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In primary open-angle glaucoma (POAG), a neurodegenerative disease of the optic nerve
(ON) and leading cause of blindness, the optic nerve head (ONH) undergoes marked
structural extracellular matrix (ECM) changes, which contribute to its permanent
deformation and to degeneration of ON axons. The remodeling process of the ECM
causes changes in the biomechanical properties of the ONH and the peripapillary sclera,
which is accompanied by an increased reactivity of the resident astrocytes. The molecular
factors involved in the remodeling process belong to the Transforming growth factor (TGF)-
B superfamily, especially TGF-B2. In previous publications we showed that TGF-f2
induced ECM alterations are mediated by Cellular Communication Network Factor
(CCN)2/Connective Tissue Growth Factor (CTGF) and recently we showed that CCN2/
CTGF is expressed by astrocytes of the ON under normal conditions. In this study we
wanted to get a better understanding of the function of CCN2/CTGF under normal and
pathologic conditions. To this end, we analyzed the glial lamina and peripapillary sclera of
CCN2/CTGF overexpressing mice and studied the effect of CCN2/CTGF and increasing
substratum stiffness on murine ON astrocytes in vitro. We observed enhanced astrocyte
reactivity in the ONH, increased ECM protein synthesis in the peripapillary sclera and
increased Ccn2/Ctgf expression in the ONH during the pathologic development in situ.
CCN2/CTGF treatment of primary murine ON astrocytes induced a higher migration rate,
and increase of ECM proteins including fibronectin, elastin and collagen type Il
Furthermore, the astrocytes responded to stiffer substratum with increased glial
fibrillary acidic protein, vimentin, actin and CCN2/CTGF synthesis. Finally, we observed
the reinforced appearance of CCN2/CTGF in the lamina cribrosa of glaucomatous
patients. We conclude that reactive changes in ONH astrocytes, induced by the
altered biomechanical characteristics of the region, give rise to a self-amplifying
process that includes increased TGF-p2/CCN2/CTGF signaling and leads to the
synthesis of ECM molecules and cytoskeleton proteins, a process that in turn
augments the stiffness at the ONH. Such a scenario may finally result in a vicious
circle in the pathogenesis of POAG. The transgenic CTGF-overexpressing mouse
model might be an optimal model to study the chronic pathological POAG changes in
the ONH.
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INTRODUCTION

Primary open angle glaucoma (POAG), a neurodegenerative disease
of the optic nerve (ON), is one of the leading cause of blindness in the
western hemisphere (Quigley, 1996; Resnikoff et al., 2004). In course
of the disease, ON axons become damaged at the optic nerve head
(ONH), leading to progressive loss of retinal ganglion cells (RGCs)
(Quigley, 2011), which is characterized by an excavation or cupping
of the optic disk, a key clinical feature of glaucoma differentiating it
from other optic neuropathies (Quigley et al, 1983). Multiple,
randomized clinical studies revealed that intraocular pressure
(IOP) is a major risk factor for the axon loss in POAG and that
lowering IOP reduces its progression (Anderson, 1998a; Anderson,
1998b) (Anderson, 1998b; Kass et al, 2002). The location of
glaucomatous damage is at the scleral opening where RGC axons
leave the eye (Quigley et al., 1983). The axons are supported at the
passage by a mesh-like structure, which constitutes of connective
tissue and/or cellular elements depending on the species (Anderson,
1969; Radius and Gonzales, 1981; Quigley, 1987; May and Lutjen-
Drecoll, 2002; Howell et al., 2007; Sun et al., 2009). In humans, the
lamina cribrosa is a sieve-like plate of connective tissue and elastic
fibers, lined by a dense meshwork of astrocytes (Quigley, 2011).
During the pathogenesis of POAG the lamina cribrosa undergoes
structural changes. The connective tissue organization is markedly
altered and the sheaths around the capillaries are significantly
thickened in the prelaminar region of the ONH (Pena et al,
1998; Pena et al.,, 2001; Gottanka et al., 2005; Tektas et al., 2010).
The process includes alterations in quality and quantity of ECM
components, which causes changes in the biomechanical properties
of the affected tissue (Hopkins et al., 2020). Also, cellular changes in
the resident astrocytes of the ONH are observed during the
pathogenesis of the POAG, indicated by an increased reactivity,
which is characterized by morphologic changes and variations in
their expression patterns (Pena et al, 1999; Hernandez, 2000;
Hernandez et al, 2002). While IOP is thought to be an
important factor in the process of lamina cribrosa deformation,
the causative mechanisms of axonal degeneration are not completely
understood, but likely include neurotrophic deprivation due to
axonal compression, lamina cribrosa deformation and finally the
disruption of axonal transport.

In the last decade many different mouse glaucoma models were
generated to achieve a better understanding of the pathological
alterations during the progression of the disease, even though mice
do not have a collagenous lamina cribrosa (Johnson and Tomarev,
2010). In mice, a honeycomb structure is built up by astrocytes,
forming a glial lamina, where the ON axons pass through and leave
the eye (May and Lutjen-Drecoll, 2002; Howell et al., 2007; Sun
et al, 2009). In mice and humans, the ON axons are lined by
astrocytes in this region and in mouse or rat glaucoma models the
astrocytes show similar alterations of reactivity after IOP elevation
like glaucomatous patients (Radius and Gonzales, 1981; Elkington
et al,, 1990; Ye and Hernandez, 1995; Trivino et al., 1996; Oyama
et al., 2006; Sun et al., 2009; Tehrani et al., 2016; Sun et al., 2017;
Wang et al,, 2017).

The molecular mechanisms contributing to the disease are not
entirely known yet, but increased amounts of Transforming growth
factor (TGF) -p2 were detected in the ONH of POAG patients (Pena

CCN2/CTGF and Optic Nerve Astrocyte

et al., 1999; Zode et al, 2011). There is evidence that reactive
astrocytes are the major source of growth factor and ECM
component upregulation, as it was shown that TGF-f2 is
extensively localized to reactive astrocytes in the glaucomatous
ONH (Pena et al., 2001). In vitro studies could show that TGF-p2
leads to an increased synthesis of ECM proteins in human ONH
astrocytes, and that this effect is dependent on its downstream
mediator Cellular Communication Network Factor/Connective
Tissue Growth Factor (CCN2/CTGF) (Fuchshofer et al., 2005).
CCN2/CTGF is a member of the CCN family of matricellular
regulatory proteins and is involved in fibrotic processes in many
different diseases (Leask et al., 2002; Brigstock, 2003; Rachfal and
Brigstock, 2005). In the healthy human eye CCN2/CTGF is described
to be present in many different compartments and it shows high
expression especially in the trabecular meshwork (TM) (Tomarev
et al, 2003; van Setten et al, 2016). Moreover, glaucomatous
Schlemm’s canal cells showed a significantly higher CCN2/CTGF
expression than healthy controls (Overby et al., 2014). In the aqueous
humor CCN2/CTGF is a general component, furthermore CCN2/
CTGF levels are increased in patients with pseudoexfoliation
glaucoma (van Setten et al, 2002; Browne et al., 2011). Finally, a
direct implication of CCN2/CTGF in the dysregulation of the
aqueous humor outflow facility was demonstrated in transgenic
animals with a lens specific expression of CCN2/CTGF (Junglas
et al, 2012). In this mouse model, the chicken PBl-crystallin
promotor was used to direct high and specific expression of
transgenes to lens fibers of the mouse eye (Duncan et al, 1996;
Junglas et al., 2012). In the lenses of fB1-CTGFI mice, but not in the
rest of the eye or in the lenses or eyes of wild-type littermates a strong
and specific expression of CCN2/CTGF mRNA was detected.
Furthermore, this transgenic expression led to the secretion of
high amounts of CCN2/CTGF into the aqueous humor of the
transgenic animals. The lens specific expression of CCN2/CTGF
causes an increased IOP and decline in number of ON axons. Both
effects continue to increase with increasing age (Junglas et al,, 2012).
Recently we could show that astrocytes are the cellular source of
CCN2/CTGF in the murine ON and ONH (Dillinger et al,, 2021). A
detailed analysis of the CCN2/CTGF distribution in the ONH of
glaucomatous eyes is missing.

In this study we analyzed the astrocytic reactivity and CCN2/
CTGF level in the ON and ONH and the ECM protein synthesis in
the peripapillary sclera in the fB1-CTGF1 murine glaucoma model.
Furthermore, we investigated the CCN2/CTGF distribution in the
ONH in healthy and glaucomatous human eyes. We analyzed
in vitro the direct effect of CCN2/CTGF on ECM components,
like fibronectin or collagen and the cytoskeleton in primary murine
ON astrocytes. Finally, we investigated whether cultured primary
murine ON astrocytes can sense even small changes in stiffness in
their surrounding matrix.

RESULTS

Increased Astrocyte Reactivity in the Glial

Lamina of a Murine Glaucoma Model
An increased reactivity of resident astrocytes in POAG is
indicated by morphologic changes and changes in the
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FIGURE 1 | GFAP expression and synthesis in the ON and ONH in a murine glaucoma model. (A) GFAP immunoreactivity in the glial lamina of 1-month (green,
upper panel) and 2 months (green, middle and lower panel) old pB1-CTGF1 mice compared to WT controls. Immunoreactivity of GFAP was not altered in 1-month old
TG and WT animals (green, upper panel). 2 month old pB1-CTGF1 mice showed an increased GFAP immunoreactivity compared to WT control (green, middle panel).
Lower panel shows a magnified detail of the middle panel. Nuclei are stained with Dapi (blue). (B) Schmatic illustration of the optic nerve. A depicts the region in the

glial lamina where cross sections were obtained. ONH (unmyelinated part) and ON (myelinated part) were used for molecular analysis. (C) Quantification of
immunohistochemical staining of GFAP in the glial lamina is not altered in 1 month old TG and WT animals (WT: n = 5; TG: n = 4). GFAP immunoreactivity is increased in
2 month old TG animals compared to WT littermates (WT: n =10, TG: n = 13; *p = 0.039; two-tailed t-test compared to theoretical mean of 1 (normalized control)). Mean
value of WT animals (control) was set at 1. (D) RT-PCR analyses revealed no alteration in the Gfap mRNA expression in the ON of 1-month (WT: n =7; TG: n = 5) and
2 month old pB1-CTGF1 mice (WT: n = 15; TG: n = 16) compared to WT controls. In the ONH the Gfap mRNA expression is increased in the 2 month old TG compared
to WT animals (WT: n =6, TG: n = 5; *p = 0.04). The mRNA expression of Gfap is not altered in 1 month old animals (WT: n = 6, TG: n = 5). Mean value of WT animals
(control) was set at 1. RPL32 was used to normalize mRNA expression. Data represented as mean + SEM. PRL, Prelaminar region; PSL, Postlaminar region; ON, optic

