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Fibronectin extra domain A (FN‑EDA) causes 
glaucomatous trabecular meshwork, retina, 
and optic nerve damage in mice
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Abstract 

Background:  Elevated intraocular pressure (IOP) is a major risk factor for the development and progression of 
primary open angle glaucoma and is due to trabecular meshwork (TM) damage. Here, we investigate the role of an 
endogenous Toll-like receptor 4 (TLR4) ligand, FN-EDA, in the development of glaucoma utilizing a transgenic mouse 
strain (B6.EDA+/+) that constitutively expresses only FN containing the EDA isoform.

Methods:  Eyes from C57BL6/J (wild-type), B6.EDA+/+ (constitutively active EDA), B6.EDA-/- (EDA null) mice were 
processed for electron microscopy and consecutive images of the entire length of the TM and Schlemm’s canal (SC) 
from anterior to posterior were collected and montaged into a single image. ECM accumulation, basement mem-
brane length, and size and number of giant vacuoles were quantified by ImageJ analysis. Tlr4 and Iba1 expression in 
the TM and ONH cells was conducted using RNAscope in situ hybridization and immunohistochemistry protocols. 
IOP was measured using a rebound tonometer, ON damage assessed by PPD stain, and RGC loss quantified in RBPMS 
labeled retina flat mounts. 

Results:  Ultrastructure analyses show the TM of B6.EDA+/+ mice have significantly increased accumulation of ECM 
between TM beams with few empty spaces compared to C57BL/6 J mice (p < 0.05). SC basement membrane is thicker 
and more continuous in B6.EDA+/+ mice compared to C57BL/6 J. No significant structural differences are detected 
in the TM of EDA null mice. Tlr4 and Iba1 expression is increased in the TM of B6.EDA+/+ mice compared to C57BL/6 J 
eyes (p < 0.05). IOP is significantly higher in B6.EDA+/+ mice compared to C57BL/6 J eyes (p < 0.001), and significant 
ON damage (p < 0.001) and RGC loss (p < 0.05) detected at 1 year of age. Tlr4 mRNA is expressed in mouse ONH cells, 
and is present in ganglion cell axons, microglia, and astrocytes. There is a significant increase in the area occupied by 
Iba-1 positive microglia cells in the ONH of B6.EDA+/+ mice compared to C57BL/6 J control eyes (p < 0.01).

Conclusions:  B6.EDA+/+ mice have increased ECM accumulation in the TM, elevated IOP, enhanced proinflammatory 
changes in the ONH, loss of RGCs, and ONH damage. These data suggest B6.EDA+/+ mice recapitulate many aspects 
of glaucomatous damage.
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Background
It is well known that elevated intraocular pressure (IOP) 
is a primary risk factor for the development as well as 
the progression of glaucoma. Glaucoma is characterized 
by cupping of the optic nerve head (ONH), thinning and 
loss of the retinal nerve fiber layer, and characteristic vis-
ual field defects. Primary open angle glaucoma (POAG) is 
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the most common form of glaucoma and is characterized 
by elevated IOP due to increased aqueous humor outflow 
resistance. The majority of aqueous humor drains from 
the eye through the conventional outflow pathway, pass-
ing through the trabecular meshwork (TM), Schlemm’s 
canal (SC), and eventually into the episcleral veins. The 
TM and SC regions are the primary determinant and 
homeostatic regulator of IOP [1, 2]. The TM comprises 
semi-fenestrated beams of connective lamina with incor-
porated flat cells of neural crest origin and epithelial 
morphology [1]. The outer part of the TM forms the jux-
tacanalicular tissue (JCT) with abundant ECM, which is 
located adjacent to the inner wall of SC. Increased depo-
sition of ECM proteins in the TM, as well as the stiffness 
of the ECM and TM cells, is believed to be the cause of 
increased AH outflow resistance and increased IOP asso-
ciated with POAG [3, 4]. In addition, changes to the ECM 
underlying the inner wall of Schlemm’s canal (SC) as 
well as an increased stiffness has also been identified as 
a major contributing cause to elevated IOP [2]. In order 
to maintain ECM integrity, TM cells continually secrete 
a wide variety of ECM and metalloproteases [5]. Profi-
brotic TGFβ2 signaling leads to an increase in the depo-
sition of fibronectin [6], fine fibrillar material [7, 8] and 
altered glycosaminoglycan composition [9] leading to 
damage to the ECM in the TM and an increased stiffness 
[10, 11]. These data establish that the ECM makeup of the 
TM is important in controlling aqueous humor outflow 
and IOP.

In particular, the multidomain ECM glycoprotein 
fibronectin (FN) has previously been shown to be ele-
vated in glaucomatous TM tissues and AH [12–15]. FN 
has multiple functions both in regulating cellular pro-
cesses as well as guiding and maintaining tissue organiza-
tion and ECM composition. FN plays an important role 
in directing ECM-ECM and ECM-cell interactions, as 
well as regulating ECM remodeling through activation of 
associated growth factors and proteins. FN is composed 
of type I, type II, and type III domains and has over 20 
alternatively spliced isoforms. FN is composed of either 
cellular FN (cFN) or plasma FN (pFN). Here we focus 
on cFN and the isoform extra domain A (EDA) [16]. It 
is known that the fibronectin EDA (FN-EDA) isoform is 
abundant throughout embryonic development [17]; how-
ever, in adults FN-EDA expression is typically minimal. 
The primarily function of FN-EDA in adult tissue is as a 
structural scaffold and ECM-cell signaling molecule that 
regulates cell migration, adhesion, and proliferation [18]. 
Importantly, it is well known that the expression of FN-
EDA is upregulated in disease states and as a response to 
tissue repair, injury, or remodeling [19–22].

