Donkey anti-rabbit
Alexa Fluor 555

Invitrogen 1:400

Anti-C3 Cedarlane 1:500 Anti-Rat C3, Purified, (pAb)
(Rabbit Ig)—Cedarlane
(cedarlanelabs.com)

Freeley et al., 2016 Goat anti-rabbit IgG
Cy 3

Linaris 1:500

Donkey anti-rabbit
Alexa Fluor 488

Jackson Immuno
Research

1:500

Anti-C5b-9
(MAC)

Biozol 1:100 C5b-9, Rat, mAb 2A1, Mouse
IgG1 | BIOZOL

Reinhard et al., 2019 Goat anti-mouse
Alexa Fluor 488

Life technology 1:500

Anti-Factor B Quidel 1:1,000 Layout 1 (quidel.com) Matsumoto et al., 1997 Donkey anti-goat
Alexa Fluor 488

Dianova 1:500

Anti-GFAP Millipore 1:2,000 Anti-Glial Fibrillary Acidic
Protein Antibody| AB5541
(merckmillipore.com)

Ibrahim et al., 2011 Donkey
anti-chicken Cy3

Millipore 1:500

Anti-Iba1 SySy 1:500 Synaptic Systems—IBA1
(sysy.com)

Su et al., 2019 Donkey
anti-chicken Cy3

Millipore 1:500

Anti-IP10 Santa Cruz 1:100 Anti-IP-10 Antibody (E-2)|
SCBT—Santa Cruz
Biotechnology

Sen et al., 2020 Donkey anti-mouse
Alexa Fluor 555

Abcam 1:500

Anti-MASP2 Biozol 1:400 MASP2 Polyclonal Antibody,
IgG, Unconjugated, Rabbit|
BIOZOL

Not applicable Donkey anti-rabbit
Alexa Fluor 555

Invitrogen 1:700

Anti-NeuN Millipore 1:500 Anti-NeuN Antibody| ABN91
(merckmillipore.com)

Pichavaram et al., 2018 Donkey
anti-chicken Cy3

Millipore 1:500

Anti-RBPMS Millipore 1:200 Anti-RBPMS Antibody|
ABN1362 (merckmillipore.com)

Rodriguez et al., 2014 Donkey anti-rabbit
Alexa Fluor 488

Jackson Immuno
Research

1:500

Enhancement of Terminal Complex
Components
The terminal complement pathway consists of several proteins,
which in the end assemble MAC. Here, the mRNA expression
levels of C5 (Hc), as part of MAC, were analyzed through RT-
qPCR. With increasing age, the Hc mRNA expression levels in
transgenic mice continuously enhanced. At 5 weeks, no changes
could be noted in Hc mRNA expression levels in transgenic
mice (0.81-fold expression; p = 0.205). In 10-week-old βB1-
CTGF mice, a trend toward an upregulation was noted (2.26-fold
expression; p = 0.059). A significant upregulation of Hc mRNA
expression levels was observed in 15-week-old transgenic animals
compared to WT (2.32-fold expression; p= 0.025; Figure 2A).

In addition, we measured the mRNA expression levels of two
different receptors for C5a, a potent anaphylatoxin. In particular,
the C5a anaphylatoxin receptor (C5ar) and the complement
component C5a receptor 1 (C5ar1, also known as CD88)
were analyzed via RT-qPCR. The mRNA expression levels of
C5ar were not altered in 5-week-old βB1-CTGF mice (0.71-
fold expression; p = 0.211). The C5ar mRNA expression levels
were significantly upregulated in transgenic mice at 10 (2.83-
fold expression; p = 0.007) and 15 weeks of age (7.39-fold
expression; p = 0.002; Figure 2B). In 5-week-old βB1-CTGF
animals, the mRNA expression levels of C5ar1 (CD88) remained
unchanged (0.94-fold expression; p = 0.889). A significant

upregulation of C5ar1 mRNA levels was noted in 10- (2.28-
fold expression; p = 0.007) and 15-week-old βB1-CTGF mice
(4.76-fold expression; p= 0.001; Figure 2C).

An anti-MAC antibody was used to label retinas at all
points in time (Figure 2D). No alterations were noted in
βB1-CTGF animals (111.78 ± 10.46%) compared to WT mice
(100.00 ± 12.97%; p = 0.493) at 5 weeks. In 10-week-
old transgenic mice, significantly more MAC+ deposits were
observed (βB1-CTGF: 216.73 ± 44.11%; WT: 100.00 ± 20.39;
p = 0.033). The number of MAC+ cells were similar
in βB1-CTGF mice (117.59 ± 17.20%) and WT animals
(100.00± 18.27%; p= 0.493) at 15 weeks (Figure 2E).

Furthermore, co-stainings with antibodies against anti-
NeuN (neurons), anti-GFAP (astrocytes), and anti-Iba1
(macrophages/microglia) in combination with anti-MAC were
performed in 10-week-old WT and βB1-CTGF mice. MAC+
cells were predominantly co-localized with astrocytes and
macrophages/microglia (Supplementary Figures 1B,D,F).

Activation of Alternative Pathway
The activators of the alternative complement pathway, Cfb and
Cfd as well as the regulator Cfh were examined via RT-qPCR
analysis. At 5 and 10 weeks, no alterations were noted in Cfb
mRNA expression levels in βB1-CTGF retinae compared to WT
(5 weeks: 1.11-fold expression; p = 0.542; 10 weeks: 1.27-fold
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FIGURE 1 | Increased C3 expression in transgenic retinae. (A) C3 mRNA
levels were increased in βB1-CTGF retinae at 10 (p = 0.048), but not at 5 or
15 weeks. (B) Retinal cross-sections were stained with an antibody against
C3 (red), while cell nuclei were labeled with DAPI (blue) at all ages. (C) The
number of C3+ cells in the ganglion cell layer was not altered at 5 and
15 weeks. At 10 weeks, significantly more C3+ cells could be observed in
retinae of βB1-CTGF mice compared to WT (p = 0.009). Values for RT-qPCR
are median ± quartile ± minimum/maximum (n = 5–7/group). The dotted line
in panel (A) represents the relative expression of the WT group. Values for
immunohistology are mean ± SEM (n = 7–9/group). GCL, ganglion cell layer;
IPL, inner plexiform layer. Scale bar: 20 µm. *p < 0.05, **p < 0.01.

expression; p = 0.173). In 15-weeks old transgenic mice, Cfb
mRNA expression levels were significantly upregulated (7.01-fold
expression; p= 0.013; Figure 3A).

The mRNA expression levels of Cfd remained unchanged in
5- (1.13-fold expression; p = 0.813) and 10-week-old βB1-CTGF
mice (1.04-fold expression; p = 0.864). However, a significant
upregulation of Cfd mRNA levels was noted in 15-week-old
transgenic animals (1.96-fold expression; p= 0.034; Figure 3B).

The Cfh mRNA expression levels were not altered in
transgenic mice at 5 (1.16-fold expression; p = 0.781), 10 (0.93-
fold expression; p = 0.712), and 15 weeks (1.40-fold expression;
p= 0.105; Figure 3C).