expression pattern of Glial fibrillary acidic protein (GFAP), a
specific marker for astrocytes. Therefore, we investigated the
distribution of GFAP in tangential sections of the glial lamina
of 1 month and 2 month old pB1-CTGFI mice, to analyze
astrocyte morphology and expression profile. 1 month-old
BB1-CTGF1 mice showed no changes in IOP compared to
their wildtype (WT) littermates (WT: 14.71 + 1.68; TG:
15.11 £ 3.34; p = 0.75). In contrast, 2month-old
transgenic (TG) mice showed a significant increase in IOP
compared to WT controls (WT: 15.34 + 2.08; TG: 16.70 +
1.47; p = 0.018). GFAP immunostaining in the glial lamina of
1 month old TG and WT shows no alteration either in the
GFAP synthesis or astrocyte morphology (Figure 1A, upper
panel). In 2 month-old TG animals, the immunoreactivity for
GFAP was increased in the glia lamina, compared to WT
littermates (Figure 1A, middle and lower panel). The
morphological analysis of the glial lamina showed a
thickening of the astrocytic processes and the open spaces
between the astrocyte processes were diminished in the TG
animals in comparison to WT controls. The schematic
illustration in Figure 1B shows the region where cross
sections of the glial lamina and ON and ONH samples for

molecular analysis were obtained. Quantification of the
GFAP stained area in the glial lamina showed a significant
increase in the TG animals compared to WT littermates in
2 month-old animals, but not in 1 month-old mice (1 month-
old: WT: 1 +0.16; TG: 1.03 + 0.33; 2 month-old: WT: 1.00 +
0.35; TG: 1.39 £ 0.34; Figure 1C). Real-time RT-PCR analyses
were performed to determine the expression level of Gfap in
the ONH, containing the unmyelinated part of the nerve, and
in the ON, comprised of the remaining myelinated nerve of
1 month and 2month old BB1-CTGF1 and WT mice
(Figure 1B). The Gfap mRNA expression analyses of the
1 month old TG mice shows no changes either in the ON
(WT: 1 £ 0.06; TG: 1.19 + 0.24) or the ONH (WT: 1 + 0.14;
TG: 1.14 £ 0.15) in comparison to their WT littermates
(Figure 1D). Interestingly, real-time RT-PCR experiments
showed a dramatic increase of Gfap in the ONH of 2 month
old TG animals, which have a significantly enhanced
intraocular pressure compared to WT controls (Junglas
et al,, 2012) (WT: 1 £ 0.13; TG: 5.08 = 1.62; Figure 1C).
Intriguingly, the mRNA analyses of the ON show no change
in the Gfap expression (WT: 1 + 0.68; TG: 0.85 * 0.45;
Figure 1D).
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Fibronectin and the Amount of Filamentous
Actin are Increased in the Optic Nerve Head
of 2 Month old Transgenic B1-Connective

Tissue Growth Factor1 Mice

It is suggested that axonal damage is associated with
alterations of the biomechanical properties of the
peripapillary sclera (Coudrillier et al, 2012), which
translates the IOP changes to the glial lamina and ON
axons (Kimball et al., 2014). As the 2 month old TG pB1-
CTGF1 mice show intense changes in astrocytes morphology
in the ONH (Figure 1A), we focused on the 2 month old
animals for the analysis of fibronectin and filamentous actin in
the peripapillary sclera (Figure 2A). The
immunohistochemical analysis of fibronectin and its
distribution in tangential sections of the glial lamina region
showed a marked increase of fibronectin in the peripapillary
sclera in TG in comparison to controls. The localization of
fibronectin within the glial lamina was mostly around the
blood vessels. More interestingly the intensity of the
staining was enhanced in TG animals compared to WT
mice (Figure 2A, upper panel). The quantification of
fibronectin stained areas showed a significant increase in
the peripapillary sclera region of 2month old TG mice
compared to WT littermates (WT: 1 = 0.45; TG, 2.64 +
0.24; Figure 2B). The observed changes were accompanied
by a considerable increase in the amount of filamentous actin
in the ON of pB1-CTGF1 compared to their WT littermates.
The increase in phalloidin labeled actin was especially
pronounced next to the peripapillary sclera (Figure 2A,
lower panel). The measurement of the area of phalloidin

labeled filamentous actin in the ONH could show an
increase in the TG animals in comparison to WT
littermates (WT: 1 + 0.58; TG: 3.07 + 0.11; Figure 2C).

Cellular Communication Network Factor 2/
Connective Tissue Growth Factor is

Increased in a Murine Glaucoma Model

To address the question, whether CCN2/CTGF is altered related to
increased  astrocyte reactivity and enhanced IOP, the
immunoreactivity of CCN2/CTGF in the glial lamina was
analyzed. A faint staining throughout the entire ON tissue with no
obvious preference for glial or neuronal tissue is observed in TG and
WT mice (Figure 3A). Immunoreactivity against CCN2/CTGF shows
no changes in the glial lamina of 1-month old TG mice, compared to
WT littermates (Figure 3A). Furthermore, quantification of CCN2/
CTGF stained area in the glial lamina sections could not identify any
variation (WT: 1.00 % 0.05; TG: 0.98 + 0.10; Figure 3B). 2 month old
WT mice showed the same distribution for CCN2/CTGF as observed
for the 1month old animals. Interestingly, the intensity of the
immunoreactivity for CCN2/CTGF was increased in the 2 month
old animals compared to WT animals (Figure 3A). Measurements of
CCN2/CTGEF stained area in the ONH show a significant increase in
the TG mice in comparison to WT littermates (WT: 1.00 + 0.46; TG:
1.63 £+ 0.16; *p = 0.028; Figure 3B). mRNA analysis of Ccn2/Ctgfin the
1 month old animals showed similar results, which were seen for
GFAP. Ccn2/Ctgf mRNA expression is not changed either in the ON
(WT: 1+ 0.10; TG: 1.21 + 0.14) or in the ONH (WT: 1 £ 0.18; TG:
1.06 + 0.14; Figure 3C) of 1 month old animals. Interestingly, real time
RT-PCR experiments showed a huge increase of Ccn2/Ctgf in the
ONH of TG animals compared to WT littermates (WT: 1 + 0.12; TG:
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10.04 + 1.66; **p = 0.006; Figure 3C) in the 2 month old animals.
Intriguingly, the mRNA analyses of the ON showed no change in the
Cen2/Ctgf expression (WT: 1 £ 0.18; TG: 1.33 + 0.29; Figure 3C).

Cellular Communication Network Factor 2/
Connective Tissue Growth Factor is

Increased in the Glaucomatous Optic Nerve
We further investigated the CCN2/CTGF expression in the
human ON under healthy and glaucomatous conditions.
Therefore, we analyzed the CCN2/CTGF immunoreactivity in
two healthy and four glaucomatous human ON (Figure 4). In the
healthy human ON we found a weak, but consistent CCN2/CTGF
signal in the entire ON, with no obvious preference for glial or
neuronal tissue. Additionally, we could not reveal any difference
of the CCN2/CTGF synthesis related to different regions of the
ON (Figures 4A,B, upper panel). The border area (Figure 4A,
upper panel) showed a similar CCN2/CTGF immunoreactivity as
the central part of the healthy ON (Figure 4B, upper panel). To
investigate whether an altered CCN2/CTGF synthesis can be

observed under glaucomatous conditions, we analyzed the
CCN2/CTGF immunoreactivity of four human glaucomatous
ON in comparison to the healthy human ON. We could find
an intense increase of CCN2/CTGF immunoreactivity in the
border area of the glaucomatous ON compared to the healthy
ON. This finding is consistent in all four analyzed glaucomatous
ON (Figure 4A). In contrast we could not observe changes in the
CCN2/CTGF intensity in the central area of the glaucomatous
ON, except one of the glaucomatous ON which shows a slight
increase (Figure 4B, lower panel, right ON).

Transforming Growth Factor-f2 and
Cellular Communication Network Factor2/
Connective Tissue Growth Factor Induce
Astrocyte Reactivity, Migration Rate and

Alter the Cytoskeleton

Since TGF-P2 induces a reactive phenotype in human ONH
astrocytes in vitro and promotes the synthesis of GFAP and ECM
proteins (Fuchshofer et al., 2005; Kirschner et al., 2021), we
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wanted to know, whether cultured murine ON astrocytes react in
the same manner. The TGF-B2 induced ECM synthesis is
dependent on CCN2/CTGF (Fuchshofer et al., 2005), so we
wanted to investigate the direct effects of CCN2/CTGF in
murine ON astrocytes in vitro. For this reason, we established
a murine ON astrocyte cell culture (see Supplementary Methods
S1; Supplementary Figure S1). Astrocytes were treated either
with 1 ng/ml TGF-B2, 50 ng/ml and 100 ng/ml CCN2/CTGF and
were compared to untreated control cells. Treatment with 1 ng/
ml TGF-{2 led to marked increase in GFAP immunoreactivity in
murine ON astrocytes in comparison to untreated control cells.
Treatment with 50 ng/ml CCN2/CTGF caused a comparable
reaction to that seen after TGF-P2 treatment (Figure 5A). The
evaluation of the effect of both growth factors on the actin
cytoskeleton showed a significant increase in a-actinin protein
synthesis after CCN2/CTGF treatment, which is necessary for
actin filament crosslinking and therefore for the regulation of cell
adhesion and motility (Figure 5B; 50 ng/ml: 2.91 + 0.91; 100 ng/
ml: 2.29 + 0.53). Treatment with 1 ng/ml TGF-f2 did not lead to
significant changes in a-actinin synthesis, compared to untreated
control cells (Figure 5B; 1.71 + 0.46). To evaluate the effects of
TGF-B2 and CCN2/CTGF on astrocyte migration, scratch assays
were carried out. Scratches were measured before and 12 h after
the treatment and the migration area was calculated. After 12h
the treatment with 1 ng/ml TGF-B2 resulted in a significantly
increased migration rate, in comparison to untreated cells
(Figure 5C; 142.28 % + 23.78%). Treatment with 50 ng/ml
CCN2/CTGF (118.07 % + 11.71%) or 100 ng/ml CCN2/CTGF

(134.81 % + 4.40%) also increased the migration rate significantly,
compared to controls (Figure 5C).