In addition, it is known that both FN as well as the 
FN-EDA isoform are significantly elevated in human 
glaucomatous TM [23]. We have previously shown 
that TGFβ2-induced ocular hypertension is dependent 
on both FN-EDA and its receptor toll-like receptor 4 
(TLR4) [13, 24, 25]. Functionally, it is known that EDA 
acts as an endogenous ligand (DAMP, damage associ-
ated molecular pattern) for TLR4, eliciting similar 
downstream responses as LPS [26]. DAMP activated 
TLR4 signaling has been linked to fibrosis and the 
regulation and production of ECM proteins in hepatic 
fibrosis, renal fibrosis, lesional skin and lung in sclero-
derma patients, and most important to the work pre-
sented here we have linked DAMP activated TLR4 to 
TM damage and ocular hypertension [13, 27–30]. TLR4 
activation downregulates the TGFβ antagonist, BMP 
and the activin membrane-bound inhibitor (BAMBI), 
which enhances TGFβ signaling leading to increased 
ECM production [27, 28] and production of DAMPs 
such as FN-EDA [24].

Previously, we demonstrated in primary human TM 
cells in culture, that inhibition of TLR4 blocks TGFβ2-
induced ECM production, and FN-EDA enhanced 
TGFβ2-induced ECM production [13]. In addition, 
we showed that mice constitutively expressing the 
EDA isoform develop ocular hypertension [24]. There 
are several mouse models of ocular hypertension and 
glaucoma described in the literature and each has its 
strengths and weaknesses as previously described and 
reviewed [31–39]. The most relevant models reca-
pitulate the human condition with similar phenotypes 
within the conventional outflow pathway including 
damage to the TM and SC which generates elevated 
IOP and outflow dysfunction leading to RGC and ON 
damage [40]. However, many of the current models 
either rely on occluding the aqueous outflow with sub-
stances such as microbeads or silicon/HA substrates, 
involve injection of adenoviruses to overexpress glau-
coma-relevant genes, represent acute models’ systems 
rather than disease-relevant chronic development 
of disease pathology, or have complex mixed genetic 
backgrounds which make interpretation of the data 
more difficult and involved time-consuming breed-
ing paradigms [31, 40, 41]. Here we identify a human 
glaucoma relevant mouse model in which mice con-
stitutively expressing FN-EDA display disease relevant 
ocular hypertension and glaucoma phenotypes includ-
ing accumulation of ECM in the TM, changes to SC 
basement membrane and giant vacuoles, elevated IOP, 
increased ONH microglial activation, ON damage, and 
loss of RGCs. These data identify a novel mouse model 
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system to study the molecular pathology of the TM as 
well as glaucomatous damage to the retina, optic nerve 
head, and optic nerve.

Results
Previously, we reported that B6.EDA+/+ mice have ele-
vated IOP and increased total FN and FN containing the 
EDA isoform compared to C57BL/6J controls [24]. In 
addition, we showed normal open angle development in 
B6.EDA+/+ mice by gross clinical and histological exams 
at 15, 30, and 60  days post-natal. Here, we recapitulate 
this data at 7 months of age in B6.EDA+/+ and C57BL/6J 
mice with immunostaining of total FN (Fig.  1A, B) and 
in situ hybridization of the EDA isoform of FN (Fig. 1C, 
D). Both FN and the EDA isoform were significantly 
increased in the TM of B6.EDA+/+ mice compared to 
controls (Fig. 1E, F).

To further analyze the changes to the TM and ECM at 
the ultrastructural level, transmission electron micros-
copy studies were employed. The TM of B6.EDA+/+ mice 
have fewer empty spaces between the trabecular beams, 
increased deposition of ECM throughout the TM, and 
the inner side of the TM has increased accumulation 
of ECM (Fig.  2B, F) compared to the C57BL/6J control 
mice (Fig. 2A, E ). The ultrastructure of the TM in FN-
EDA null mice (B6.EDA−/−) was comparable to that of 
the normal C57BL/6J mice with similar pattern of open 
spaces and little ECM deposition (Fig. 2C, G). B6.EDA+/+ 
mice have a significantly increased amount of ECM in 
the TM compared to C57BL/6J mice and B6.EDA−/− as 
quantified by ImageJ analysis, significance determined by 
one-way ANOVA (Fig. 2D).

In the normal eye, most of the outflow resistance 
is suggested to occur at the inner wall endothelium 
of Schlemm’s canal (SC), its discontinuous basement 

Fig. 1  Total Fibronectin and Fibronectin-EDA expression is increased in the TM of B6.EDA+/+ mice. A, B Total FN expression is increased in the 
TM of B6.EDA+/+ mice compared to C57BL/6J controls as shown by immunohistochemical analysis (green labeling). C, D The EDA isoform of FN 
is increased in the TM of B6.EDA+/+ mice compared to C57BL/6J controls as shown by RNAscope in situ hybridization (red puncta). Both total FN 
(E) and FN-EDA (F) were significantly increased when quantified by ImageJ analysis of mean fluorescent intensity and puncta/mm2, respectively. 
Significance determined by Student’s t-test. *p < 0.05, n = 3 mice/strain, scale bar = 50 µm
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membrane, and the juxtacanalicular connective tis-
sue (JCT). The density and amount of basement mem-
brane materials (BMM) underlying the inner wall of 
SC has been shown to be associated with elevated IOP 
and increased outflow resistance [1, 42, 43]. Here we 
analyzed the amount of BMM in B6.EDA+/+ mice and 
C57BL/6J controls (Fig.  3). Qualitatively we observed 
a thicker amount of amorphous material under the 
endothelial cells along the inner wall of SC in B6.EDA+/+ 

mice (Fig.  3E) in comparison to C57BL/6J control mice 
(Fig. 3D). We quantified the amount of BMM below the 
inner wall of SC following the approach described by 
Overby et al. [42] (Fig. 3A, B). This method measures the 
fraction of inner wall length exhibiting continuous base-
ment membrane material, identified as a thin line of basal 
lamina-like structure underlying the inner wall endothe-
lium of SC [42]. The length of the basement membrane 
material was measured in stitched contiguous sagittal 