In addition, retinal cross-sections were labeled with an
antibody against Factor B at all points in time (Figure 3D). At
5 weeks, significantly more Factor B+ cells were counted in the
GCL of transgenic mice (144.91 ± 18.11%) compared to WT
(100.00 ± 8.96%; p = 0.046). At 10 weeks, the number of Factor
B+ cells in βB1-CTGF retinae (78.47 ± 13.24%) was comparable
with WT ones (100.00 ± 17.31%; p = 0.348). Furthermore, no
alterations in Factor B cell counts were observed in 15-week-
old transgenic animals (122.79 ± 17.28%) in contrast to WT
(100.00± 10.55%; p= 0.282; Figure 3E).

Involvement of Classical Route
The mRNA expression levels of components of C1q, namely
C1qa, C1qb, and C1qc, were assessed via RT-qPCR analysis. In
5- and 10-week-old βB1-CTGF mice, no alterations were noted
in C1qa mRNA expression levels (5 weeks: 0.77-fold expression;
p = 0.223; 10 weeks: 0.82-fold expression; p = 0.400). However,
a significant upregulation of C1qa mRNA was observable in 15-
week-old transgenic animals (3.12-fold expression; p = 0.005;
Figure 4A). Regarding the mRNA expression levels of C1qb,
a significant enhancement was noted in 5-week-old βB1-CTGF
mice (2.04-fold expression; p = 0.041), but not at 10 (0.84-
fold expression; p = 0.247) and 15 weeks (0.92-fold expression;
p = 0.550; Figure 4B). The mRNA expression levels of C1qc
were significantly upregulated in 5-week-old transgenic animals
(3.99-fold expression; p = 0.044). Also, at 10 and 15 weeks,
a significant enhancement of C1qc mRNA levels was observed
in βB1-CTGF mice (10 weeks: 6.17-fold expression; p = 0.014;
15 weeks: 1.63-fold expression; p= 0.034; Figure 4C).

Besides RT-qPCRs, an anti-C1q antibody was utilized to label
retinal cross-sections at 5, 10, and 15 weeks of age (Figure 4D).
At 5 weeks, the number of C1q+ cells was significantly higher in
βB1-CTGF retinae (215.72 ± 29.57%) compared to WT animals
(100.00 ± 10.06%; p = 0.003). Further, significantly more C1q+
cells could be detected at 10 (βB1-CTGF: 176.61 ± 25.82%;
WT: 100.00 ± 19.63; p = 0.036) and 15 weeks (βB1-CTGF:
222.28± 45.95%; WT: 100.00± 17.06; p= 0.028; Figure 4E).

Mild Activation of Lectin Pathway
Masp2 mRNA expression levels were analyzed through RT-qPCR.
At 5 weeks, the Masp2 mRNA expression was not altered in βB1-
CTGF mice compared to WT (1.35-fold expression; p = 0.297).
In 10-week-old transgenic animals, a significant upregulation of
Masp2 mRNA was noted (1.79-fold expression; p = 0.047). At
15 weeks, the mRNA expression of Masp2 went back to WT level
(0.72-fold expression; p= 0.077; Figure 5A).

Additionally, retinal cross-sections were labeled with an anti-
MASP2 antibody at all points in time (Figure 5B). It was noted
that the MASP2+ area remained unchanged in 5- and 10-
week-old βB1-CTGF animals in contrast to WT ones (5 weeks:
βB1-CTGF: 99.25 ± 8.21%; WT: 100.00 ± 10.07; p = 0.955;
10 weeks: βB1-CTGF: 113.71 ± 16.63%; WT: 100.00 ± 9.78%;
p = 0.489). At 15 weeks, a significant increase of MASP2+ area
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FIGURE 2 | Enhanced terminal pathway components in βB1-CTGF mice. (A) The expression of Hc (C5) mRNA was not altered in transgenic mice at 5 and
10 weeks. At 15 weeks, a significant upregulation of Hc mRNA levels was noted in βB1-CTGF mice (p = 0.03). (B) RT-qPCR analyses showed no alterations of C5ar
(C5a anaphylatoxin receptor) mRNA levels at 5 weeks. In contrast, a significant upregulation of C5ar mRNA expression levels was detected in 10- (p = 0.001) and
15-week-old βB1-CTGF mice (p = 0.002). (C) The C5ar1 (complement component C5a receptor 1; CD88) mRNA levels were not altered in 5-week-old transgenic
mice, while a significant upregulation was revealed at 10 (p = 0.007) and 15 weeks (p = 0.001). (D) An anti-MAC antibody (green) was applied to label retinal
cross-sections at 5, 10, and 15 weeks of age. DAPI counterstained cell nuclei (blue). (E) While no changes in the number of MAC+ cells were observable at 5 and
15 weeks, a significantly higher number of MAC+ cells was noted in 10-week-old transgenic mice (p = 0.03). Values for RT-qPCR are median ± quartile ±
minimum/maximum (n = 5–7/group). The dotted line in panels (A–C) represents the relative expression of the WT group. Values for immunohistology are
mean ± SEM (n = 7–9/group). GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bar: 20 µm. *p < 0.05; **p < 0.001.

was observed in transgenic mice (144.70 ± 18.19% compared to
WT (100.00± 7.86%; p= 0.044; Figure 5C).

Enhanced Cytokine Activation
RT-qPCRs were performed to identify the mRNA levels of INF-
γ (Infg), the two murine homologs of IL8 CXCL-1 (Cxcl1) and
CXCL-2/MIP-2 (Cxcl2) (Bozic et al., 1994; Hol et al., 2010) as well
as CXCL-10 (Cxcl10) at all ages.

Infg mRNA expression levels were upregulated in 5-week-
old βB1-CTGF mice compared to WT (5.01-fold expression;
p = 0.009). The Infg mRNA expression went back to WT levels
in 10- (1.11-fold expression; p = 0.780) as well as in 15-week-old
βB1-CTGF animals (0.90-fold expression; p= 0.807; Figure 6A).

Regarding Cxcl1 mRNA expression levels, no changes could
be noted in 5-week-old transgenic mice (1.22-fold expression;
p = 0.341). However, a significant increase of Cxcl1 mRNA
expression levels was observed at 10 weeks (3.75-fold expression;
p = 0.013). Also, Cxcl1 mRNA levels were upregulated in
15-week-old transgenic animals compared to WT (1.61-fold
expression; p= 0.027; Figure 6B).

The mRNA expression levels of Cxcl2 were not altered in
5-week-old transgenic mice (0.98-fold expression; p = 0.940).

At 10 weeks, a significant upregulation of Cxcl2 mRNA levels
was noted in βB1-CTGF mice (2.49-fold expression; p = 0.031).
In addition, a significant upregulation of Cxcl2 mRNA was
revealed in 15-week-old transgenic animals (3.64-fold expression;
p= 0.038; Figure 6C).

The analysis of Cxcl10 mRNA expression levels revealed
a significant upregulation in 5-week-old βB1-CTGF mice in
contrast to WT ones (2.96-fold expression; p= 0.029). The Cxcl10
mRNA expression levels remained upregulated at 10 (2.50-fold
expression; p= 0.017) as well as at 15 weeks (3.36-fold expression;
p= 0.002; Figure 6D).

Retinal cross-sections were labeled with an antibody against
IP-10 (CXCL-10) and RBPMS. Representative pictures show that
CXCL-10+ cells were predominantly localized in the GCL and
inner nuclear layer of βB1-CTGF mice (Figure 6E).