Extracellular Matrix Component
Upregulation by Transforming Growth
Factor-p2 and Cellular Communication
Network Factor2/Connective Tissue
Growth Factor in Murine Optic Nerve

Astrocytes

Furthermore, the direct effect of CCN2/CTGF on ECM
protein expression was investigated in murine ON
astrocytes in vitro. Immunocytochemical staining, Western
blot analyses and Real time RT-PCR analyses were performed
for different ECM components. Immunoreactivity of
fibronectin and tropoelastin showed a marked increase
after  treatment with TGF-f2 and CCN2/CTGF
(Figure 6A). To analyze the ECM induction in a molecular
approach, we investigated additionally one of the several
collagen types, collagen 3al (Col3al). We wanted to
analyze a fibrillar collagen component. In the murine glial
lamina region, the immunohistochemical staining against
collagen type III and collagen type I showed an intense
signal in this region (May and Lutjen-Drecoll, 2002). We
focused on collagen type III as in remodeling processes
collagen type III is primarily build before the stronger
collagen type I (Suda et al., 2016). Murine ON astrocytes
were treated again with 1 ng/ml TGF-B2, or 50 ng/ml CCN2/
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FIGURE 5 | Analysis of astrocyte reactivity, the cytoskeleton and migration rate following treatment with TGF-32 and CCN2/CTGF. (A) GFAP immunoreactivity

(green) is increased in murine ON astrocytes following TGF-p2 and CCN2/CTGF treatment. Nuclei are stained with Dapi (blue) (B) Western Blot experiments analyses of
a-actinin protein synthesis in murine ON astrocytes after the treatment with 1 ng/ml TGF-f2, 50 ng/ml CCN2/CTGF and 100 ng/ml CCN2/CTGF for 24 h. Densitometric
analyses of Western Blot analyses shows the significant increase in a-actinin protein synthesis. Mean value of untreated cells (control) was set at 1. GAPDH was

used to normalize protein intensity (n = 4; 50 ng CCN2/CTGF: *p = 0.029; 100 ng CCN2/CTGF: *p = 0.015; unpaired two-tailed t-test). (C) Scratch assay analyses show
asignificant increased migration rate for murine ON astrocytes after the treatment with ng/ml TGF-2, 50 ng/ml CCN2/CTGF and 100 ng/ml CCN2/CTGF for 12 h. Mean
value of migration rate of control cells was set to 100% (control: n = 15; TGF-p2: n =12, **p = 0.008; 50 ng/ml CCN2/CTGF: n =10, *p = 0.001; 100 ng/ml CCN2/CTGF:

n =4, *p = 0.0001). Data represented as mean + SD.

CTGF and 100 ng/ml CCN2/CTGF for 24 h. Treatment with TGF-
B2 or CCN2/CTGF led to a significantly higher expression of mRNA
for Col3al, compared to untreated control cells (1 ng/ml TGF-f2:
2.30 £ 0.72, 50 ng/ml CCN2/CTGEF: 2.47 + 0.70, 100 ng/ml CCN2/
CTGF: 3.07 + 1.03; Figure 6B). In comparison to control, fibronectin
was elevated significantly after treatments on mRNA in comparison
to untreated control cells (1 ng/ml TGF-B2: 1.64 + 0.17, 50 ng/ml
CCN2/CTGF: 1.81 + 0.44, 100 ng/ml CCN2/CTGF: 2.26 + 0.87;
Figure 6B). Finally, mRNA for tropoelastin was also induced
significantly after the treatments with TGF-B2 or CCN2/CTGEF,
compared to untreated control cells (1 ng/ml TGF-p2: 2.72 + 0.66,
50 ng/ml CCN2/CTGF: 2.74 + 0.73, 100 ng/ml CCN2/CTGF: 2.99 +
08; Figure 6B). The results from Western blot analyses detecting
collagen type III, fibronectin and tropoelastin supported the mRNA
data. Collagen type III was significantly upregulated by 1.5-fold after
TGF-B2 treatment and 2-fold after CCN2/CTGF in comparison to
untreated control cells (1 ng/ml TGF-2: 1.47 + 0.2, 50 ng/ml CCN2/
CTGF: 2.08 £ 0.83, 100 ng/ml CCN2/CTGEF: 1.92 + 0.29; Figure 6C).
Furthermore, fibronectin was significantly elevated after the
treatments with TGF-f2 and CCN2/CTGF compared to
untreated cells (1 ng/ml TGF-B2: 2.62 + 048, 50 ng/ml CCN2/

+

+

CTGFE: 2.87 0.56, 100 ng/ml CCN2/CTGF: 2.89 0.74;
Figure 6C). Finally, western blot experiments to detect
tropoelastin, the soluble precursor of elastin showed a high and
significant upregulation after the treatments in comparison to
untreated control cells (1 ng/ml TGF-f2: 2.69 + 0.53, 50 ng/ml
CCN2/CTGF: 1.70 + 0.27, 100 ng/ml CCN2/CTGF: 2.87 + 04;
Figure 6C).

Increasing Substratum Stiffness Cause an
Increase in Astrocyte Reactivity, Actin

Cytoskeleton Modification and an Increase
in Cellular Communication Network Factor

2/Connective Tissue Growth Factor

To investigate the effect of increasing substratum stiffness on mouse
ON astrocytes, cells were cultured on Poly dimethylsiloxane (PDMS)
substratum with different E-moduli (10 kPa, 30 kPa, 60 kPa) (see
Supplementary Methods S2; Supplementary Figure S2). First, the
actin stress fibers were labeled with phalloidin to assess if astrocytes
can sense the changes in stiffness of their surrounding matrix and
visualize the effect on the actin cytoskeleton structure. We could
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0.005, 50 ngCTGF **p = 0.006, 100 ng CTGF *p = 0.02; tropoelastin: n = 5, TGF-p2 ***p = 0.0004, 50 ngCTGF **p = 0.002, 100 ngCTGF ***p = 0.00001). GAPDH and
a-tubulin were used to normalize protein synthesis and mean value of control cells was set at 1. Right panel shows representative Western Blots for all three proteins.
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observe an intensification of the labeled F-actin filaments with
increasing stiffness (Figure 7A, upper panel). Additionally, the
increased substratum stiffness caused an increase in longitudinally-
oriented actin stress fibers. Astrocytes grown on a substratum with
the stiffness of 60 kPa contained numerous longitudinally arranged
actin stress fibers (Figure 7A, upper panel), which were longer and
thicker compared to those grown on substratum with 10 kPa or
30kPa (Figure 7A, wupper panel). Next, we performed
immunocytochemial staining against CCN2/CTGF and GFAP.
CCN2/CTGF immunoreactivity was increased in astrocytes grown
on stiffer substratum, compared to cells cultured on 10kPa
(Figure 7A, middle panel). Similar results were seen for GFAP,
which was more intense in astrocytes grown on 30 or 60 kPa
compared to those cultured on 10kPa (Figure 7A, lower panel).
To further evaluate the effect of increasing substratum stiffness on
murine ON astrocytes we performed western blot analyses against

CCN2/CTGF, GFAP and Vimentin. Western blotting experiments of
proteins from astrocytes grown on a substratum with an E-modulus
of 60kPa showed an increase in the amounts of CCN2/CTGF
(60 kPa: 3.48 + 1.02), compared with proteins from astrocytes
cultured on substrata with an E-modulus with 10kPa
(Figure 7B). In cells cultured on 30kPa enhanced, but not
significant increase for CTGF was detected (30kPa: 3.05 =+
0.92).In proteins from cells grown on substratum with a 30 kPa
or 60 kPa stiffness, we observed significantly increased amounts of
GFAP compared to those from cells grown on 10 kPa (30 kPa: 1.65 +
0.18; 60 kPa: 2.27 + 0.64; Figure 7C). Vimentin protein was also
significantly increased when cells were grown on the 60kPa
substratum compared to astrocytes plated on 10kPa (60 kPa:
2.58 + 0.12; Figure 7D). In cells cultured on 30kPa enhanced,
but not significant, increase for Vimentin was detected (30 kPa:
245 + 0.85).
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DISCUSSION

We conclude that the transgenic fb1-CTGF1 mouse can be used
as a model for primary open-angle glaucoma (POAG) to study
pathologic changes in the ONH. This conclusion rests on the
enhanced astrocytic reactivity in the ONH and the increased
ECM protein synthesis in the peripapillary sclera during the

pathologic development including increased IOP and an
ascending axonal loss in the ONH. Further we conclude that
Ccn2/Ctgf expression in the ONH is driven by the biomechanical
alterations occurring during POAG, causing an augmentation of
pathogenic effects in the glaucomatous ONH. The conclusion is
based on I) the increased Ccn2/Ctgf expression in the glial lamina
of fB1-CTGF1 mice during the progression of the axon loss, II)
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the reinforced appearance of CCN2/CTGF in the lamina cribrosa
of glaucomatous patients, III) the finding that CCN2/CTGF
treatment provokes an increased synthesis of GFAP and ECM
proteins in astrocytes in vitro and IV) the observation that CCN2/
CTGF levels can be modulated by biomechanical alteration like
stiffness.

The understanding of the pathological mechanisms in
glaucoma was greatly enhanced by the establishment of
different mouse models. The opportunity to study alterations
in the ONH tissues under increased IOP conditions in vivo are
necessary to get a fundamental knowledge about molecular,
cellular and biomechanical mechanisms contributing to the
axonal damage in glaucoma. In this study we characterized the
ONH region of the pB1-CTGF1 mouse, a potential transgenic
mouse model for glaucoma. The transgenic overexpression of
CCN2/CTGF in the mouse eye causes an increase in IOP and a
continuous decline in the number of ON axons and RGCs, which
is accompanied by an increased reactivity of retinal astrocytes and
Miiller cells (Junglas et al., 2012; Reinehr et al., 2019). In this
study we could observe an increased GFAP immunoreactivity in
astrocytes of the glial lamina, an enhancement of phalloidin-
labeled filamentous actin in the ONH and higher amounts of
fibronectin in the peripapillary sclera in situ in fB1-CTGF1 mice.

In POAG similar mechanisms are taking place like ECM
changes in the lamina cribrosa and the peripapillary sclera
coming along with increased GFAP synthesis in the ONH
(Hernandez and Pena, 1997; Kerr et al., 2011). There is
considerable evidence that an increase in IOP leads to
changes in the biomechanical properties of the sclera, an
assumption that is supported by the observation that
chronically elevated IOP results in an increased scleral
stiffness in mouse and monkey, quite similar to that what is
found in human glaucomatous eyes (Downs et al., 2005;
Nguyen et al., 2013). Mechanical tension in POAG appears
to be increased in both the lamina cribrosa and the
peripapillary sclera. A comparison of the stress/strain
relationship in the sclera of different species demonstrated
that the greatest strain is in the peripapillary sclera (Coudrillier
et al.,, 2012). The biomechanical nature of the peripapillary
sclera is especially important in the mouse ONH, where a
lamina cribrosa with connective tissue lamellae is missing.
Instead, astrocytes of this region form a glial lamina that
consists of astrocytes whose processes are in direct contact
with the peripapillary sclera (Sun et al., 2009). ONH astrocytes
are capable to directly transfer scleral wall tension to passing
ON axons (Quigley and Cone, 2013). In the 2 month-old pB1-
CTGF1 mouse we could observe changes in cellular
morphology of the ONH astrocytes and changes in the
expression pattern like in other chronic and acute glaucoma
mouse models after an increase of IOP. The initial
biomechanical insult to the ONH after IOP elevation caused
astrocyte reactivity accompanied by a significant
reorganization of the phalloidin-labeled filamentous actin in
the ONH (Tehrani et al., 2019). A similar effect was observed
in the 2 month-old pbl1-CTGF1 mouse, where in the glial
lamina an enhanced formation of filamentous actin was
detected. Former analysis of human ONH astrocytes under