Fig. 2  ECM accumulation is increased in the TM of B6.EDA+/+ mice. A, B, C Montage of low magnification images (2650×) shows entire TM and 
inner part of SC in eyes of C57BL/6 J control (A), B6.EDA+/+ (B), and EDA−/− mice (C). Regions outlined in the red box in upper panels are enlarged 
in lower panels (C57BL/6J (E), B6.EDA+/+ (F), and B6.EDA−/− (G)). Throughout the entire length of the TM fewer empty spaces (green asterisks) 
exist in the TM of B6.EDA+/+ eyes compared to C57BL/6J controls. A network of ECM surrounds the inner most part of the TM in B6.EDA+/+ eyes 
(red arrows), while it is almost absent in C57BL/6J control eyes. D. Area occupied by ECM in the TM was significantly increased in B6.EDA+/+ eyes 
compared to C57Bl/6J and B6.EDA−/− eyes. Significance determined by one-way ANOVA, *** = p < 0.001, ** = p < 0.01, n = 3 mice/strain, two planes 
of stitched sections along the entire length of SC analyzed per mouse, scale bar = 5 µm
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sections, imaged at 12000×, spanning the entire ante-
rior-to-posterior length of SC. Interestingly, we did not 
find a significant difference in BMM material (Fig.  3C). 
The significant amount of amorphous-like ECM mate-
rial throughout the TM and JCT region in B6.EDA+/+ 
mice made it very difficult to quantify the BMM utiliz-
ing the method described by Overby et al. [42], and it is 
very likely we are underestimating the amount of BMM. 
Indeed, over 25% of the length of SC was unquantifiable 
for BMM due to the amorphous ECM impeding the anal-
ysis region (Fig. 3F).

Giant vacuoles are involved in the transport of aque-
ous humor across the inner wall of SC. Here, we analyzed 
the size and number of giant vacuoles across the entire 
anterior to posterior length of SC, measured at 12000× 
(Fig.  4A, B). B6.EDA+/+ mice had significantly more 
small giant vacuoles compared to C57BL/6J controls 
(Fig.  4C), but similar overall numbers of giant vacuoles 
between the mouse strains (Fig. 4D).

Previously, we identified that EDA-induced ocular 
hypertension was dependent on TLR4 [24]. Mice harbor-
ing both the constitutively active EDA isoform and knock 
out alleles of TLR4 (B6.EDA+/+TLR4−/− mice) exhibited 
normal IOP and were resistant to TGFβ2-induced ocu-
lar hypertension. These data suggest that EDA is acting 
as a DAMP for TLR4 activation. Here, we evaluated the 
levels of Tlr4 mRNA expression in the TM of C57BL/6J 

control and B6.EDA+/+ mice (Fig.  5). Tlr4 mRNA (red 
puncta) is detected in the TM of both C57BL/6J con-
trol (Fig.  5A, C) and B6.EDA+/+ mice (Fig.  5B, D), and 
levels of Tlr4 mRNA are significantly increased in the 
TM of B6.EDA+/+ mice (Fig.  5E). In addition, there are 
increased numbers of Iba1 positive macrophages in 
the TM of B6.EDA+/+ mice compared to control eyes 
(Fig. 5F), which may be relevant to a fibro-inflammatory 
response in the TM.

As previously reported, B6.EDA+/+ mice have signifi-
cantly higher IOP pressure than C57BL/6J control mice 
[24]. Here, we recapitulate this data and demonstrate that 
the IOP remains significantly elevated in B6.EDA+/+ mice 
at 12 months of age (Fig. 6A). Since increased IOP is asso-
ciated with the risk of damage to the RGC’s and axons, 
we analyzed RGC cell numbers in RBPMS labeled retina 
flat mounts and found a 9.8% decrease in RGC numbers 
in the B6.EDA+/+ retinas compared to C57BL/  6J con-
trols at 12 months of age (Fig. 6B). In addition, utilizing 
a well-established Optic Nerve Damage Scoring rubric 
[41], we quantified axonal integrity in the ON. ONs from 
B6.EDA+/+ and C57BL/6J control mice at 12 months of 
age were scored in a masked manner by two independ-
ent individuals. There is significantly more damage in the 
ONs of B6.EDA+/+ mice, with many ONs scoring a “2” 
indicative of mild ON damage and approximately 10% 

Fig. 3  B6.EDA+/+ mice have increased amorphous ECM and changes to basement membrane material along the inner wall of SC. A, B Fragment 
of the stitched image of the entire length of SC (A) and a representative example of how the percent length of BMM along the inner wall of SC 
was measured (B). The inner wall of SC is marked with a green line and BMM marked with red a line. C Percent of BMM covering the length of 
the SC in C57BL/6J and B6.EDA+/+ mice. D, E Large portions of the inner SC endothelium is covered by amorphous ECM material (red arrows) in 
B6.EDA+/+ mice, which may conceal the BMM (yellow arrows), and makes it more difficult to detect of BMM in these regions. F Length of SC that 
is unquantifiable for BMM due to amorphous material under the endothelium in C57BL/6J and B6.EDA+/+ mice. n = 3 mice/strain, two planes of 
stitched sections along the entire length of SC analyzed per mouse, scale bar = 1 µm.
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of darkly stained axons and initial stages of gliosis [41] 
(Fig. 6C, D).