DISCUSSION

Glaucoma is a complex neurodegenerative disease, which can
lead to blindness when untreated. It often remains asymptomatic
for a long time, since progressive visual field loss is peripheral
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FIGURE 3 | Activation of the alternative pathway. (A) At 5 and 10 weeks of age, no alterations in Cfb mRNA levels were noted. At 15 weeks, a significant
upregulation of Cfb mRNA levels was revealed (p = 0.01). (B) RT-qPCR analyses showed no changes in Cfd mRNA levels in 5-and 10-week-old βB1-CTGF mice. In
contrast, Cfd mRNA levels were significantly upregulated in 15-week-old transgenic mice (p = 0.03). (C) The mRNA levels of Cfh were not altered at 5, 10, and
15 weeks. (D) Retinae were stained with an antibody against Factor B (green) and cell nuclei were labeled with DAPI (blue) at all ages. (E) The number of Factor B+

cells in the ganglion cell layer was significantly higher in βB1-CTGF animals compared to WT (p = 0.046). No changes were seen at 10 and 15 weeks. Values for
RT-qPCR are median ± quartile ± minimum/maximum (n = 5–7/group). The dotted line in panels (A–C) represents the relative expression of the WT group. Values
for immunohistology are mean ± SEM (n = 7–9/group). GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bar: 20 µm. *p < 0.05.

and typically asymmetric, which allows for compensation from
the overlapping visual field of the other eye (Gupta and Chen,
2016). Unfortunately, the only currently modifiable factor is the
IOP. Therefore, there is an urgent need for new and additional
therapeutic approaches. Hence, other mechanisms besides the
main risk factor IOP elevation need to be investigated.

For instance, previous studies concluded that an activation
of the complement system seems to contribute to cell death in
glaucoma. In the study presented here, we aimed to determine
complement activation as well as cytokine expression in different
ages of the transgenic βB1-CTGF mouse model. This model
enables to study underlying pathomechanisms occurring in
high-pressure glaucoma. In contrast to other OHT models,
no surgical interventions are needed. While the IOP was not
altered in 5- and 10-week-old βB1-CTGF mice, elevated IOP
was accompanied by an apoptotic loss of RCGs in 15-week-old
animals (Reinehr et al., 2019b). Furthermore, more apoptotic
RGCs and TUNEL+ apoptotic cells were already noted in 5- and
10-week-old transgenic mice (Weiss et al., 2021). The relation of
apoptotic cells and complement activation should be investigated
more precisely in future studies.

In the aqueous humor of patients suffering from POAG, the
complement factor C3 was elevated (Liu et al., 2020). Recently,

Hubens et al. (2021) demonstrated an upregulation of the C3a/C3
ratio in aqueous humor from progressive, but not from stable
POAG patients. In our study, we could demonstrate that the
terminal complement pathway components C3 and MAC were
increased in 10-week-old βB1-CTGF mice before an RGC death
was noted. Especially, the formation of MAC could lead to
the apoptosis of cells, which was shown, for example, in rat
mesangial cells (Nauta et al., 2002). Regarding the initiation
of the complement system, similar results were obtained in an
IOP-independent experimental autoimmune glaucoma (EAG)
model. Here, immunization with ocular antigens led to an
activation of the complement system before RGC and optic
nerve degeneration (Reinehr et al., 2016, 2018b). Also, in
DBA/2J.Wld5 mice, which are protected from axon dysfunction,
early C3 upregulation could be observed (Harder et al., 2017).
Further, the C5a anaphylatoxin receptor (C5ar) as well as
the complement component C5a receptor 1 (C5ar1; CD88)
were found upregulated transgenic mice at 10 and 15 weeks
of age. C5a itself is a powerful mediator of inflammation
and is important in the recruitment and chemotaxis of glia
to the site of damage, through its anaphylatoxin G-protein
coupled receptor (Yao et al., 1990; Miller and Stella, 2009;
Woodruff et al., 2010).
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FIGURE 4 | C1q upregulation in transgenic animals. (A) RT-qPCR analyses revealed no alterations in C1qa mRNA levels in βB1-CTGF mice at 5 and 10 weeks. At
15 weeks, a significant upregulation of C1qa mRNA levels was seen (p = 0.005). (B) At 5 weeks, C1qb mRNA levels were significantly upregulated (p = 0.04), while
no changes were noted at 10 and 15 weeks. (C) The mRNA levels of C1qc were significantly upregulated in transgenic mice at 5 (p = 0.04), 10 (p = 0.01), and
15 weeks of age (p = 0.03). (D) Retinal cross-sections were labeled with an antibody against C1q (red), while DAPI counterstained cell nuclei (blue) in 5-, 10-, and
15-week-old mice. (E) The number of C1q+ cells in the ganglion cell layer was significantly higher in βB1-CTGF and WT animals at 5 (p = 0.003), 10 (p = 0.04), and
15 weeks (p = 0.03). Values for RT-qPCR are median ± quartile ± minimum/maximum (n = 5–7/group). The dotted line in panels (A–C) represents the relative
expression of the WT group. Values for immunohistology are mean ± SEM (n = 7–9/group). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear
layer. Scale bar: 20 µm. *p < 0.05, **p < 0.01.

In accordance with studies in other glaucoma models, our
results reveal that complement activation is an early event in
glaucoma pathology.

To elaborate, which cells might be the source of C3 and
MAC in our model, we performed co-stainings with markers
for neuronal cells, astrocytes, and macrophages/microglia in 10-
week-old WT and βB1-CTGF mice. These stainings show that,
most likely, astrocytes and/or macrophages/microglia are the
main source of local complement in our model. After light-
induced damage and in the aging retina, microglia were identified
to express the complement component C3 (Rutar et al., 2011,
2014). In an Alzheimer’s disease mouse model, the authors
showed that under physiological conditions, C3 is expressed
primarily by astrocytes (Lian et al., 2016). Another study revealed
a direct involvement of Mueller cells in the transcript expression
of the retinal complement components, and it is likely that
in the retina neurons and glia cells orchestrate complement-
mediated maturation (Tenner et al., 2018; Pauly et al., 2019).
Nonetheless, the origin and sources of the complement proteins
in the βB1-CTGF model should be explored in more detail in
further experiments.

As mentioned, the complement system can be initialized
through three different pathways. In the βB1-CTGF mouse

model, we observed an activation of all three pathways
throughout the study. Especially C1q, as a member of the classical
route, was upregulated at all investigated ages, namely in 5-,
10-, and 15-week-old βB1-CTGF mice. Activation of the classical
pathway was also previously described in other glaucoma models.
For example, Stasi et al. detected that a C1q upregulation in
the retina of DBA/2J mice preceded RGC death (Stasi et al.,
2006). After injection of microbeads in mice, which leads to
OHT, elevated levels of C1q mRNA were detected (Krishnan
et al., 2019). Also, in rats with OHT, elevated C1q levels were
noted (Kuehn et al., 2006). Additionally, more C1q was found
in laser-induced glaucomatous monkey eyes (Stasi et al., 2006).
Furthermore, Howell et al. (2011) showed that mice with a C1q
mutation were protected from glaucomatous damage. But not
only in animal models, also in human glaucoma donor eyes,
C1q depositions were observed (Stasi et al., 2006). Hence, the
classical pathway plays an important role in complement system
activation during glaucomatous damage.