CCN2/CTGF and Optic Nerve Astrocyte

biomechanical strain revealed profound changes in the
synthesis pattern including the TGF-B pathway (Rogers
al.,  2012).  Furthermore, the expression of
mechanosensitive channels in astrocytes was already proven
(Choietal.,, 2015). In situ results of this study show that there is
a direct connection between biomechanical load and the
expression of CCN2/CTGF in astrocytes of the ONH
region. The astrocytes of the prelaminar region of the glial
lamina site showed a strong signal for the CCN2/CTGF
promoter activity, whereas the astrocytes of the postlaminar
region and the retinal astrocytes exhibit only a faint staining
(Dillinger et al.,, 2021). Our findings clearly support that
astrocytes can sense mechanical cues in their ambient
substratum and react on biomechanical alterations of the
surrounding environment with changes in GFAP, vimentin
and CCN2/CTGF synthesis. Additionally, the increased
CCN2/CTGF levels in the periphery of the glaucomatous
human ON, but not the central part supports the finding
that the lamina cribrosa strains were larger in the
peripheral lamina cribrosa compared to the central lamina
cribrosa, and lamina cribrosa strains in the more severely
damage glaucoma group were larger than those in the more
mildly damaged group and larger differences were measured
between peripheral and central lamina cribrosa strains in the
more severely damaged glaucoma group (Midgett et al., 2020).
The increased lamina cribrosa strain can be sensed by ON cells,
like astrocytes and/or lamina cribrosa cells. It is of interest to
note that the ON astrocytes can sense small changes in the
range of kPa as the glaucomatous changes occurring in the
lamina cribrosa are suggested to be of a much higher
magnitude (MPa) (Spoerl et al., 2005), leading to the
assumption that at the onset of the disease small alterations
of biomechanical properties could be sensed by the astrocytes
inducing changes in their expression patterns. A recent finding
described that the inhibition of mechanosensitive channels
attenuated the TGF-P2 mediated GFAP expression and actin
cytoskeleton remodeling in ON astrocytes, pointing also into
the direction that the mechanosensitive channels are involved
at the early phase of the disease (Kirschner et al., 2021).
The ECM changes in the ONH region appear to be due to a
disruption of the homeostatic balance of growth factors in the
ONH region (Fuchshofer, 2011). One of the identified growth
factors is TGF-f2, which was shown to be elevated in the ONH
and aqueous humor of patients suffering from POAG (Tripathi
etal., 1994; Pena et al., 1999; Picht et al., 2001; Zode et al., 2011).
In the course of various diseases, increased levels of TGF-p1 and
2 contribute to fibrotic processes in many tissues (Pohlers et al.,
2009) and analog mechanisms are responsible for the ECM
changes that occur in the lamina cribrosa of POAG patients
(Pena et al., 2001). The results of our study strongly support the
concept that reactive astrocytes are involved in the disruption of
the homeostatic balance of growth factors, as CCN2/CTGF was
found be upregulated in the glaucomatous human ONH and in
the ONH of the PBbl-CTGFl mouse. CCN2/CTGF, a
matricellular protein of the CCN family, is the downstream
mediator of the TGF-B2 mediated fibrotic effect. Accordingly,
silencing of CCN2/CTGF in human ONH astrocytes prevented
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the increase of ECM proteins following TGF-B2 treatment,
leading to the assumption that CCN2/CTGF is an essential
factor contributing to the glaucomatous changes in the ONH of
POAG patients (Fuchshofer et al., 2005). Hitherto, the effect of
increased CCN2/CTGF levels on ONH astrocytes has not been
investigated. The increased migration rate of murine ON
astrocytes and the increased ECM and GFAP synthesis after
treatment with CCN2/CTGF points towards the capacity of
CCN2/CTGF to induce a reactive phenotype in astrocytes. It is
of interest that the murine ON astrocytes reacted in a similar
manner as the human ONH astrocytes regarding the
stimulation with CCN2/CTGF or TGF-B 2. We cannot
exclude that the differences in the astrocytic reaction between
ON and ONH astrocytes could be seen after different
treatments.

In glaucomatous eyes, lamina cribrosa astrocytes were
observed to migrate into nerve bundles of the ON
(Hernandez and Pena, 1997; Varela and Hernandez, 1997;
Hernandez, 2000). Reactive astrocytes migrate towards the
insult, which is thought as an attempt to limit secondary
damages by increased synthesis of ECM proteins and the
formation of a glial scar. In POAG, the gradual loss of axons
is known to involve a gliosis reaction and the remodeling of the
lamina cribrosa at the ONH (Hernandez, 2000; Morrison,
2006). Changes in ECM production are very likely linked to
an increased IOP in various animal models since they were
observed in primate and rodent glaucoma models (Morrison
et al., 1990; Johnson et al., 1996; Johnson et al., 2000; May and
Mittag, 2006). Quite intriguingly, a microarray analysis of the
ONH after inducing experimental glaucoma in rats
demonstrated that not only ECM proteins are upregulated,
but also members of the TGF-p superfamily, such as TGF-f1
(Johnson et al., 2007). Since CCN2/CTGF is a downstream
mediator of TGF-s, it is likely that the observed upregulation of
TGF-B1 causes an increase in CCN2/CTGF synthesis.

In the present study we found an increase of CCN2/CTGF in
the ONH of the transgenic mouse model at 2 months of age. At
that age, the mice suffer from an increased IOP and a significant
loss of axons in the ON in comparison to wild-type littermates
(Junglas et al., 2012). Based on our in situ and in vitro findings, it
appears to be likely that astrocytes are the source of the increasing
amounts of CCN2/CTGF. Since the transgenic mouse model that
was used in this study, is based on a lens-specific expression of
CCN2/CTGF in the anterior eye, we could exclude the possibility
that the observed increase of CCN2/CTGF is due to the
transgenic overexpression of CCN2/CTGF from the lens as the
highest activity of the Pbl-crystallin promoter is during the
development of the lens and the analysis of the glial lamina of
1 month-old transgenic animals did not show any increase of
CCN2/CTGF immunoreactivity in the ONH region. Therefore,
we could also exclude the autocrine induction of CCN2/CTGF
(Junglas et al., 2009), as the induction would be at the highest
level, when the promoter has the highest activity. Instead, we
observed that the mRNA expression of Ccn2/Ctgf was not altered
between the 1 month-old transgenic and wildtype littermates,
whereas in the 2 month-old animals an increased Ccn2/Ctgf
mRNA expression was observed in the transgenic animals.

CCN2/CTGF and Optic Nerve Astrocyte

The increase of CCN2/CTGF in the glial lamina of the
transgenic animals was associated with a reactive phenotype in
the resident astrocytes, indicated by the increase of their GFAP
immunoreactivity and a thickening of their processes. Similar
findings were described in the ONH of decorin knockout mice,
where morphological changes of astrocytes in the glial lamina
caused by an increased IOP were accompanied by increased
GFAP and CTGF/CCN2 synthesis in the ONH (Schneider
et al, 202la; Schneider et al, 2021b). An upregulation of
CCN2/CTGF was observed in reactive astrocytes during other
neurodegenerative diseases like multiple sclerosis (Holley et al.,
2003), amyotrophic lateral sclerosis (Spliet et al., 2003) and
Alzheimer’s disease (Ueberham et al., 2003). Furthermore, an
upregulation of CCN2/CTGF was found to be associated with
reactive gliosis in stab-wounded rat brains or in the brain of
stroke patients (Schwab et al., 2000; Schwab et al., 2001). In the
BB1-CTGF1 mouse, minor amounts of fibronectin were found
deposited within the glial lamina of the ON, a finding that was not
observed in wild-type littermates. In contrast, the fB1-CTGF1
mouse showed a significant increase of fibronectin in the
peripapillary sclera. The biomechanical properties of the
peripapillary sclera are dependent on its specific molecular
components and increasing amounts of fibronectin may
contribute to an increased stiffness. The parallel observation of
increased amounts of filamentous actin within the glial lamina of
the PB1-CTGF1 mice is also expected to alter the biomechanical
properties in the glial lamina region.

It is tempting to speculate that reactive changes in ONH
astrocytes induced by the altered biomechanical characteristics
of the region give rise to a self-amplifying process that includes
increased TGF-B2/CCN2/CTGF signaling, leading to the
synthesis of ECM molecules and cytoskeletal proteins, a
process that in turn augments the stiffness at the ONH. Such
a scenario may finally result in a vicious circle as the causative
mechanism for ONH deformation in POAG

MATERIALS AND METHODS

Animals

Transgenic PB1-CTGF1 mice were generated as described
previously (Junglas et al, 2012) and compared to wildtype
mice. Mice were housed under standardized conditions of 62%
air humidity and 21°C room temperature. Feeding was ad libitum.
Animals were kept at a 12 h light/dark cycle (6 am-6 pm). All
procedures conformed to the tenets of the National Institutes of
Health Guidelines on the Care and Use of Animals in Research,
the EU Directive 2010/63/E and the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research, and were
approved by the local authorities (54-2532.1-44/12; Regierung
Oberpfalz, Bavaria, Germany).

RNA Analysis

Astrocytes were cultured either on 6-well plates and treated with
1 ng/ml TGF-B2, 50 ng/ml CCN2/CTGF or 100 ng/ml CCN2/
CTGF, or cultured on PMDS substrata with different E-moduli
(10kPa, 30 kPa, 60 kPa). The concentration for CCN2/CTGF
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treatment were chosen in accordance to our previous findings
(Junglas et al., 2009).Before enucleation of the eyes, mice were
anesthetized with CO, and euthanized by atlanto-occipital
dislocation. First the anterior eye segment, the lens and
retina were removed, and the ON was cleaned from muscles
and connective tissue. The sclera was cut away from the ONH
and potentially remaining parts of sclera and retina were
removed. Second the ON tissue was separated from the
ONH. Both tissuer ON and ONH were processes
independently for following experiments. Total RNA was
extracted with TriFast™ (Peqlab, Erlangen, Germany)
according to the manufacture’s recommendations. cDNA was
prepared from total RNA using the qScript™cDNA Synthesis
Kit (Quanta Biosciences, Gaithersburg, United States)
according to the manufacturer’s introductions. Real-time RT-
PCR was performed on a BioRad iQ5 Real-Time PCR Detection
System (BioRad, Miinchen, Germany) with the temperature
profile as follows: 50 cycles of 20 s melting at 94°C, 10s of
annealing at 60°C and 20 s of extension at 60°C. All primers were
purchased from Invitrogen and extended over exon-intron
boundaries: 5'-cccctggaatctgtgaatc-3' (msCol3al forward), 5'-
tgagtcgaattggggagaat-3' (msCol3al reverse), 5'-gctgctgctaaggct
gctaa-3'  (msElastin  forward), 5'-agcacctgggagcctaactc-3'
(msElastin  reverse), 5'-cggagagagtgcccctacta-3'  (msEN
forward), 5'-cgatattggtgaatcgcaga-3' (msFn reverse), 5'-tctgca
agtacacggtccag-3' (msGnb2l forward), 5'-gagacgatgatagggttg
ctg-3'  (msGnb2l reverse), 5'-tgacctggaggaaaacattaaga-3'
(msCcn2/Ctgf forward), 5'-agccctgtatgtcttcacactg-3' (msCen2/
Ctgf reverse), 5'-tcgagatcgccacctacag-3' (msGfap forward), 5'-
gtctgtacaggaatggtgatge-3' (msGfap reverse), 5'-gctgecatctgtttt
acgg-3'  (msRpl32 forward), 5'-tgactggtgcctgatgaact-3
(msRpl32 reverse) or Tagman probes were used (Rpl32:
Mm02528467_gl;  Gfap: Mm01253033_ml1; Ccn2/Ctgf:
Mm01192933_gl from ThermoFisher Scientific, Darmstadt,
Germany). RNA that was not reverse transcribed served as
negative control. For relative quantification of the
experiments, Gnb2l and Rpl32 were used as a housekeeping
gene. BioRad iQ5 Optical System Software (version 2.0) was
used for analysis and AAct-method was applied for
normalization.