The ONH region also contains microglia and astro-
cytes, both of which have been shown to be important in 
the initial stages of glaucomatous damage. Here, we ana-
lyzed the expression of astrocyte marker GFAP, micro-
glia marker Iba1, and axon marker NF200 in the ONH of 
C57BL/6J control and B6.EDA + / + mice at 8–9  months 
of age, (Fig.  7). There was a significant increase in the 
area occupied by Iba-1 positive microglia in the ONH 
of B6.EDA+/+ mice compared to controls (Fig. 7A, B, I). 
Increased Iba-1 expression is an indicator of increased 
microglia activation and density and is a known marker 
of early glaucomatous changes, proceeding RGC loss and 
ON damage [44–48]. GFAP was expressed throughout 
the ONH in C57BL/6J control and B6.EDA+/+ mice with 
no significant difference in the area occupied by GFAP 
(Fig. 7E, F, J). There was also no significant difference in 
NF200 labeled RGC axons as quantified by immunolabe-
ling in cryopreserved cross-sections (Fig. 7C, D, K).

Given the importance of FN-EDA in activation of 
TLR4, we determined the expression of Tlr4 in the ONH 
cells of C57BL/6J and B6.EDA+/+ mice by RNAscope 
in situ hybridization. Tlr4 mRNA is expressed in mouse 

RGC axons, microglia, and astrocytes (Fig. 8). The speci-
ficity of the Tlr4 probe was validated using TLR4−/− mice 
(Additional file 1: Figure SA1). No significant difference 
in Tlr4 mRNA expression was detected in ONH astro-
cytes or RGC axons between C57BL/6J and B6.EDA+/+ 
mice. However, the percent of Iba1 positive cells express-
ing Tlr4 mRNA was significantly increased in the ONH 
of B6.EDA+/+ mice compared to controls (Fig.  8D). We 
further evaluated the expression of TLR4 protein in pri-
mary astrocyte cultures derived from the mouse ONH 
tissue (Fig. 9). Astrocytes were characterized by detection 
of astrocyte-specific marker GFAP (Fig. 9A, B). Similar to 
the in-situ hybridization data (Fig. 8B) TLR4 protein was 
also detected in the isolated primary ONH astrocytes in 
culture (Fig. 9C).

Discussion
Mice are genetically similar to humans and have a com-
parable ocular anatomy and physiology, including of the 
conventional outflow pathway, making them an ideal 
model system to study ocular hypertension and glaucoma 
[31, 49–55]. Importantly, mice can easily be genetically 
manipulated, specific genes can be targeted, and mouse 
genetics can be utilized to uncover modifier genes leading 

Fig. 4  B6.EDA+/+ mice have smaller giant vacuoles. A, B Fragment of the stitched image of the entire length of SC of C57BL/6J (A) and B6.EDA+/+ 
(B) mice. C Quantified percent of giant vacuoles with various sizes from C57BL/6J and B6.EDA+/+ mice. B6.EDA+/+ mice had significantly more 
smaller giant vacuoles. D Total number of giant vacuoles per 100 μm2. Significance determined by Chi-square, p < 0.05, n = 3 mice/strain, two planes 
of stitched sections along the entire length of SC analyzed per mouse, scale bar = 2 µm
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to various disease relevant phenotypes. Previously, we 
utilized several transgenic mouse strains to determine 
that both TLR4 and the EDA isoform of FN are necessary 
for TGFβ2-induced ocular hypertension [24]. In addi-
tion, we showed that constitutively active EDA mice (B6.
EDA+/+) developed ocular hypertension by 14 weeks of 
age [24]. These data suggest that B6.EDA+/+ mice harbor 
important phenotypes of ocular hypertension and glau-
comatous TM damage. Here, we further investigate the 
role of FN-EDA in generating elevated IOP by examining 
the ECM makeup and ultrastructure of the TM by light 
and electron microscopy. In addition, we demonstrate 
subsequent RGC loss and ON damage B6.EDA+/+ fol-
lowing sustained IOP elevation.

The ultrastructure changes in the TM of B6.EDA+/+ 
mice resemble the changes previously reported in other 
models of ocular hypertension and in human patients 
with POAG, demonstrating an increase in ECM deposi-
tion in the TM [2–4, 42, 56]. It is believed that the inner 
wall of SC and the JCT are the primary location for aque-
ous humor outflow resistance [2, 3]. The presence of 
ECM in the TM and JCT region is necessary to maintain 

the outflow as it creates space between cells and trabecu-
lar lamina, and the ECM is also bound to proteoglycans 
which have been shown to be necessary for efficient out-
flow [5]. There are several types of ECM in the TM which 
are constantly secreted, maintained, and recycled by TM 
cells. However, with aging and/or disease the normal bal-
ance of ECM production and degradation appears to be 
disrupted, leading to increased resistance to outflow and 
elevated IOP. In addition, it is known that in POAG the 
connecting fibrils between the JCT TM and SC inner 
wall endothelium are thickened forming sheath-derived 
plaques; and the basement membrane material underly-
ing SC endothelium is thicker and more continuous [7]. 
Abnormal accumulation of ECM material in the TM and 
JCT region has been shown in several histological ana-
lyzes of POAG eyes [4, 8, 23, 57–59]. Amorphous ECM 
material in the JCT region is made up of primarily col-
lagen type IV, laminin, and fibronectin [60]. The ECM 
material and sheath-derived plaques in the JCT region 
and on the inner side of SC endothelium is increased in 
glaucomatous eyes [4, 7, 61]. These data are recapitu-
lated here in our B6.EDA+/+ mouse model where we have 