Interestingly, we also observed an upregulation of the
lectin pathway component MASP2 via RT-qPCR and
immunohistology. Although the lectin pathway recognizes
carbohydrate structures mostly on bacteria, viruses, fungi,
and parasites, it is also able to bind to similar structures on
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FIGURE 5 | Lectin pathway is initiated. (A) The mRNA expression levels of Masp2 were upregulated at 10 (p = 0.047), but not at 5 and 15 weeks, in βB1-CTGF
mice. (B) An anti-MASP2 antibody (red) was used to label retinal cross-sections at 5, 10, and 15 weeks of age. Cell nuclei are counterstained with DAPI (blue).
(C) The MASP2+ area was not altered in transgenic mice compared to WT at 5 and 10 weeks. At 15 weeks, a significant increase of MASP2+ area was revealed in
βB1-CTGF animals (p = 0.04). Values for RT-qPCR are median ± quartile ± minimum/maximum (n = 5–7/group). The dotted line in panel (A) represents the relative
expression of the WT group. Values for immunohistology are mean ± SEM (n = 7–9/group). GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bar: 20 µm.
*p < 0.05.

apoptotic or necrotic cells (Neth et al., 2000; Turner, 2003;
Stuart et al., 2005). This was previously also noted in the
EAG model, where IOP is not increased. Here, an activation
of the lectin pathway was observed (Reinehr et al., 2016,
2018b). In addition, increased levels of several complement
components, including MASP2 were found in glaucoma patients
(Tezel et al., 2010). Furthermore, in sera of POAG patients,
higher levels of the mannose binding lectin 2 were detected
(Dursun et al., 2012).

The alternative pathway of the complement system is
spontaneously activated and often associated with processes

occurring in age-related macular degeneration (Cipriani
et al., 2020). Regarding glaucoma, little is known about
the contribution of this pathway. In our βB1-CTGF mice,
more Factor B+ cells were counted in the GCL at 5 weeks,
while enhanced mRNA levels of Cfb and Cfd were observed
at 15 weeks. Recently, Fernandez-Vega Cueto et al. (2020)
investigated several immune components in sera of DBA2/J
mice and their ability as biomarker. They noted that a five
protein-panel, amongst others this included complement
factor H, as another component of the alternative pathway,
predicted the transition to glaucoma in about 78% of these
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FIGURE 6 | Upregulated cytokine expression in βB1-CTGF retinae. (A) RT-qPCR analyses showed an upregulation of Infg mRNA levels in βB1-CTGF retinae at 5
(p = 0.009), but not at 10 and 15 weeks of age. (B) The mRNA expression levels of Cxcl1 were not altered in 5-week-old transgenic mice. At 10 and 15 weeks,
significantly higher mRNA levels of Cxcl1 were noted in βB1-CTGF mice (10 weeks: p = 0.01; 15 weeks: p = 0.04). (C) RT-qPCR analyses revealed no changes in
the mRNA expression levels of Cxcl2 in 5-week-old transgenic animals. A significant upregulation of Cxcl2 mRNA levels was noted in βB1-CTGF mice at 10
(p = 0.03) and 15 weeks (p = 0.04). (D) Cxcl10 mRNA levels were significantly upregulated in βB1-CTGF retinae at 5 (p = 0.03), 10 (p = 0.02), and 15 weeks
(p = 0.002). (E) Representative pictures of retinal cross-sections labeled with an antibody against IP-10 (CXCL-10; red) and RBPMS (RGCs; green), while DAPI
counterstained cell nuclei (blue). IP-10+ cells were predominantly observed in the ganglion cell layer and inner nuclear layer of βB1-CTGF mice. Values are
median ± quartile ± minimum/maximum (n = 5–6/group). The dotted line in panels (A–D) represents the relative expression of the WT group. GCL, ganglion cell
layer; IPL, inner plexiform layer; INL, inner nuclear layer. Scale bar: 20 µm. *p < 0.05, **p < 0.01.
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animals (Fernandez-Vega Cueto et al., 2020). Also, in the IOP-
independent EAG model an early upregulation of Cfb mRNA
levels was observed (Reinehr et al., 2018b).

It is notable to mention the discrepancy of some results
regarding immunohistological and RT-qPCR findings.
For example, the results of the alternative and lectin
complement pathway seem to differ between the two methods.
Immunohistological stainings, particularly in the retina, have the
advantage to show the distribution of different cell types within
the retinal layers. Further, with this method we were able to
count complement positive cells only in the GCL since this is the
most affected one during glaucoma. In contrary, for RT-qPCR
analyses, RNA and cDNA syntheses were performed using the
whole retina. This could explain the discrepancy in the results.
In addition, the inconsistency could be explained with different
posttranscriptional and translational regulations. Nonetheless,
using both methods enabled us to determine the complement
response in βB1-CTGF mice quite well.

Overall, these results reveal that the complement system
is active in early stages in βB1-CTGF mice and especially
the classical pathway plays a role in its initiation. Therefore,
therapeutic approaches should be focused on components like
C5 to inhibit the terminal pathway, as shown in previous studies
(Howell et al., 2013; Reinehr et al., 2019a; Gassel et al., 2021).

Complement activation not only harms cells directly, but its
activation is also engaged in the regulation of an inflammatory
reaction (Markiewski and Lambris, 2007). C5a, for example,
can act directly on neutrophils and monocytes to increase their
ability to adhere to vessel walls, their migration toward sites of
antigen deposition as well as to ingest particles (Murphy et al.,
2008). In osteoblasts, C5a induced migration and expression of
IL-8 (Ignatius et al., 2011). Furthermore, C5aR1, in interaction
with toll-like-receptor 2, resulted in an upregulation of CXCL-
10 (Modinger et al., 2018). We could determine that the mRNA
levels of the examined C5a receptors, C5ar and C5ar1, were
significantly upregulated in 10- and 15-week-old transgenic
animals. An upregulation of C5ar was also noted in mouse
retinae 2 days after light damage and a C5aR knockout was
able to diminish microglia cells (Song et al., 2017). Additionally,
Zhang et al. showed that C3aR/C5aR double knockout mice
developed less severe uveitis, which supports the role of these
receptors in retinal inflammation (Zhang et al., 2016). Further,
we found upregulated Cxlc10 mRNA levels in βB1-CTGF retinae
at 5, 10, and 15 weeks of age, while an elevation of Cxcl1
and Cxcl2 (IL-8) mRNA levels was noted at 10 and 15 weeks.
At 5 weeks, an upregulation of Infg was also demonstrated
in transgenic mice. iPS-retinal pigment epithelium (RPE) cells
can express complement factors, such as C3, C5, and MAC,
especially after INF-γ exposure (Sugita et al., 2018). RPE cells
with activated T-cells express INF-γ associated chemokines, such
as CXCL-10 (Sugita et al., 2006). Under the influence of IFN-γ,
CXCL-10 is secreted by several cell types including endothelial
cells, fibroblasts, keratinocytes, thyrocytes, or preadipocytes
(Antonelli et al., 2014). It seems likely that the upregulation of
these cytokines correlates with the activation of the complement
system and contribute to cell death in transgenic βB1-CTGF
mice.