Western Blot Analysis

Proteins were isolated following the RNA isolation according to
the manufacturer’s instructions. The proteins were dissolved in
1% SDS containing protease (Serva Electrophoresis GmbH,
Heidelberg, Germany) and phosphatase inhibitor (Sigma-
Aldrich, Taufkirchen, Germany). Protein concentration was
determined by the bicinchoninic acid assay (Interchim,
Montlugon Cedex, France). Proteins were separated by SDS-
PAGE and transferred to polyvinylidene difluoride (PVDEF)
membranes (Roche, Mannheim, Germany). Western Blot
analysis was performed with specific antibodies as described
previously (Fuchshofer et al., 2005). Specific antibodies were
used as follows: goat anti-a-actinin (1:500), rabbit anti-Col III
(1:250; Santa Cruz Biotechnology, Cat# sc-28888, RRID:
AB_2082354), goat anti-CTGF (1:500; Santa Cruz Biotechnology,
Cat# sc-14939, RRID:AB_638805), rabbit anti-fibronectin (1:500;
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Santa Cruz Biotechnology, Cat# sc-9068, RRID:AB_2105699),
chicken anti-GFAP (1:10,000; LSBio (LifeSpan), Cat# LS-B4775-
50, RRID:AB_10803257), rabbit anti-tropoelastin (1:250, Elastin
Products Company, Owensville, MO, United States), goat anti-
vimentin (1:500, Sigma-Aldrich Cat# V4630, RRID:AB_477619,
Taufkirchen, Germany), donkey anti-goat (1:2000, Bethyl
Laboratories Inc., Montgomery, TX, United States, Cat# A50-
201P, RRID:AB_66756), goat anti-rabbit (1:5,000, Cell Signaling
Technology, Danvers, MA, United States, Cat# 7074, RRID:
AB_2099233), rabbit anti-chicken (1:2,000, Bethyl Laboratories
Inc, Montgomery, TX, United States, Cat# A30-207P, RRID:
AB_67387). Chemiluminescence was detected on a LAS 3000
imaging workstation (Fujifilm, Diisseldorf, Germany). GAPDH
(rabbit anti-GAPDH-HRP, 1:5,000, Cell Signaling Technology,
Cat# 3683, RRID:AB_1642205) or a-tubulin (rabbit anti-a-
tubulin, 1:2500, Rockland Immunochemicals Inc., Gilbertsville,
United States, Cat# 600-401-880, RRID:AB_2137000) were used
as loading controls to normalize the signal intensity of the Western
blots. The intensity of the bands detected by Western blot analysis
was determined using appropriate software (AIDA Image analyzer
software, Raytest).

Immunocytochemistry

Astrocytes were plated on 35 mm p-dishes (ibidi, Martinsried,
Germany) with different E-moduli (10 kPa, 30 kPa, 60 kPa) at a
density of 20000 cells per dish for phalloidin labeling, GFAP and
CCN2/CTGF staining (Cells were cultured 7 days and starved
under serum free conditions 24 h before fixation). For the
characterization of the isolated ON astrocytes and for analysis
of the effect of CCN2/CTGF treatment on the ECM synthesis,
cells were seeded on coverslips and treated with either 1 ng/ml
TGF-B2, 50 ng/ml CCN2/CTGF or left untreated as controls for
24 h under serum free conditions. Cells were washed twice with
PBS, fixed with 4% (w/v) paraformaldehyde (PFA) for 5 min and
washed again three times with PBS. Specific antibodies for
staining were used as follows: rabbit anti-CTGF (1:200,
Genetex, Irvine, United States, Cat# GTX26992, RRID:
AB_369067), rabbit anti-GFAP (1:100, Dako, Hamburg,
Germany, Agilent Cat# Z0334, RRID:AB_1001338), rabbit
anti-tropoelastin (1:20, Elastin Products Company, Owensville,
MO, United States), rabbit anti-fibronectin (1:100, Santa Cruz,
Dallas, TX, United States, Cat# sc-9068, RRID:AB_2105699),
Alexa Fluor 488-conjugated anti rabbit IgG (1:1,000,
Invitrogen, Darmstadt, Germany, Thermo Fisher Scientific
Cat# A-11070, RRID:AB_2534114) and Cy3™ goat anti rabbit
(1:2000, Jackson Immuno Research Europe Ltd., Suffolk,
United Kingdom, Cat# 111-165-144, RRID:AB_2338006).
Phalloidin-rhodamin (1:1,000, 1h at room temperature,
Sigma-Aldrich, Taufkirchen, Germany) was used for
labeling the actin cytoskeleton. As a control for unspecific
binding of secondary antibodies, negative controls were
performed. Finally, 4,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories, Burlingame, CA, United States)
diluted 1:10 in PBS was added to counterstain nuclear DNA
and the immunofluorescence was visualized using a Zeiss Axio
Imager fluorescence microscope (Carl Zeiss AG, Gottingen,
Germany).
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Migration Assay

Astrocytes were grown to confluence in 6-well plates. 24 h prior
to treatments, cells were starved under serum-free conditions.
Three equal scratches were made in the cell layer of each well. To
suppress proliferation, cells were treated with 5 pug/ml Mitomycin
C (Sigma-Aldrich). Cells were treated with 1ng/ml TGF-f2,
50 ng/ml CTGF or 100 ng/ml CTGF, untreated cells were used
as control. Pictures were taken directly before (0 h) and 12 h after
the treatment. For each time point, length and region of the
scratches were measured using Axiovision 4.8 (Carl Zeiss AG).
Region of migration (AA) was counted by subtracting the region
at 12 h (At) from the region at 0 h (A0). To correct the results,
they were then divided by the length of the scratch 0 h (A0-At)/s
= AA/s. Migration assays were carried out several times. Results
were allocated to an arithmetic mean.

Immunohistochemistry

Methods for securing human tissue were humane, included proper
consent and approval, and complied with the Declaration of
Helsinki. Human ON were obtained from two healthy and four
glaucomatous eyes. Human ON were embedded in paraffin and
6 um sections were deparaffinized and washed in water. For
immunohistochemistry ON sections were pretreated with
proteinase K followed by blocking with 2% bovine serum
albumin (BSA), 0.2% cold water fish gelatin (Sigma-Aldrich).
Sections were incubated with rabbit anti-CTGF (1:50, novusbio,
Centennial, CO, United States, Cat# NB100-724SS, RRID:
AB_921075) at 4°C overnight. Afterwards sections were washed
three times with 0.1 M phosphate buffer, followed by the incubation
with Alexa Flour * 647 donkey anti-rabbit (1:200, Thermo Fisher
Scientific Cat# A-31573, RRID:AB_2536183) for 2h at room
temperature. As a control for unspecific binding of secondary
antibodies, negative controls performed. After washing three
times with 0.1 M phosphate buffer, the slides were mounted
using the DakoCytomation fluorescent mounting medium with
DAPI 1:10 (Dako). Slides were dried overnight at 4°C before
microscopy. Eyes of PB1-CTGF1 transgenic (TG) and wildtype
(WT) mice were enucleated and fixed in 4% (w/v)
paraformaldehyde (PFA) for 24 h. The eyes were equilibrated in
10%, 20% and 30% sucrose, embedded in Tissue Tek optimal cooling
temperature compound  (Sakura  Finetek Europe B.V,
Zoeterwounde, Netherland), and stored at —20°C. Frozen 12 um
sections were cut on the cryostat. Tangential sections of the glial
lamina were obtained. After blocking with 1% BSA, 0.2% cold water
fish skin gelatin (Sigma-Aldrich), 0.1% Triton-X-100 in 0.1 M
phosphate buffer, frozen sections were incubated with rabbit anti-
GFAP (1:1,000, Dako Denmark A/S,Glostrup, Denmark, Agilent
Cat# 70334, RRID:AB_1001338), rabbit anti-CTGF (1:400, Genetex
Inc.,, Irvine, CA, United States, Cat# GTX26992, RRID:AB_369067),
rabbit anti-fibronectin (1:500, Agilent Cat# A024502, RRID:
AB_578510), chicken anti-GFAP (1:2000, LSBio (LifeSpan), Cat#
LS-B4775-50, RRID:AB_10803257) or with phalloidin-rhodamin (1:
500, 1h at room temperature, Sigma-Aldrich) to label the actin
cytoskeleton at 4°C overnight. Afterwards, tissue sections were
washed three times with 0.1 M phosphate buffer, followed by an
incubation with the secondary antibody, Alexa Flour © 488 goat anti
rabbit (1:1,000, Life Technologies, Carlsbad, CA, United States,
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Thermo Fisher Scientific Cat# A-11070, RRID:AB_2534114),
Alexa Flour ° 488 goat anti chicken (1:1,000, Thermo Fisher
Scientific Cat# A-11039, RRID:AB_2534096) or Cy3™ goat anti
rabbit (1:2,000, Jackson Immuno Research Europe Ltd., Suffolk,
United Kingdom, Cat# 111-165-144, RRID:AB_2338006) for 1 h at
room temperature. As a control for unspecific binding of secondary
antibodies, negative controls were performed. After washing three
times with 0.1 M phosphate buffer, the slides were mounted using
the DakoCytomation fluorescent mounting medium with DAPI 1:10
(Dako). Slides were dried overnight at 4°C before microscopy.

Image Analysis

The images were analyzed using Image]’s built-in measuring
feature (Wayne Rasband, formerly National Institutes of
Health, Bethesda, MD, United States). The surface area of the
ONH section was calculated and the amount of area emitting
fluorescent signal for GFAP, CCN2/CTGF or filamentous actin
within the outlines of the ONH section was determined by a
standardized macro routine consisting of Image]’s color
threshold plugin and particle analyzer. The resulting values
were used to calculate the percentage of area within the ONH
section. For fibronectin quantification, the surface area of the
peripapillary sclera was quantified and the same methods of
measurement that were mentioned above were used. These
measurements  were performed for each individual
specimen after calibrating Image] with the scale bar. The
resulting data was analyzed using SPSS (IBM, Armonk, NY,
United States).