Fig. 5  B6.EDA+/+ mice have increased expression of Tlr4 and Iba1 in the TM. A, B Merged fluorescent and brightfield images show increased 
expression of Tlr4 mRNA by in situ hybridization and Iba1 by immunofluorescent labeling in the TM of B6.EDA+/+ mice (B) compared to controls 
(A). Unmerged images shown for C57BL/6J (C) and B6.EDA+/+ (D). Puncta of Tlr4 mRNA is red, Iba-1 positive macrophages are green, blue is 
DAPI nuclear stain. Scale = 100 µm. E Total Tlr4 mRNA puncta in TM of C57BL/6J and B6.EDA+/+ mice quantified by ImageJ analysis. D Quantified 
coverage of TM area by Iba-1 positive expression in C57BL/6J and B6.EDA+/+ mice. Significance determined by Student’s t-test, *p < 0.05, n = 3 
mice/strain



Page 8 of 16Mavlyutov et al. Cell & Bioscience           (2022) 12:72 

identified an increase in FN protein expression by immu-
nohistochemistry and total ECM accumulation by elec-
tron microscopy.

Aqueous humor is transported across the inner wall 
endothelium of SC through tight junctions of SC cells, 
as well as through the formation of giant vacuoles and 
associated pores in SC endothelial cells [62–64]. The 
cavity of giant vacuoles are entirely extracellular and 
giant vacuoles are described as outpouchings of the SC 
endothelial cells themselves. Giant vacuoles bulge into 
the lumen of SC with the aqueous humor filled cavity 
remaining between the cell and the underlying base-
ment membrane [65, 66]. The thicker and more contin-
uous SC basement membrane and the increase in ECM 
deposition prevents aqueous humor from efficiently 

crossing into SC. These data are supported by recent 
work showing increased stiffness and flow resistance at 
the inner wall of SC [2]. Early studies by Tripathi et al. 
showed a quantitative and qualitative depletion of giant 
vacuoles in glaucoma [61]. In addition, previous his-
tological studies have demonstrated a decrease in the 
number of pores in eyes with POAG [67, 68]. However, 
similar giant vacuole size and density was observed in 
a recent study of ex vivo perfused human POAG eyes, 
even though the POAG eyes had a lower flow rate 
due to a higher flow resistance [2]. Consistent with 
these results, we show similar giant vacuole numbers 
between control and B6.EDA+/+ mice, but B6.EDA+/+ 
do have significantly more smaller giant vacuoles. How-
ever, we did not analyze the number of number of giant 
vacuoles with pores in the B6.EDA+/+ mice.

In addition to changes in the ECM of the TM, we also 
observed a significant increase in Iba-1 positive cells in 
B6.EDA+/+ mice compared to controls. Iba1 is both spe-
cifically expressed and upregulated in the activation of 
macrophages/microglia. Macrophages are known to be 
present in the TM [69, 70] and there is some evidence 
that macrophage inflammatory proteins are differentially 
expressed in the TM from POAG patients [71]. Previous 
studies also suggest that during glaucoma macrophages 
produce cytokines such as IL6, IL1β and TNFα that 
could lead to an acute inflammatory response [71, 72]. 
Although the existing literature suggests macrophages 
are present in the TM and may produce disease-relevant 
signaling molecules, a role for macrophages in IOP regu-
lation and ocular hypertension has not been identified. 
Here, we identify that Iba-1 positive cells are expressed 
and upregulated in ocular hypertensive B6.EDA+/+ mice, 
recapitulating what has been shown in the TM of POAG 
patients [71]. These data suggest that B6.EDA+/+ mice 
are an excellent model system to further study the role of 
macrophages and inflammatory proteins in glaucoma.

We have previously identified that EDA-induced ocu-
lar hypertension and EDA-induced ECM production 
is dependent on TLR4 [13, 24]. We also identified that 
TGFβ2-induced ocular hypertension is dependent on 
both EDA and TLR4 [13, 24]. In addition, TLR4 is known 
to be expressed in the TM [13, 73]. Here, we demonstrate 
by RNAscope in situ hybridization that Tlr4 is expressed 
in the mouse TM and increased in the TM of B6.EDA+/+ 
mice compared to controls, similar to prior studies which 
indicate that TLR4 activation can stimulate increased 
expression of TLR4 [27]. These data highlight the impor-
tance of EDA activated TLR4 in the regulation of ECM 
and ocular hypertension. In addition, we also demon-
strate the expression of Tlr4 in mouse ONH astrocytes, 
microglia, and RGC axons by RNAScope in situ hybridi-
zation. There are several conflicting reports on whether 