FIGURE 7 | Schematic overview of study findings. In βB1-CTGF mice, which
develop glaucomatous damage, an activation of the complement,
predominantly via the classical pathway (C1q), could be detected. The
activation of C5 (Hc) eventually lead to the assembling of the membrane
attack complex (MAC), which harms retinal ganglion cells directly. Further, C5
as well as C5a receptors, namely the C5a anaphylatoxin receptor (C5ar) and
the complement component C5a receptor 1 (C5ar1, CD88), engage a
pro-inflammatory response of INF-γ, CXCL-10, CXCL-1, and CXCL-2.

CONCLUSION

Cell death in βB1-CTGF mice seems to be associated with
an activation of the complement system, especially through
the classical pathway and corresponding cytokine response
(Figure 7). These results further support the hypothesis that an
altered immune response plays a crucial role in glaucomatous
neurodegeneration.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the
Landesamt für Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen.

AUTHOR CONTRIBUTIONS

SR performed the experiments, analyzed the data, and wrote
the manuscript. JD, AM-B, and DK performed the experiments

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 November 2021 | Volume 15 | Article 718087

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-718087 November 12, 2021 Time: 14:44 # 12

Reinehr et al. Complement Response in Glaucoma Mice

and analyzed the data. RF and HD revised the manuscript. SJ
conceived the study and revised the manuscript. All authors read
and approved the final manuscript.

FUNDING

This study was in part supported by the Deutsche
Forschungsgemeinschaft (Germany, RE-4543/1-1), FoRUM
(Ruhr-University Bochum, Germany), and the Ernst and

Berta Grimmke foundation (Germany). We acknowledge
the support by the Open Access Publication Funds of the
Ruhr-University Bochum.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.
2021.718087/full#supplementary-material

REFERENCES
Adams, G. (2020). A beginner’s guide to RT-PCR, qPCR and RT-qPCR. Biochemist

42, 48–53. doi: 10.1186/1746-4811-10-18
Antonelli, A., Ferrari, S. M., Giuggioli, D., Ferrannini, E., Ferri, C., and Fallahi, P.

(2014). Chemokine (C-X-C motif) ligand (CXCL)10 in autoimmune diseases.
Autoimmun. Rev. 13, 272–280. doi: 10.1016/j.autrev.2013.10.010

Bayly-Jones, C., Bubeck, D., and Dunstone, M. A. (2017). The mystery behind
membrane insertion: a review of the complement membrane attack complex.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 372:20160221. doi: 10.1098/rstb.2016.
0221

Bozic, C. R., Gerard, N. P., Von Uexkull-Guldenband, C., Kolakowski, L. F.
Jr., Conklyn, M. J., et al. (1994). The murine interleukin 8 type B receptor
homologue and its ligands. expression and biological characterization. J. Biol.
Chem. 269, 29355–29358. doi: 10.1016/s0021-9258(18)43882-3

Casola, C., Reinehr, S., Kuehn, S., Stute, G., Spiess, B. M., Dick, H. B., et al. (2016).
Specific inner retinal layer cell damage in an autoimmune glaucoma model is
induced by GDNF with or without HSP27. Invest. Ophthalmol. Vis. Sci. 57,
3626–3639. doi: 10.1167/iovs.15-18999r2

Casson, R. J., Chidlow, G., Wood, J. P., Crowston, J. G., and Goldberg, I.
(2012). Definition of glaucoma: clinical and experimental concepts. Clin. Exp.
Ophthalmol. 40, 341–349. doi: 10.1111/j.1442-9071.2012.02773.x

Chono, I., Miyazaki, D., Miyake, H., Komatsu, N., Ehara, F., Nagase, D., et al.
(2018). High interleukin-8 level in aqueous humor is associated with poor
prognosis in eyes with open angle glaucoma and neovascular glaucoma. Sci.
Rep. 8:14533. doi: 10.1038/s41598-018-32725-3

Chua, J., Vania, M., Cheung, C. M., Ang, M., Chee, S. P., Yang, H., et al. (2012).
Expression profile of inflammatory cytokines in aqueous from glaucomatous
eyes. Mol. Vis. 18, 431–438.

Cipriani, V., Lores-Motta, L., He, F., Fathalla, D., Tilakaratna, V., Mcharg, S., et al.
(2020). Increased circulating levels of factor H-Related Protein 4 are strongly
associated with age-related macular degeneration. Nat. Commun. 11:778. doi:
10.1038/s41467-020-14499-3

Doudevski, I., Rostagno, A., Cowman, M., Liebmann, J., Ritch, R., and Ghiso, J.
(2014). Clusterin and complement activation in exfoliation glaucoma. Invest.
Ophthalmol. Vis. Sci. 55, 2491–2499. doi: 10.1167/iovs.13-12941

Dursun, O., Yilmaz, A., Ayaz, L., and Tamer, L. (2012). Serum levels and H/L gene
polymorphism of mannose-binding lectin in primary open angle glaucoma.
Curr. Eye. Res. 37, 212–217. doi: 10.3109/02713683.2011.639124

Fernandez-Vega Cueto, A., Alvarez, L., Garcia, M., Artime, E., Alvarez Barrios,
A., Rodriguez-Una, I., et al. (2020). Systemic alterations of immune response-
related proteins during glaucoma development in the murine model DBA/2J.
Diagnostics (Basel) 10:425. doi: 10.3390/diagnostics10060425

Freeley, S. J., Popat, R. J., Parmar, K., Kolev, M., Hunt, B. J., Stover, C. M.,
et al. (2016). Experimentally-induced anti-myeloperoxidase vasculitis does not
require properdin, MASP-2 or bone marrow-derived C5. J. Pathol. 240, 61–71.
doi: 10.1002/path.4754

Gassel, C. J., Reinehr, S., Gomes, S. C., Dick, H. B., and Joachim, S. C. (2021).
Preservation of optic nerve structure by complement inhibition in experimental
glaucoma. Cell Tissue Res. 382, 293–306. doi: 10.1007/s00441-020-03240-7

Gupta, D., and Chen, P. P. (2016). Glaucoma. Am. Fam. Phys. 93, 668–674.
Harder, J. M., Braine, C. E., Williams, P. A., Zhu, X., Macnicoll, K. H., Sousa, G. L.,

et al. (2017). Early immune responses are independent of RGC dysfunction in

glaucoma with complement component C3 being protective. Proc. Natl. Acad.
Sci. U S A. 114, E3839–E3848. doi: 10.1073/pnas.1608769114

Hol, J., Wilhelmsen, L., and Haraldsen, G. (2010). The murine IL-8 homologues
KC, MIP-2, and LIX are found in endothelial cytoplasmic granules but not
in Weibel-Palade bodies. J. Leukoc. Biol. 87, 501–508. doi: 10.1189/jlb.08
09532

Howell, G. R., Macalinao, D. G., Sousa, G. L., Walden, M., Soto, I., Kneeland,
S. C., et al. (2011). Molecular clustering identifies complement and endothelin
induction as early events in a mouse model of glaucoma. J. Clin. Invest. 121,
1429–1444. doi: 10.1172/JCI44646

Howell, G. R., Soto, I., Ryan, M., Graham, L. C., Smith, R. S., and John, S. W. (2013).
Deficiency of complement component 5 ameliorates glaucoma in DBA/2J mice.
J. Neuroinflamm. 10:76. doi: 10.1186/1742-2094-10-76