Statistical Analysis

Western Blot and real-time RT-PCR was repeated at least three times
with RNA and protein extract from mouse ON astrocytes and ON/
ONH tissue. Each real-time RT-PCR analysis was performed in
triplicates. The data is represented as mean + SEM or otherwise
stated in the figure legends. Statistical analysis of data was performed
by two-tailed ¢-test compared to theoretical mean of 1 (normalized
control, indicated in the figure legends).

DATA AVAILABILITY STATEMENT

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

ETHICS STATEMENT

The animal study was reviewed and approved by 54-2532.1-44/12.

AUTHOR CONTRIBUTIONS

AD, MSh, GM, RF: conceptualization. AD, GW, MM, MS, CG:
methodology. AD, GW, MM, MS, and CG: software and
validation. AD and RF: formal analysis. AO, MSh, GM, REF:
resources. AD: visualization. AD and RF: writing-original draft
preparation. RF: supervision and project administration. All

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2022 | Volume 10 | Article 864433


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Dillinger et al.

authors have read and agreed to the published version of the
manuscript.

FUNDING

This study has been supported by a grant from the Deutsche
Forschungsgemeinschaft (FU734/6-1), the Technologie- und
Wissenschaftsnetzwerk ~ Oberpflaz (TWO)  within  the

REFERENCES

Anderson, D. R. (1969). Ultrastructure of Human and Monkey Lamina Cribrosa
and Optic Nerve Head. Arch. Ophthalmol. 82 (6), 800-814. doi:10.1001/
archopht.1969.00990020792015

Anderson, D. R. (1998a). Comparison of Glaucomatous Progression between
Untreated Patients with normal-tension Glaucoma and Patients with
Therapeutically Reduced Intraocular Pressures. Collaborative Normal-
Tension Glaucoma Study Group. Am. ]J. Ophthalmol. 126 (4), 487-497.
doi:10.1016/50002-9394(98)00223-2

Anderson, D. R. (1998b). The Effectiveness of Intraocular Pressure Reduction in
the Treatment of normal-tension Glaucoma. Collaborative Normal-Tension
Glaucoma Study Group. Am. J. Ophthalmol. 126 (4), 498-505. doi:10.1016/
$0002-9394(98)00272-4

Brigstock, D. (2003). The CCN Family: a New Stimulus Package. J. Endocrinol. 178
(2), 169-175. doi:10.1677/joe.0.1780169

Browne, J. G., Ho, S. L., Kane, R., Oliver, N., Clark, A. F., and O’Brien, C. J.
(2011). Connective Tissue Growth Factor Is Increased in Pseudoexfoliation
Glaucoma. Invest. Ophthalmol. Vis. Sci. 52 (6), 3660-3666. doi:10.1167/
iovs.10-5209

Choi, H. J., Sun, D., and Jakobs, T. C. (2015). Astrocytes in the Optic Nerve
Head Express Putative Mechanosensitive Channels. Mol. Vis. 21, 749-766.

Coudrillier, B., Tian, J., Alexander, S., Myers, K. M., Quigley, H. A., and Nguyen, T.
D. (2012). Biomechanics of the Human Posterior Sclera: Age- and Glaucoma-
Related Changes Measured Using Inflation Testing. Invest. Ophthalmol. Vis.
Sci. 53 (4), 1714-1728. doi:10.1167/i0vs.11-8009

Dillinger, A. E., Kuespert, S., Froemel, F., Tamm, E. R., and Fuchshofer, R.
(2021). CCN2/CTGF Promotor Activity in the Developing and Adult
Mouse Eye. Cell Tissue Res 384 (3), 625-641. doi:10.1007/s00441-020-
03332-4

Downs, J. C,, Suh, J. K., Thomas, K. A., Bellezza, A. J., Hart, R. T., and Burgoyne, C.
F. (2005). Viscoelastic Material Properties of the Peripapillary Sclera in normal
and Early-Glaucoma Monkey Eyes. Invest. Ophthalmol. Vis. Sci. 46 (2),
540-546. d0i:10.1167/i0vs.04-0114

Duncan, M. K, Li, X,, Ogino, H., Yasuda, K, and Piatigorsky, J. (1996).
Developmental Regulation of the Chicken Beta B1l-Crystallin Promoter in
Transgenic Mice. Mech. Dev. 57 (1), 79-89. doi:10.1016/0925-4773(96)
00533-3

Elkington, A. R., Inman, C. B,, Steart, P. V., and Weller, R. O. (1990). The Structure
of the Lamina Cribrosa of the Human Eye: an Immunocytochemical and
Electron Microscopical Study. Eye (Lond) 4 (Pt 1), 42-57. doi:10.1038/eye.
1990.5

Fuchshofer, R., Birke, M., Welge-Lussen, U., Kook, D., and Lutjen-Drecoll, E.
(2005). Transforming Growth Factor-Beta 2 Modulated Extracellular
Matrix Component Expression in Cultured Human Optic Nerve Head
Astrocytes. Invest. Ophthalmol. Vis. Sci. 46 (2), 568-578. d0i:10.1167/iovs.
04-0649

Fuchshofer, R. (2011). The Pathogenic Role of Transforming Growth Factor-Beta2
in Glaucomatous Damage to the Optic Nerve Head. Exp. Eye Res. 93 (2),
165-169. doi:10.1016/j.exer.2010.07.014

Gottanka, J., Kuhlmann, A., Scholz, M., Johnson, D. H., and Lutjen-Drecoll, E.
(2005). Pathophysiologic Changes in the Optic Nerves of Eyes with Primary
Open Angle and Pseudoexfoliation Glaucoma. Invest. Ophthalmol. Vis. Sci. 46
(11), 4170-4181. doi:10.1167/i0vs.05-0289

CCN2/CTGF and Optic Nerve Astrocyte

framework of RCBE and the German Federal Ministry of
Education and Research (grant 17PNT021).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.864433/
full#supplementary-material

Hernandez, M. R., Agapova, O. A,, Yang, P., Salvador-Silva, M., Ricard, C. S., and
Aoi, S. (2002). Differential Gene Expression in Astrocytes from Human normal
and Glaucomatous Optic Nerve Head Analyzed by cDNA Microarray. Glia 38
(1), 45-64. doi:10.1002/glia. 10051

Hernandez, M. R., and Pena, J. D. (1997). The Optic Nerve Head in Glaucomatous
Optic Neuropathy. Arch. Ophthalmol. 115 (3), 389-395. doi:10.1001/archopht.
1997.01100150391013

Hernandez, M. R. (2000). The Optic Nerve Head in Glaucoma: Role of Astrocytes
in Tissue Remodeling. Prog. Retin. Eye Res. 19 (3), 297-321. doi:10.1016/s1350-
9462(99)00017-8

Holley, J. E., Gveric, D., Newcombe, J., Cuzner, M. L., and Gutowski, N. J. (2003).
Astrocyte Characterization in the Multiple Sclerosis Glial Scar. Neuropathol.
Appl. Neurobiol. 29 (5), 434-444. doi:10.1046/j.1365-2990.2003.00491.x

Hopkins, A. A., Murphy, R,, Irnaten, M., Wallace, D. M., Quill, B., and O’Brien, C.
(2020). The Role of Lamina Cribrosa Tissue Stiffness and Fibrosis as
Fundamental Biomechanical Drivers of Pathological Glaucoma Cupping.
Am. ]. Physiol. Cel Physiol 319 (4), C611-C623. doi:10.1152/ajpcell.00054.2020

Howell, G. R,, Libby, R. T., Jakobs, T. C., Smith, R. S., Phalan, F. C,, Barter, ]. W.,
et al. (2007). Axons of Retinal Ganglion Cells Are Insulted in the Optic Nerve
Early in DBA/2J Glaucoma. J. Cel Biol 179 (7), 1523-1537. doi:10.1083/jcb.
200706181

Johnson, E. C., Deppmeier, L. M., Wentzien, S. K., Hsu, I., and Morrison, J. C.
(2000). Chronology of Optic Nerve Head and Retinal Responses to Elevated
Intraocular Pressure. Invest. Ophthalmol. Vis. Sci. 41 (2), 431-442.

Johnson, E. C, Jia, L., Cepurna, W. O., Doser, T. A., and Morrison, J. C. (2007).
Global Changes in Optic Nerve Head Gene Expression after Exposure to
Elevated Intraocular Pressure in a Rat Glaucoma Model. Invest. Ophthalmol.
Vis. Sci. 48 (7), 3161-3177. doi:10.1167/iovs.06-1282

Johnson, E. C., Morrison, J. C., Farrell, S., Deppmeier, L., Moore, C. G., and
McGinty, M. R. (1996). The Effect of Chronically Elevated Intraocular Pressure
on the Rat Optic Nerve Head Extracellular Matrix. Exp. Eye Res. 62 (6),
663-674. doi:10.1006/exer.1996.0077

Johnson, T. V., and Tomareyv, S. I. (2010). Rodent Models of Glaucoma. Brain Res.
Bull. 81 (2-3), 349-358. doi:10.1016/j.brainresbull.2009.04.004

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 (6),
2386-2403. doi:10.1016/j.ajpath.2012.02.030

Junglas, B., Yu, A. H., Welge-Lussen, U., Tamm, E. R,, and Fuchshofer, R. (2009).
Connective Tissue Growth Factor Induces Extracellular Matrix Deposition in
Human Trabecular Meshwork Cells. Exp. Eye Res. 88 (6), 1065-1075. doi:10.
1016/j.exer.2009.01.008

Kass, M. A,, Heuer, D. K., Higginbotham, E. J., Johnson, C. A., Keltner, J. L., Miller,
J. P., et al. (2002). The Ocular Hypertension Treatment Study: a Randomized
Trial Determines that Topical Ocular Hypotensive Medication Delays or
Prevents the Onset of Primary Open-Angle Glaucoma. Arch. Ophthalmol.
120 (6), 701-713. doi:10.1001/archopht.120.6.701

Kerr, N. M,, Johnson, C. S., Green, C. R, and Danesh-Meyer, H. V. (2011). Gap
junction Protein Connexin43 (GJA1) in the Human Glaucomatous Optic Nerve
Head and Retina. J. Clin. Neurosci. 18 (1), 102-108. doi:10.1016/j.jocn.2010.
06.002

Kimball, E. C., Nguyen, C., Steinhart, M. R,, Nguyen, T. D., Pease, M. E., Oglesby, E.
N., et al. (2014). Experimental Scleral Cross-Linking Increases Glaucoma
Damage in a Mouse Model. Exp. Eye Res. 128, 129-140. doi:10.1016/j.exer.
2014.08.016