Fig. 6  B6.EDA+/+ mice have elevated IOP, RGC loss, and ON damage. 
A IOP is significantly elevated in B6.EDA+/+ mice (n = 16) compared 
to C57BL/6J (n = 22) at 12 months of age, mean ± SEM. Significance 
determined by Student’s t-test. B B6.EDA+/+ mice (n = 10) have 9.7% 
loss of RGCs at 12 months of age compared to C57BL/6J (n = 15) 
as quantified by RBPMS stained retinal flat mounts. Significance 
determined by Student’s t-test (C) Percent of axons with no damage 
[1] or with mild damage (2) in transverse sections of optic nerves 
in B6.EDA+/+ (n = 23) and C57BL/6J (n = 18) mice. B6.EDA+/+ have 
significantly more ON damage compared to C57BL/6J, Significance 
determined by Fisher’s exact test. D Images of representative 
transverse sections of optic nerves of B6.EDA+/+ and C57BL/6J mice. 
* = p < 0.05, **** = p < 0.0001
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Tlr4 is expressed in rodent astrocytes; however, these 
studies involved astrocytes isolated from brain which 
could indicate tissue specific expression [74–77]. Consist-
ent with our findings, Gorina et al. reported expression of 
Tlr4 in mouse astrocytes [78]. In addition, neuroinflam-
matory responses involving astrocytes and microglia are 
recognized in the ONH in glaucoma, and evidence from 
both human glaucoma patients and animal models of 
glaucoma suggest that immune responses are mediated, 
at least in part, by TLR4 [79–81]. These data suggest that 
mice are a good model to study human relevant disease 
pathology in astrocytes of the retina and optic nerve in 
the context of neuroinflammatory processes involved 

in the development of glaucoma. Further analysis of the 
ONH cells and tissue will determine the role of TLR4 and 
FN-EDA in the development of glaucomatous damage.

In POAG, elevated IOP is followed by progressive 
damage to the ONH and loss of RGCs. Previously it 
has been reported that microglial activation is also 
associated with early stages of experimental glau-
coma [46, 82–85], and the extent of microglial activa-
tion is closely related to axonal degeneration [44, 47]. 
Increased expression of Iba1 has previously been used 
as a measure of microglial activation in the ONH and 
other parts of the CNS [46, 86]. Here we show that 
Iba1 expression is increased in the ONH of B6.EDA+/+ 

Fig. 7  B6.EDA+/+ mice have increased Iba1 expression in the ONH. (A-H) immunohistochemistry staining for microglia (purple) by Iba1 antibody 
labeling (A, B), RGC axons (green) by NF200 antibody labeling (C, D), and astrocytes (blue) by GFAP antibody labeling (E, F) in the ONH of C57BL/6J 
and B6.EDA+/+ mice at 8–9 months of age. A, B, I B6.EDA+/+ mice have increased area covered by Iba-1 positive expression in the ONH compared 
to C57BL/6J controls. C, D, J No significant difference detected in coverage by NF200 labeled ganglion cell axons. E, F, K No significant difference 
detected in coverage by GFAP labeled astrocytes. Significance determined by Student’s t-test. Scale bar = 50 μm. n = 3 mice/strain
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mice compared to controls at 8–9 months of age. Sub-
sequently, at 12 months of age we show mild ON dam-
age and loss of RGCs. We utilized a well-established 
ON grading scheme [41] of p-phenylenediamine (PPD) 
stained cross-sections of ONs. Based on the extent 
of staining, masked observers assign a score of 1–5 

to each section, with a score of 1 indicating very few 
dark staining axons, no identifiable gliosis or axonal 
swelling. A score of 5 indicates less than 10% of axons 
alive and gliosis and darkly stained axons making up 
95% of the ON. Here, many of the ONs in B6.EDA+/+ 
mice scored 2 on the grading scale, indicative of 5–10% 

Fig. 8  Tlr4 is expressed in RGC axons, astrocytes, and microglia in the mouse ONH. Tlr4 mRNA shown as white puncta in all images by RNAScope 
in situ hybridization in combination with immunofluorescent labeling of axons, astrocytes, and microglia. A Tlr4 mRNA is detected in RGC axons 
(green), B in ONH astrocytes (blue) and C in ONH microglia (magenta). A’ and A” are magnified fragments of A; B’ and B” are magnified fragments 
of B; C’ and C” are magnified fragments of C. Yellow arrows point to localization of  Tlr4 mRNA in cells positive for specific markers. D Bar graph 
showing percent of Iba1 positive cells with detected  Tlr4 mRNA in C57BL/6J control and B6.EDA+/+ mice. Significance determined by Student’s 
t-test. Scale = 50 µm. n = 3 mice/strain

Fig. 9  TLR4 is expressed in primary mouse ONH astrocytes. A Astrocytes isolated from the mouse ONH express astrocyte-specific marker GFAP. 
Scale bar = 50 μm. B Cell lysates were isolated from the primary astrocyte cultures and GFAP (50kD, red) and GAPDH (37kD, green) expression 
detected by western blot. C Cell lysates isolated from primary astrocyte cultures were isolated and TLR4 (73 kDa, green) and GAPDH (37kD, red) 
expression detected by western blot
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darkly stained axons and the initial stage of gliosis. 
Although this type of grading scheme is semiquantita-
tive in nature, it has previously been found to correlate 
well with RGC density and axon density in the ON [87, 
88]. Indeed, we found a correlative loss of 9.7% of RGC 
axons at 12 months of age in B6.EDA+/+ mice. In sum-
mary, these data show the development of slowly pro-
gressive glaucomatous damage in B6.EDA+/+ mice.

Conclusions
Our results show that B6.EDA+/+ mice have ultrastruc-
tural changes to the TM consistent with POAG. We also 
demonstrate the differential expression of key fibrotic 
pathway components, FN, FN-EDA, and TLR4 in the 
TM of B6.EDA+/+ mice. In addition, we described early 
microglial activation and subsequent glaucomatous dam-
age to the retina and ON. In summary, B6.EDA + / + mice 
harbor many phenotypes of glaucoma and provide an 
excellent resource to study the molecular pathology of 
the disease.