Hubens, W. H. G., Beckers, H. J. M., Gorgels, T., and Webers, C. A. B. (2021).
Increased ratios of complement factors C3a to C3 in aqueous humor and serum
mark glaucoma progression. Exp. Eye Res. 204:108460. doi: 10.1016/j.exer.2021.
108460

Ibrahim, A. S., El-Remessy, A. B., Matragoon, S., Zhang, W., Patel, Y., Khan,
S., et al. (2011). Retinal microglial activation and inflammation induced by
amadori-glycated albumin in a rat model of diabetes. Diab. Metab. Res. Rev.
60, 1122–1133. doi: 10.2337/db10-1160

Ignatius, A., Schoengraf, P., Kreja, L., Liedert, A., Recknagel, S., Kandert, S.,
et al. (2011). Complement C3a and C5a modulate osteoclast formation and
inflammatory response of osteoblasts in synergism with IL-1beta. J. Cell.
Biochem. 112, 2594–2605. doi: 10.1002/jcb.23186

Junglas, B., Kuespert, S., Seleem, A. A., Struller, T., Ullmann, S., Bosl, M., et al.
(2012). Connective tissue growth factor causes glaucoma by modifying the
actin cytoskeleton of the trabecular meshwork. Am. J. Pathol. 180, 2386–2403.
doi: 10.1016/j.ajpath.2012.02.030

Kim, S. H., Carney, D. F., Papadimitriou, J. C., and Shin, M. L. (1989). Effect
of osmotic protection on nucleated cell killing by C5b-9: cell death is not
affected by the prevention of cell swelling. Mol. Immunol. 26, 323–331. doi:
10.1016/0161-5890(89)90087-4

Koski, C. L., Ramm, L. E., Hammer, C. H., Mayer, M. M., and Shin, M. L.
(1983). Cytolysis of nucleated cells by complement: cell death displays multi-
hit characteristics. Proc. Natl. Acad. Sci. U S A. 80, 3816–3820. doi: 10.1073/
pnas.80.12.3816

Krishnan, A., Kocab, A. J., Zacks, D. N., Marshak-Rothstein, A., and Gregory-
Ksander, M. (2019). A small peptide antagonist of the Fas receptor inhibits
neuroinflammation and prevents axon degeneration and retinal ganglion cell
death in an inducible mouse model of glaucoma. J. Neuroinflamm. 16:184.
doi: 10.1186/s12974-019-1576-3

Kuehn, M. H., Kim, C. Y., Ostojic, J., Bellin, M., Alward, W. L., Stone, E. M., et al.
(2006). Retinal synthesis and deposition of complement components induced
by ocular hypertension. Exp. Eye Res. 83, 620–628. doi: 10.1016/j.exer.2006.
03.002

Lian, H., Litvinchuk, A., Chiang, A. C., Aithmitti, N., Jankowsky, J. L., and Zheng,
H. (2016). Astrocyte-Microglia cross talk through complement activation
modulates amyloid pathology in mouse models of Alzheimer’s disease.
J. Neurosci. 36, 577–589. doi: 10.1523/JNEUROSCI.2117-15.2016

Liu, H., Anders, F., Funke, S., Mercieca, K., Grus, F., and Prokosch, V. (2020).
Proteome alterations in aqueous humour of primary open angle glaucoma
patients. Int. J. Ophthalmol. 13, 176–179. doi: 10.18240/ijo.2020.01.24

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 November 2021 | Volume 15 | Article 718087

https://www.frontiersin.org/articles/10.3389/fncel.2021.718087/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2021.718087/full#supplementary-material
https://doi.org/10.1186/1746-4811-10-18
https://doi.org/10.1016/j.autrev.2013.10.010
https://doi.org/10.1098/rstb.2016.0221
https://doi.org/10.1098/rstb.2016.0221
https://doi.org/10.1016/s0021-9258(18)43882-3
https://doi.org/10.1167/iovs.15-18999r2
https://doi.org/10.1111/j.1442-9071.2012.02773.x
https://doi.org/10.1038/s41598-018-32725-3
https://doi.org/10.1038/s41467-020-14499-3
https://doi.org/10.1038/s41467-020-14499-3
https://doi.org/10.1167/iovs.13-12941
https://doi.org/10.3109/02713683.2011.639124
https://doi.org/10.3390/diagnostics10060425
https://doi.org/10.1002/path.4754
https://doi.org/10.1007/s00441-020-03240-7
https://doi.org/10.1073/pnas.1608769114
https://doi.org/10.1189/jlb.0809532
https://doi.org/10.1189/jlb.0809532
https://doi.org/10.1172/JCI44646
https://doi.org/10.1186/1742-2094-10-76
https://doi.org/10.1016/j.exer.2021.108460
https://doi.org/10.1016/j.exer.2021.108460
https://doi.org/10.2337/db10-1160
https://doi.org/10.1002/jcb.23186
https://doi.org/10.1016/j.ajpath.2012.02.030
https://doi.org/10.1016/0161-5890(89)90087-4
https://doi.org/10.1016/0161-5890(89)90087-4
https://doi.org/10.1073/pnas.80.12.3816
https://doi.org/10.1073/pnas.80.12.3816
https://doi.org/10.1186/s12974-019-1576-3
https://doi.org/10.1016/j.exer.2006.03.002
https://doi.org/10.1016/j.exer.2006.03.002
https://doi.org/10.1523/JNEUROSCI.2117-15.2016
https://doi.org/10.18240/ijo.2020.01.24
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-718087 November 12, 2021 Time: 14:44 # 13

Reinehr et al. Complement Response in Glaucoma Mice

Liu, J., Jha, P., Lyzogubov, V. V., Tytarenko, R. G., Bora, N. S., and Bora, P. S. (2011).
Relationship between complement membrane attack complex, chemokine (C-C
motif) ligand 2 (CCL2) and vascular endothelial growth factor in mouse model
of laser-induced choroidal neovascularization. J. Biol. Chem. 286, 20991–21001.
doi: 10.1074/jbc.M111.226266

Markiewski, M. M., and Lambris, J. D. (2007). 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

Matsumoto, M., Fukuda, W., Circolo, A., Goellner, J., Strauss-Schoenberger, J.,
Wang, X., et al. (1997). Abrogation of the alternative complement pathway by
targeted deletion of murine factor B. Proc. Natl. Acad. Sci. U S A. 94, 8720–8725.
doi: 10.1073/pnas.94.16.8720

Miller, A. M., and Stella, N. (2009). Microglial cell migration stimulated by ATP
and C5a involve distinct molecular mechanisms: quantification of migration
by a novel near-infrared method. Glia 57, 875–883. doi: 10.1002/glia.
20813

Modinger, Y., Rapp, A., Pazmandi, J., Vikman, A., Holzmann, K., Haffner-Luntzer,
M., et al. (2018). C5aR1 interacts with TLR2 in osteoblasts and stimulates
the osteoclast-inducing chemokine CXCL10. J. Cell Mol. Med. 22, 6002–6014.
doi: 10.1111/jcmm.13873

Murphy, K., Travers, P., Walport, M., and Janeway, C. (2008). Janeway’s
Immunbiology. Milton Park: Taylor & Francis LTd.