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2022 | Volume 10 | Article 864433


https://www.frontiersin.org/articles/10.3389/fcell.2022.864433/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.864433/full#supplementary-material
https://doi.org/10.1001/archopht.1969.00990020792015
https://doi.org/10.1001/archopht.1969.00990020792015
https://doi.org/10.1016/s0002-9394(98)00223-2
https://doi.org/10.1016/s0002-9394(98)00272-4
https://doi.org/10.1016/s0002-9394(98)00272-4
https://doi.org/10.1677/joe.0.1780169
https://doi.org/10.1167/iovs.10-5209
https://doi.org/10.1167/iovs.10-5209
https://doi.org/10.1167/iovs.11-8009
https://doi.org/10.1007/s00441-020-03332-4
https://doi.org/10.1007/s00441-020-03332-4
https://doi.org/10.1167/iovs.04-0114
https://doi.org/10.1016/0925-4773(96)00533-3
https://doi.org/10.1016/0925-4773(96)00533-3
https://doi.org/10.1038/eye.1990.5
https://doi.org/10.1038/eye.1990.5
https://doi.org/10.1167/iovs.04-0649
https://doi.org/10.1167/iovs.04-0649
https://doi.org/10.1016/j.exer.2010.07.014
https://doi.org/10.1167/iovs.05-0289
https://doi.org/10.1002/glia.10051
https://doi.org/10.1001/archopht.1997.01100150391013
https://doi.org/10.1001/archopht.1997.01100150391013
https://doi.org/10.1016/s1350-9462(99)00017-8
https://doi.org/10.1016/s1350-9462(99)00017-8
https://doi.org/10.1046/j.1365-2990.2003.00491.x
https://doi.org/10.1152/ajpcell.00054.2020
https://doi.org/10.1083/jcb.200706181
https://doi.org/10.1083/jcb.200706181
https://doi.org/10.1167/iovs.06-1282
https://doi.org/10.1006/exer.1996.0077
https://doi.org/10.1016/j.brainresbull.2009.04.004
https://doi.org/10.1016/j.ajpath.2012.02.030
https://doi.org/10.1016/j.exer.2009.01.008
https://doi.org/10.1016/j.exer.2009.01.008
https://doi.org/10.1001/archopht.120.6.701
https://doi.org/10.1016/j.jocn.2010.06.002
https://doi.org/10.1016/j.jocn.2010.06.002
https://doi.org/10.1016/j.exer.2014.08.016
https://doi.org/10.1016/j.exer.2014.08.016
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Dillinger et al.

Kirschner, A., Strat, A. N., Yablonski, J., Yoo, H., Bagué, T., Li, H,, et al. (2021).
Mechanosensitive Channel Inhibition Attenuates TGFP2-Induced Actin
Cytoskeletal Remodeling and Reactivity in Mouse Optic Nerve Head
Astrocytes. Exp. Eye Res. 212, 108791. doi:10.1016/j.exer.2021.108791

Leask, A., Holmes, A., and Abraham, D. J. (2002). Connective Tissue Growth
Factor: a New and Important Player in the Pathogenesis of Fibrosis. Curr.
Rheumatol. Rep. 4 (2), 136-142. doi:10.1007/s11926-002-0009-x

May, C. A., and Lutjen-Drecoll, E. (2002). Morphology of the Murine Optic Nerve.
Invest. Ophthalmol. Vis. Sci. 43 (7), 2206-2212.

May, C. A, and Mittag, T. (2006). Optic Nerve Degeneration in the DBA/2NNia
Mouse: Is the Lamina Cribrosa Important in the Development of Glaucomatous
Optic Neuropathy?. Acta Neuropathol. 111 (2), 158-167. doi:10.1007/s00401-
005-0011-2

Midgett, D., Liu, B,, Ling, Y. T. T, Jefferys, J. L., Quigley, H. A., and Nguyen, T. D.
(2020). The Effects of Glaucoma on the Pressure-Induced Strain Response of
the Human Lamina Cribrosa. Invest. Ophthalmol. Vis. Sci. 61 (4), 41. doi:10.
1167/iovs.61.4.41

Morrison, J. C., Dorman-Pease, M. E., Dunkelberger, G. R., and Quigley, H. A.
(1990). Optic Nerve Head Extracellular Matrix in Primary Optic Atrophy and
Experimental Glaucoma. Arch. Ophthalmol. 108 (7), 1020-1024. doi:10.1001/
archopht.1990.01070090122053

Morrison, J. C. (2006). Integrins in the Optic Nerve Head: Potential Roles in
Glaucomatous Optic Neuropathy (An American Ophthalmological Society
Thesis). Trans. Am. Ophthalmol. Soc. 104, 453-477.

Nguyen, C., Cone, F. E., Nguyen, T. D., Coudrillier, B., Pease, M. E., Steinhart, M.
R, et al. (2013). Studies of Scleral Biomechanical Behavior Related to
Susceptibility for Retinal Ganglion Cell Loss in Experimental Mouse
Glaucoma. Invest. Ophthalmol. Vis. Sci. 54 (3), 1767-1780. doi:10.1167/iovs.
12-10952

Overby, D. R., Zhou, E. H., Vargas-Pinto, R., Pedrigi, R. M., Fuchshofer, R.,
Braakman, S. T., et al. (2014). Altered Mechanobiology of Schlemm’s Canal
Endothelial Cells in Glaucoma. Proc. Natl. Acad. Sci. U S A. 111 (38),
13876-13881. doi:10.1073/pnas.1410602111

Oyama, T., Abe, H., and Ushiki, T. (2006). The Connective Tissue and Glial
Framework in the Optic Nerve Head of the normal Human Eye: Light and
Scanning Electron Microscopic Studies. Arch. Histol. Cytol. 69 (5), 341-356.
doi:10.1679/aohc.69.341

Pena, J. D., Agapova, O., Gabelt, B. T., Levin, L. A, Lucarelli, M. J., Kaufman, P. L.,
et al. (2001). Increased Elastin Expression in Astrocytes of the Lamina Cribrosa
in Response to Elevated Intraocular Pressure. Invest. Ophthalmol. Vis. Sci. 42
(10), 2303-2314.

Pena, J. D., Netland, P. A,, Vidal, I, Dorr, D. A,, Rasky, A., and Hernandez, M. R.
(1998). Elastosis of the Lamina Cribrosa in Glaucomatous Optic Neuropathy.
Exp. Eye Res. 67 (5), 517-524. doi:10.1006/exer.1998.0539

Pena, J. D., Taylor, A. W,, Ricard, C. S, Vidal, L, and Hernandez, M. R. (1999).
Transforming Growth Factor Beta Isoforms in Human Optic Nerve Heads. Br.
J. Ophthalmol. 83 (2), 209-218. doi:10.1136/bjo.83.2.209

Picht, G., Welge-Luessen, U., Grehn, F., and Lutjen-Drecoll, E. (2001).
Transforming Growth Factor Beta 2 Levels in the Aqueous Humor in
Different Types of Glaucoma and the Relation to Filtering Bleb
Development. Graefes Arch. Clin. Exp. Ophthalmol. 239 (3), 199-207.
doi:10.1007/s004170000252

Pohlers, D., Brenmoehl, J., Loffler, I, Muller, C. K., Leipner, C., Schultze-Mosgau,
S., etal. (2009). TGF-beta and Fibrosis in Different Organs - Molecular Pathway
Imprints. Biochim. Biophys. Acta 1792 (8), 746-756. d0i:10.1016/j.bbadis.2009.
06.004

Quigley, H. A. (2011). Glaucoma. Lancet 377 (9774), 1367-1377. doi:10.1016/
S0140-6736(10)61423-7

Quigley, H. A. (1996). Number of People with Glaucoma Worldwide. Br.
J. Ophthalmol. 80 (5), 389-393. doi:10.1136/bjo.80.5.389

Quigley, H. A. (1987). Reappraisal of the Mechanisms of Glaucomatous Optic
Nerve Damage. Eye (Lond) 1 (Pt 2), 318-322. doi:10.1038/eye.1987.51

Quigley, H. A, and Cone, F. E. (2013). Development of Diagnostic and Treatment
Strategies for Glaucoma through Understanding and Modification of Scleral
and Lamina Cribrosa Connective Tissue. Cel Tissue Res 353 (2), 231-244.
doi:10.1007/s00441-013-1603-0

Quigley, H. A, Hohman, R. M., Addicks, E. M., Massof, R. W., and Green, W. R.
(1983). Morphologic Changes in the Lamina Cribrosa Correlated with Neural

CCN2/CTGF and Optic Nerve Astrocyte

Loss in Open-Angle Glaucoma. Am. J. Ophthalmol. 95 (5), 673-691. doi:10.
1016/0002-9394(83)90389-6

Rachfal, A. W., and Brigstock, D. R. (2005). Structural and Functional Properties of
CCN Proteins. Vitam Horm. 70, 69-103. doi:10.1016/S0083-6729(05)70003-0

Radius, R. L., and Gonzales, M. (1981). Anatomy of the Lamina Cribrosa in Human
Eyes. Arch. Ophthalmol. 99 (12), 2159-2162. doi:10.1001/archopht.1981.
03930021035010

Reinehr, S., Koch, D., Weiss, M., Froemel, F., Voss, C., Dick, H. B., et al. (2019).
Loss of Retinal Ganglion Cells in a New Genetic Mouse Model for Primary
Open-Angle Glaucoma. J. Cel Mol Med 23 (8), 5497-5507. doi:10.1111/jcmm.
14433

Resnikoff, S., Pascolini, D., Etya’ale, D., Kocur, L, Pararajasegaram, R., Pokharel, G.
P., et al. (2004). Global Data on Visual Impairment in the Year 2002. Bull.
World Health Organ. 82 (11), 844-851.