Methods
Animals
All experiments were conducted in compliance with the 
ARVO Statement for the Use of Animals in Ophthalmic 
and Vision Research and approved by the University of 
Wisconsin-Madison Institutional Animal Care and Use 
Committee (IACUC) Guidelines and Regulations. The 
generation of B6.EDA−/− and B6.EDA+/+ mice has pre-
viously been described [89]. B6.EDA+/+ mice were gen-
erated to contain spliced sites at both splicing junctions 
of the EDA exon and therefore constitutively express 
only FN containing EDA. B6.EDA−/− mice contain an 
EDA-null allele of the EDA exon and express only FN 
lacking EDA. C57BL/6J mice were purchased from the 
Jackson Laboratories. All animals were housed in the 
UW-Madison vivarium. All mice were maintained on a 
normal 12-h light/dark cycle and maintained on a 4% fat 
diet (Harkland Teklad, Madison, WI, USA) with food and 
water available ad libitum.

Ultrastructural analysis
For ultrastructural analysis mice were euthanized by 
CO2 inhalation, eyes were enucleated, placed in 0.1  M 
Sodium cacodylate buffer, and a small puncture was 
made in the cornea for the immediate access of fixative 
to the TM tissue. Eyes were then transferred into fixative 
(2.5% Paraformaldehyde, 2.5% Glutaraldehyde in 0.1  M 
cacodylate buffer) and incubated at room temperature 
overnight on a rotator. Eyes were postfixed in a mixture 
of 1% OsO4, 0.8% potassium ferrocyanide in 0.1 M caco-
dylate buffer for 3.5 h at room temperature. Samples were 

rinsed in cacodylate buffer, followed by water, dehydrated 
in graded series of 35%, 50%, 60%, 70% ethanol, each time 
for 15 min twice. Next, samples were stained in 2% ura-
nyl acetate in 70% ethanol for 2 h, rinsed in 70% ethanol 
overnight, followed by 80%, 90%, 95%,100% ethanol each 
time for 15 min twice. Samples were further dehydrated 
in mixture of 1/1 Ethanol/Acetone, followed by two rinses 
in 100% acetone for 15 min each. Further, samples were 
embedded into graded mixtures of 3/1, 1/1, 1/3 Acetone/
EPON for 12  h each, followed by two changes of pure 
EPON for 24 h each time. To remove residual water, sam-
ples were placed into a vacuum for 1 h, and polymerized 
in EPON at 60 degrees Celsius for 24 h. Following polym-
erization, 80 nm thin ultrathin sections were cut, placed 
on formvar coated slot grids, and then poststained with 
uranyl acetate and lead citrate. Images were taken using a 
Philips Electron Microscope. From anterior to posterior, 
consecutive images of the entire length of the TM and SC 
area were collected at × 2500. For measurement of total 
ECM, images were stitched together in ImageJ using the 
“pairwise stitching” plugin. The Trainable Weka Segmen-
tation plugin was utilized to create a selection of the area 
occupied by ECM. For this, a specific classifier was cre-
ated by drawing lines over the ECM, and separately over 
non-ECM structures (including empty spaces) to create 
the selected area and, ultimately, to mask the selection. 
The entire area of the TM was masked in ImageJ with the 
polygonal selection tool, and pixel area of TM was cal-
culated, equating to the area occupied by ECM. In total, 
three animals from each genotype were evaluated, with 
two planes of stitched sections along the entire length of 
SC analyzed per mouse. For measurement of the length 
of basement membrane material (BMM) and size and 
density of giant vacuoles, images of the entire length of 
SC were collected at 12,000× and stitched with plugging 
“pairwise stitching” in ImageJ as described above. Area 
of vacuoles was measured in ImageJ with polygonal tool 
selection, and length of BMM was measured with “seg-
mented line” selection.

Immunocytochemistry
Animals were euthanized by exposure to CO2. Eyes were 
enucleated, and immediately transferred into 4% PFA in 
PBS and fixed overnight. Eyes were rinsed, dehydrated 
in increasing concentrations of ethanol, and embedded 
into paraffin. Five micron thick sections were cut. Sec-
tions were deparaffinized in two incubations of xylenes 
for 2  min each and then rinsed twice in 100% ethanol, 
95% ethanol, and water, 2  min each. Antigen retrieval 
was performed in Sodium Citrate Buffer for 10  min at 
95 degrees Celsius. Sections were incubated in Super-
block for one hour and stained with primary antibody 
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(see Table  1 list of antibodies) in Superblock overnight. 
Sections were rinsed trice in PBS, 10 min each time, and 
stained for two hours with appropriate fluorescently 
conjugated secondary antibodies. Finally, sections were 
rinsed, mounted into Prolong Diamond Antifade with 
DAPI (ThermoFisher #P36971) or without DAPI where 
applicable (ThermoFisher #P36970), and coverslipped. 
Images were acquired with a Nikon A2 laser confocal 
microscope (Nikon, Tokyo, Japan) using NIS elements 
software. Acquired Z-stacks were analyzed with ImageJ 
for a single plane selection.

In Situ hybridization
To detect Tlr4 mRNA mouse mRNA probes (#316,801) 
were purchased from ACD company. Incubation and 
detection of probes was done according to manufac-
ture instructions. Briefly, frozen sections (in OCT) on 
slides were baked at 60 degrees Celsius for 30 min, pre-
treated with hydrogen peroxide. Antigen retrieval was 
performed in Antigen Retrieval buffer for 5  min at 95 
degrees Celsius. Slides were laid flat during the anti-
gen retrieval step to diminish the chance of the section 
detaching. Hydrophobic borders were created around 
sections with ImmEdge pen (#H-4000, Vector Laborato-
ries), and proteinase K applied for 30 min at 40 degrees 
Celsius, all performed in a humidified chamber. Sections 
were rinsed and the mRNA probe was added for 2  h, 
followed by a series of rinses and addition of amplifica-
tion reagents each for 30 min. Signal was amplified with 
TSA Cy3 reagent (Akoya #SAT704A001EA). After in situ 

hybridization was accomplished, sections were addition-
ally stained with antibodies against various targets (as 
described above) using fluorophore conjugated second-
ary antibody selected to avoid interference with RNA 
detection signal.