Nauta, A. J., Daha, M. R., Tijsma, O., Van De Water, B., Tedesco, F., and Roos,
A. (2002). The membrane attack complex of complement induces caspase
activation and apoptosis. Eur. J. Immunol. 32, 783–792. doi: 10.1002/1521-
4141(200203)32:3<783::aid-immu783>3.0.co;2-q

Neth, O., Jack, D. L., Dodds, A. W., Holzel, H., Klein, N. J., and Turner,
M. W. (2000). Mannose-binding lectin binds to a range of clinically relevant
microorganisms and promotes complement deposition. Infect. Immun. 68,
688–693. doi: 10.1128/IAI.68.2.688-693.2000

Niederkorn, J. Y. (2007). The induction of anterior chamber-associated
immune deviation. Chem. Immunol. Allergy 92, 27–35. doi: 10.1159/0000
99251

Palmhof, M., Lohmann, S., Schulte, D., Stute, G., Wagner, N., Dick, H. B., et al.
(2018). Fewer functional deficits and reduced cell death after ranibizumab
treatment in a retinal ischemia model. Int. J. Mol. Sci. 19:1636. doi: 10.3390/
ijms19061636

Pauly, D., Agarwal, D., Dana, N., Schafer, N., Biber, J., Wunderlich, K. A., et al.
(2019). Cell-Type-Specific complement expression in the healthy and diseased
retina. Cell Rep. 29, 2835–2848.e4. doi: 10.1016/j.celrep.2019.10.084

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res. 29:e45.

Pichavaram, P., Palani, C. D., Patel, C., Xu, Z., Shosha, E., Fouda, A. Y.,
et al. (2018). Targeting polyamine oxidase to prevent excitotoxicity-induced
retinal neurodegeneration. Front. Neurosci. 12:956. doi: 10.3389/fnins.2018.
00956

Reinehr, S., Koch, D., Weiss, M., Froemel, F., Voss, C., Dick, H. B., et al. (2019b).
Loss of retinal ganglion cells in a new genetic mouse model for primary
open-angle glaucoma. J. Cell Mol. Med. 23, 5497–5507. doi: 10.1111/jcmm.
14433

Reinehr, S., Reinhard, J., Wiemann, S., Hesse, K., Voss, C., Gandej, M., et al.
(2019c). Transfer of the experimental autoimmune glaucoma model from rats
to mice-new options to study Glaucoma disease. Int. J. Mol. Sci. 20:2563. doi:
10.3390/ijms20102563

Reinehr, S., Gomes, S. C., Gassel, C. J., Asaad, M. A., Stute, G., Schargus, M.,
et al. (2019a). Intravitreal therapy against the complement Factor C5 prevents
retinal degeneration in an experimental autoimmune glaucoma model. Front.
Pharmacol. 10:1381. doi: 10.3389/fphar.2019.01381

Reinehr, S., Reinhard, J., Gandej, M., Gottschalk, I., Stute, G., Faissner, A., et al.
(2018b). S100B immunization triggers NFκB and complement activation in
an autoimmune glaucoma model. Sci. Rep. 8:9821. doi: 10.1038/s41598-018-
28183-6

Reinehr, S., Kuehn, S., Casola, C., Koch, D., Stute, G., Grotegut, P., et al. (2018a).
HSP27 immunization reinforces AII amacrine cell and synapse damage induced
by S100 in an autoimmune glaucoma model. Cell Tissue Res. 371, 237–249.
doi: 10.1007/s00441-017-2710-0

Reinehr, S., Reinhard, J., Gandej, M., Kuehn, S., Noristani, R., Faissner, A., et al.
(2016). simultaneous complement response via lectin pathway in retina and

optic nerve in an experimental autoimmune glaucoma model. Front. Cell
Neurosci. 10:140. doi: 10.3389/fncel.2016.00140

Reinhard, J., Wiemann, S., Joachim, S. C., Palmhof, M., Woestmann, J., Denecke,
B., et al. (2019). Heterozygous Meg2 ablation causes intraocular pressure
elevation and progressive glaucomatous neurodegeneration. Mol. Neurobiol. 56,
4322–4345. doi: 10.1007/s12035-018-1376-2

Rodriguez, A. R., De Sevilla Muller, L. P., and Brecha, N. C. (2014). The
RNA binding protein RBPMS is a selective marker of ganglion cells in
the mammalian retina. J. Comp. Neurol. 522, 1411–1443. doi: 10.1002/cne.
23521

Rutar, M., Natoli, R., Kozulin, P., Valter, K., Gatenby, P., and Provis, J. M. (2011).
Analysis of complement expression in light-induced retinal degeneration:
synthesis and deposition of C3 by microglia/macrophages is associated with
focal photoreceptor degeneration. Invest. Ophthalmol. Vis. Sci. 52, 5347–5358.
doi: 10.1167/iovs.10-7119

Rutar, M., Valter, K., Natoli, R., and Provis, J. M. (2014). Synthesis and propagation
of complement C3 by microglia/monocytes in the aging retina. PLoS One
9:e93343. doi: 10.1371/journal.pone.0093343

Schonermark, M., Deppisch, R., Riedasch, G., Rother, K., and Hansch, G. M.
(1991). Induction of mediator release from human glomerular mesangial cells
by the terminal complement components C5b-9. Int. Arch. Allergy Appl.
Immunol. 96, 331–337. doi: 10.1159/000235517

Sen, T., Saha, P., Gupta, R., Foley, L. M., Jiang, T., Abakumova, O. S., et al. (2020).
Aberrant ER stress induced neuronal-ifnbeta elicits white matter injury due to
microglial activation and T-Cell infiltration after TBI. J. Neurosci. 40, 424–446.
doi: 10.1523/JNEUROSCI.0718-19.2019

Sohn, J. H., Kaplan, H. J., Suk, H. J., Bora, P. S., and Bora, N. S. (2000). Chronic
low level complement activation within the eye is controlled by intraocular
complement regulatory proteins. Invest. Ophthalmol. Vis. Sci. 41, 3492–
3502.

Song, D., Sulewski, M. E. Jr., Wang, C., Song, J., Bhuyan, R., et al.
(2017). Complement C5a receptor knockout has diminished light-induced
microglia/macrophage retinal migration. Mol. Vis. 23, 210–218.

Stasi, K., Nagel, D., Yang, X., Wang, R. F., Ren, L., Podos, S. M., et al. (2006).
Complement component 1Q (C1Q) upregulation in retina of murine, primate,
and human glaucomatous eyes. Invest. Ophthalmol. Vis. Sci. 47, 1024–1029.
doi: 10.1167/iovs.05-0830

Stuart, L. M., Takahashi, K., Shi, L., Savill, J., and Ezekowitz, R. A. (2005). Mannose-
binding lectin-deficient mice display defective apoptotic cell clearance but no
autoimmune phenotype. J. Immunol. 174, 3220–3226. doi: 10.4049/jimmunol.
174.6.3220

Su, N., Marz, S., Plagemann, T., Cao, J., Schnittler, H. J., Eter, N., et al. (2019).
Occurrence of transmembrane protein 119 in the retina is not restricted to
the microglia: an immunohistochemical study. Transl. Vis. Sci. Technol. 8:29.
doi: 10.1167/tvst.8.6.29

Sugita, S., Makabe, K., Fujii, S., and Takahashi, M. (2018). Detection of complement
activators in immune attack eyes after ips-derived retinal pigment epithelial cell
transplantation. Invest. Ophthalmol. Vis. Sci. 59, 4198–4209. doi: 10.1167/iovs.
18-24769