Rogers, R. S., Dharsee, M., Ackloo, S., Sivak, J. M., and Flanagan, J. G. (2012).
Proteomics Analyses of Human Optic Nerve Head Astrocytes Following
Biomechanical Strain. Mol. Cel Proteomics 11 (2), M111012302-M. doi:10.
1074/mcp.M111.012302

Schneider, M., Dillinger, A. E., Ohlmann, A., Iozzo, R. V., and Fuchshofer, R.
(2021a). Decorin-An Antagonist of TGF-Beta in Astrocytes of the Optic Nerve.
Int. J. Mol. Sci. 22 (14). doi:10.3390/ijms22147660

Schneider, M., Pawlak, R., Weber, G. R., Dillinger, A. E., Kuespert, S., Iozzo, R. V.,
et al. (2021b). A Novel Ocular Function for Decorin in the Aqueous Humor
Outflow. Matrix Biol. 97, 1-19. doi:10.1016/j.matbio.2021.02.002

Schwab, J. M, Beschorner, R., Nguyen, T. D., Meyermann, R., and Schluesener, H.
J. (2001). Differential Cellular Accumulation of Connective Tissue Growth
Factor Defines a Subset of Reactive Astrocytes, Invading Fibroblasts, and
Endothelial Cells Following central Nervous System Injury in Rats and
Humans. J. Neurotrauma 18 (4), 377-388. doi:10.1089/089771501750170930

Schwab, J. M., Postler, E., Nguyen, T. D., Mittelbronn, M., Meyermann, R., and
Schluesener, H. J. (2000). Connective Tissue Growth Factor Is Expressed by
a Subset of Reactive Astrocytes in Human Cerebral Infarction.
Neuropathol. Appl. Neurobiol. 26 (5), 434-440. doi:10.1046/j.1365-2990.
2000.00271.x

Spliet, W. G., Aronica, E., Ramkema, M., Aten, J., and Troost, D. (2003). Increased
Expression of Connective Tissue Growth Factor in Amyotrophic Lateral
Sclerosis Human Spinal Cord. Acta Neuropathol. 106 (5), 449-457. doi:10.
1007/s00401-003-0741-y

Spoerl, E., Boehm, A. G., and Pillunat, L. E. (2005). The Influence of Various
Substances on the Biomechanical Behavior of Lamina Cribrosa and
Peripapillary Sclera. Invest. Ophthalmol. Vis. Sci. 46 (4), 1286-1290. doi:10.
1167/i0vs.04-0978

Suda, S., Williams, H., Medbury, H. J., and Holland, A. J. (2016). A Review of
Monocytes and Monocyte-Derived Cells in Hypertrophic Scarring Post
Burn. J. Burn Care Res. 37 (5), 265-272. doi:10.1097/BCR.
0000000000000312

Sun, D., Lye-Barthel, M., Masland, R. H., and Jakobs, T. C. (2009). The Morphology
and Spatial Arrangement of Astrocytes in the Optic Nerve Head of the Mouse.
J. Comp. Neurol. 516 (1), 1-19. doi:10.1002/cne.22058

Sun, D., Moore, S., and Jakobs, T. C. (2017). Optic Nerve Astrocyte Reactivity
Protects Function in Experimental Glaucoma and Other Nerve Injuries. J. Exp.
Med. 214 (5), 1411-1430. doi:10.1084/jem.20160412

Tehrani, S., Davis, L., Cepurna, W. O., Choe, T. E., Lozano, D. C., Monfared, A.,
et al. (2016). Astrocyte Structural and Molecular Response to Elevated
Intraocular Pressure Occurs Rapidly and Precedes Axonal Tubulin
Rearrangement within the Optic Nerve Head in a Rat Model. PLoS One 11
(11), e0167364. doi:10.1371/journal.pone.0167364

Tehrani, S., Davis, L., Cepurna, W. O,, Delf, R. K., Lozano, D. C., Choe, T. E., et al.
(2019). Optic Nerve Head Astrocytes Display Axon-dependent and
-Independent Reactivity in Response to Acutely Elevated Intraocular
Pressure. Invest. Ophthalmol. Vis. Sci. 60 (1), 312-321. doi:10.1167/iovs.18-
25447

Tektas, O. Y., Lutjen-Drecoll, E.,, and Scholz, M. (2010). Qualitative and
Quantitative Morphologic Changes in the Vasculature and Extracellular
Matrix of the Prelaminar Optic Nerve Head in Eyes with POAG. Invest.
Ophthalmol. Vis. Sci. 51 (10), 5083-5091. doi:10.1167/i0vs.09-5101

Tomarev, S. L, Wistow, G., Raymond, V., Dubois, S., and Malyukova, 1. (2003).
Gene Expression Profile of the Human Trabecular Meshwork: NEIBank

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

April 2022 | Volume 10 | Article 864433


https://doi.org/10.1016/j.exer.2021.108791
https://doi.org/10.1007/s11926-002-0009-x
https://doi.org/10.1007/s00401-005-0011-2
https://doi.org/10.1007/s00401-005-0011-2
https://doi.org/10.1167/iovs.61.4.41
https://doi.org/10.1167/iovs.61.4.41
https://doi.org/10.1001/archopht.1990.01070090122053
https://doi.org/10.1001/archopht.1990.01070090122053
https://doi.org/10.1167/iovs.12-10952
https://doi.org/10.1167/iovs.12-10952
https://doi.org/10.1073/pnas.1410602111
https://doi.org/10.1679/aohc.69.341
https://doi.org/10.1006/exer.1998.0539
https://doi.org/10.1136/bjo.83.2.209
https://doi.org/10.1007/s004170000252
https://doi.org/10.1016/j.bbadis.2009.06.004
https://doi.org/10.1016/j.bbadis.2009.06.004
https://doi.org/10.1016/S0140-6736(10)61423-7
https://doi.org/10.1016/S0140-6736(10)61423-7
https://doi.org/10.1136/bjo.80.5.389
https://doi.org/10.1038/eye.1987.51
https://doi.org/10.1007/s00441-013-1603-0
https://doi.org/10.1016/0002-9394(83)90389-6
https://doi.org/10.1016/0002-9394(83)90389-6
https://doi.org/10.1016/S0083-6729(05)70003-0
https://doi.org/10.1001/archopht.1981.03930021035010
https://doi.org/10.1001/archopht.1981.03930021035010
https://doi.org/10.1111/jcmm.14433
https://doi.org/10.1111/jcmm.14433
https://doi.org/10.1074/mcp.M111.012302
https://doi.org/10.1074/mcp.M111.012302
https://doi.org/10.3390/ijms22147660
https://doi.org/10.1016/j.matbio.2021.02.002
https://doi.org/10.1089/089771501750170930
https://doi.org/10.1046/j.1365-2990.2000.00271.x
https://doi.org/10.1046/j.1365-2990.2000.00271.x
https://doi.org/10.1007/s00401-003-0741-y
https://doi.org/10.1007/s00401-003-0741-y
https://doi.org/10.1167/iovs.04-0978
https://doi.org/10.1167/iovs.04-0978
https://doi.org/10.1097/BCR.0000000000000312
https://doi.org/10.1097/BCR.0000000000000312
https://doi.org/10.1002/cne.22058
https://doi.org/10.1084/jem.20160412
https://doi.org/10.1371/journal.pone.0167364
https://doi.org/10.1167/iovs.18-25447
https://doi.org/10.1167/iovs.18-25447
https://doi.org/10.1167/iovs.09-5101
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Dillinger et al.

Sequence Tag Analysis. Invest. Ophthalmol. Vis. Sci. 44 (6), 2588-2596. doi:10.
1167/i0vs.02-1099

Tripathi, R. C,, Li, J., Chan, W. F,, and Tripathi, B. J. (1994). Aqueous Humor in
Glaucomatous Eyes Contains an Increased Level of TGF-Beta 2. Exp. Eye Res.
59 (6), 723-727. doi:10.1006/exer.1994.1158

Trivino, A., Ramirez, J. M., Salazar, J. J., Ramirez, A. 1., and Garcia-Sanchez, J.
(1996). Immunohistochemical Study of Human Optic Nerve Head Astroglia.
Vis. Res 36 (14), 2015-2028. doi:10.1016/0042-6989(95)00317-7

Ueberham, U., Ueberham, E., Gruschka, H., and Arendt, T. (2003). Connective
Tissue Growth Factor in Alzheimer’s Disease. Neuroscience 116 (1), 1-6. doi:10.
1016/50306-4522(02)00670-x

van Setten, G. B., Blalock, T. D., Grotendorst, G., and Schultz, G. S. (2002).
Detection of Connective Tissue Growth Factor in Human Aqueous Humor.
Ophthalmic Res. 34 (5), 306-308. doi:10.1159/000065601

van Setten, G. B,, Trost, A., Schrodl, F., Kaser-Eichberger, A., Bogner, B., van Setten, M.,
et al. (2016). Immunohistochemical Detection of CTGF in the Human Eye. Curr.
Eye Res. 41 (12), 1571-1579. doi:10.3109/02713683.2016.1143014

Varela, H. J., and Hernandez, M. R. (1997). Astrocyte Responses in Human Optic
Nerve Head with Primary Open-Angle Glaucoma. J. Glaucoma 6 (5), 303-313.
d0i:10.1097/00061198-199710000-00007

Wang, R., Seifert, P., and Jakobs, T. C. (2017). Astrocytes in the Optic
Nerve Head of Glaucomatous Mice Display a Characteristic Reactive
Phenotype. Invest. Ophthalmol. Vis. Sci. 58 (2), 924-932. doi:10.1167/
iovs.16-20571

CCN2/CTGF and Optic Nerve Astrocyte

Ye, H., and Hernandez, M. R. (1995). Heterogeneity of Astrocytes in Human Optic
Nerve Head. J. Comp. Neurol. 362 (4), 441-452. doi:10.1002/cne.903620402

Zode, G. S., Sethi, A., Brun-Zinkernagel, A. M., Chang, I. F,, Clark, A. F., and
Wordinger, R. J. (2011). Transforming Growth Factor-Beta2 Increases
Extracellular Matrix Proteins in Optic Nerve Head Cells via Activation of
the Smad Signaling Pathway. Mol. Vis. 17, 1745-1758.

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 © 2022 Dillinger, Weber, Mayer, Schneider, Goppner, Ohlmann,
Shamonin, Monkman and Fuchshofer. 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 Cell and Developmental Biology | www.frontiersin.org

16

April 2022 | Volume 10 | Article 864433


https://doi.org/10.1167/iovs.02-1099
https://doi.org/10.1167/iovs.02-1099
https://doi.org/10.1006/exer.1994.1158
https://doi.org/10.1016/0042-6989(95)00317-7
https://doi.org/10.1016/s0306-4522(02)00670-x
https://doi.org/10.1016/s0306-4522(02)00670-x
https://doi.org/10.1159/000065601
https://doi.org/10.3109/02713683.2016.1143014
https://doi.org/10.1097/00061198-199710000-00007
https://doi.org/10.1167/iovs.16-20571
https://doi.org/10.1167/iovs.16-20571
https://doi.org/10.1002/cne.903620402
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	CCN2/CTGF—A Modulator of the Optic Nerve Head Astrocyte
	Introduction
	Results
	Increased Astrocyte Reactivity in the Glial Lamina of a Murine Glaucoma Model
	Fibronectin and the Amount of Filamentous Actin are Increased in the Optic Nerve Head of 2 Month old Transgenic βB1-Connect ...
	Cellular Communication Network Factor 2/Connective Tissue Growth Factor is Increased in a Murine Glaucoma Model
	Cellular Communication Network Factor 2/Connective Tissue Growth Factor is Increased in the Glaucomatous Optic Nerve
	Transforming Growth Factor-β2 and Cellular Communication Network Factor2/Connective Tissue Growth Factor Induce Astrocyte R ...
	Extracellular Matrix Component Upregulation by Transforming Growth Factor-β2 and Cellular Communication Network Factor2/Con ...
	Increasing Substratum Stiffness Cause an Increase in Astrocyte Reactivity, Actin Cytoskeleton Modification and an Increase  ...

	Discussion
	Materials and Methods
	Animals
	RNA Analysis
	Western Blot Analysis
	Immunocytochemistry
	Migration Assay
	Immunohistochemistry
	Image Analysis
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