Sugita, S., Takase, H., Taguchi, C., Imai, Y., Kamoi, K., Kawaguchi, T., et al. (2006).
Ocular infiltrating CD4+ T cells from patients with Vogt-Koyanagi-Harada
disease recognize human melanocyte antigens. Invest. Ophthalmol. Vis. Sci. 47,
2547–2554. doi: 10.1167/iovs.05-1547

Tenner, A. J., Stevens, B., and Woodruff, T. M. (2018). New tricks for an ancient
system: physiological and pathological roles of complement in the CNS. Mol.
Immunol. 102, 3–13. doi: 10.1016/j.molimm.2018.06.264

Tezel, G., Yang, X., Luo, C., Kain, A. D., Powell, D. W., Kuehn, M. H., et al.
(2010). Oxidative stress and the regulation of complement activation in human
glaucoma. Invest. Ophthalmol. Vis. Sci. 51, 5071–5082. doi: 10.1167/iovs.10-
5289

Turner, M. W. (2003). The role of mannose-binding lectin in health
and disease. Mol. Immunol. 40, 423–429. doi: 10.1016/s0161-5890(03)00
155-x

Walport, M. J. (2001). Complement. first of two parts. N. Engl. J. Med. 344,
1058–1066.

Weiss, M., Reinehr, S., Mueller-Buehl, A. M., Doerner, J. D., Fuchshofer, R., Stute,
G., et al. (2021). Activation of apoptosis in a betaB1-CTGF transgenic mouse
model. Int. J. Mol. Sci. 22:1997. doi: 10.3390/ijms22041997

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 November 2021 | Volume 15 | Article 718087

https://doi.org/10.1074/jbc.M111.226266
https://doi.org/10.2353/ajpath.2007.070166
https://doi.org/10.1073/pnas.94.16.8720
https://doi.org/10.1002/glia.20813
https://doi.org/10.1002/glia.20813
https://doi.org/10.1111/jcmm.13873
https://doi.org/10.1002/1521-4141(200203)32:3<783::aid-immu783>3.0.co;2-q
https://doi.org/10.1002/1521-4141(200203)32:3<783::aid-immu783>3.0.co;2-q
https://doi.org/10.1128/IAI.68.2.688-693.2000
https://doi.org/10.1159/000099251
https://doi.org/10.1159/000099251
https://doi.org/10.3390/ijms19061636
https://doi.org/10.3390/ijms19061636
https://doi.org/10.1016/j.celrep.2019.10.084
https://doi.org/10.3389/fnins.2018.00956
https://doi.org/10.3389/fnins.2018.00956
https://doi.org/10.1111/jcmm.14433
https://doi.org/10.1111/jcmm.14433
https://doi.org/10.3390/ijms20102563
https://doi.org/10.3390/ijms20102563
https://doi.org/10.3389/fphar.2019.01381
https://doi.org/10.1038/s41598-018-28183-6
https://doi.org/10.1038/s41598-018-28183-6
https://doi.org/10.1007/s00441-017-2710-0
https://doi.org/10.3389/fncel.2016.00140
https://doi.org/10.1007/s12035-018-1376-2
https://doi.org/10.1002/cne.23521
https://doi.org/10.1002/cne.23521
https://doi.org/10.1167/iovs.10-7119
https://doi.org/10.1371/journal.pone.0093343
https://doi.org/10.1159/000235517
https://doi.org/10.1523/JNEUROSCI.0718-19.2019
https://doi.org/10.1167/iovs.05-0830
https://doi.org/10.4049/jimmunol.174.6.3220
https://doi.org/10.4049/jimmunol.174.6.3220
https://doi.org/10.1167/tvst.8.6.29
https://doi.org/10.1167/iovs.18-24769
https://doi.org/10.1167/iovs.18-24769
https://doi.org/10.1167/iovs.05-1547
https://doi.org/10.1016/j.molimm.2018.06.264
https://doi.org/10.1167/iovs.10-5289
https://doi.org/10.1167/iovs.10-5289
https://doi.org/10.1016/s0161-5890(03)00155-x
https://doi.org/10.1016/s0161-5890(03)00155-x
https://doi.org/10.3390/ijms22041997
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-718087 November 12, 2021 Time: 14:44 # 14

Reinehr et al. Complement Response in Glaucoma Mice

Welsh, C. A., Stephany, C. E., Sapp, R. W., and Stevens, B. (2020). Ocular
dominance plasticity in binocular primary visual cortex does not require C1q.
J. Neurosci. 40, 769–783. doi: 10.1523/jneurosci.1011-19.2019

Wilmes, A. T., Reinehr, S., Kuhn, S., Pedreiturria, X., Petrikowski, L., Faissner, S.,
et al. (2018). Laquinimod protects the optic nerve and retina in an experimental
autoimmune encephalomyelitis model. J. Neuroinflamm. 15:183. doi: 10.1186/
s12974-018-1208-3

Woodruff, T. M., Ager, R. R., Tenner, A. J., Noakes, P. G., and Taylor, S. M. (2010).
The role of the complement system and the activation fragment C5a in the
central nervous system. Neuromol. Med. 12, 179–192. doi: 10.1007/s12017-009-
8085-y

Xie, C. B., Qin, L., Li, G., Fang, C., Kirkiles-Smith, N. C., Tellides, G., et al. (2019).
Complement membrane attack complexes assemble NLRP3 inflammasomes
triggering IL-1 activation of IFN-gamma-Primed human endothelium. Circ.
Res. 124, 1747–1759. doi: 10.1161/circresaha.119.314845

Yao, J., Harvath, L., Gilbert, D. L., and Colton, C. A. (1990). Chemotaxis by a
CNS macrophage, the microglia. J. Neurosci. Res. 27, 36–42. doi: 10.1002/jnr.
490270106

Zhang, L., Bell, B. A., Yu, M., Chan, C. C., Peachey, N. S., Fung, J., et al. (2016).
Complement anaphylatoxin receptors C3aR and C5aR are required in the

pathogenesis of experimental autoimmune uveitis. J. Leukoc Biol. 99, 447–454.
doi: 10.1189/jlb.3a0415-157r

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Reinehr, Doerner, Mueller-Buehl, Koch, Fuchshofer, Dick and
Joachim. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 November 2021 | Volume 15 | Article 718087

https://doi.org/10.1523/jneurosci.1011-19.2019
https://doi.org/10.1186/s12974-018-1208-3
https://doi.org/10.1186/s12974-018-1208-3
https://doi.org/10.1007/s12017-009-8085-y
https://doi.org/10.1007/s12017-009-8085-y
https://doi.org/10.1161/circresaha.119.314845
https://doi.org/10.1002/jnr.490270106
https://doi.org/10.1002/jnr.490270106
https://doi.org/10.1189/jlb.3a0415-157r
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Cytokine and Complement Response in the Glaucomatous βB1-CTGF Mouse Model
	Introduction
	Materials and Methods
	Animals
	Quantitative Real-Time PCR
	Tissue Preparation for Immunohistology
	Immunohistology
	Histological Examination
	Statistics

	Results
	Upregulation of C3 mRNA Levels
	Enhancement of Terminal Complex Components
	Activation of Alternative Pathway
	Involvement of Classical Route
	Mild Activation of Lectin Pathway
	Enhanced Cytokine Activation

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