Image analysis
For image analysis of the percent of area occupied by spe-
cific cellular markers detected in confocal images of the 
ONH (IBA-1 for microglia, NF-200 for GC axons, GFAP 
for astrocytes), the total area of the ONH was calculated 
in ImageJ using the polygonal selection tool. Individual 
channels were separated, and a threshold mask (same 
threshold values in all conditions) was applied for indi-
vidual channels, and threshold area of each channel was 
calculated. Percent of occupancy by individual threshold 
area of each channel inside of outlined ONH area was 
calculated in ImageJ. Similar analysis was performed for 
total FN and Iba1 labeling in the TM.

For quantification of numbers of mRNA particles in the 
TM and ONH, automatic counting was performed using 
ImageJ. Binary images of mRNA puncta were created by 
using a threshold (same values for all images) and creat-
ing a selection of it (Edit/Create Selection command) 
followed by Watershed processing function (Process/
Binary/Watershed) to prevent counting cluster of puncta 
as a single value. Particles with a size less than two pix-
els were assigned as noise rather than signal and were not 
included in counting. Finally, puncta were counted and 
calculated per 100 square microns of masked area of TM.

Table 1  Primary and secondary antibodies used for all experiments. 

Antibody Raised in Species Company, Catalogue# Application Dilution 

Primary antibodies

 TLR4 Rabbit Proteintech, #19811-1AP WB 1/1000 

 Iba-1 Rabbit Wako, #019-19741 IHC 1/1000 

 Fibronectin Rabbit Millipore, AB1945 IHC 1/500 

 GAPDH Mouse Cell Signalling, #97166 WB 1/5000 

 NFH Mouse Biolegend, #801701 IHC 1/500 

 NFH Mouse Biolegend, #835503 IHC 1/500 

 GFAP Chicken AVES, #AVES-GFAP IHC 1/500 

 RBPMS Guinea Pig Phosphosolutions, #1832RBPMS IHC 1/200 

Secondary antibodies

 Anti-Chicken 680 Donkey LI-COR, 925-68075 WB 1/10000 

 Anti-Mouse 800 Goat LI-COR, 827-08364 WB 1/10000 

 Anti-Rabbit 800 Goat LI-COR, 925-68071 WB 1/10000 

 Anti-Mouse 680 Goat LI-COR, 926-68170 WB 1/10000 

 Anti-Rabbit Cy2 Donkey Jackson Immunoresearch, #711225152 IHC 1/500 

 Anti-Mouse Cy2 Donkey Jackson Immunoresearch, #715225150 IHC 1/500 

 Anti-Rabbit Cy2 Donkey Jackson Immunoresearch, #71175152 IHC 1/500 

 Anti-Guinea Pig Cy3 Donkey Jackson Immunoresearch #706165148 IHC 1/500 



Page 13 of 16Mavlyutov et al. Cell & Bioscience           (2022) 12:72 	

Western blotting
Primary mouse astrocytes (passage 11) were isolated 
from mouse ONH as we previously described [90], and 
were grown to confluency in 6-well plates. Cells were 
rinsed with DPBS, and RIPA buffer (200  µl/well) sup-
plemented with protease/phosphatase cocktail inhibi-
tors (MilliporeSigma #11,836,170,001; #4,906,845,001) 
was added for 10  min on ice with gentle rocking. The 
cell extract was collected and centrifuged at 14000×g 
for 10 min and protein concentration measured by BCA 
assay. Samples were loaded onto a polyacrylamide gel 
(25 µg/well) and resolved with constant voltage at 200 V 
for 45  min. Resolved samples from the gel were trans-
ferred to PVDF and blocked in the Intercept protein-free 
blocking buffer (LI-COR, #927–65,001) for 1  h at room 
temperature. Primary antibody (see Table  1) was added 
in the incubation buffer (same blocking buffer with addi-
tion of 0.2% Tween) and incubated overnight at 4 degrees 
Celsius. Secondary antibody was applied for 1  hour in 
incubation buffer at room temperature. Fluorescent sig-
nal was detected using the Odyssey Licor System.

Intraocular pressure measurements
 IOP was measured with a rebound tonometer as we 

previously described [13, 24]. Mice were acclimated 
to the procedure room, and IOP was measured using a 
non-invasive method in isoflurane anesthetized mice 
with the TonoLab tonometer (Colonial Medical Supply, 
Franconia, NH). All measurements were made during 
the same 2-h period of the lights-on phase. All IOP’s are 
represented as means (+ / − SEM) and statistical signifi-
cance determined by two-tailed paired Student’s t-test, 
n = 16–22 eyes/strain.

Quantification of retina ganglion cell loss
RGC loss was quantified in RPBMS labeled retina flat 
mounts and quantified by counting RBMPS positive cells 
in 4 central and 4 peripheral regions of the retina as pre-
viously described [91, 92]. Dissected retinas were pre-
treated in 0.3% TritonX-100 in PBS for 30 min (× 4) and 
then blocked in 0.3% Triton X-100 in PBS containing 10% 
goat serum for 2 h. RGCs were labeled using anti-RBPMS 
antibody overnight at 4 °C. Following washes in PBS, the 
retinas were incubated with Donkey anti-Guinea Pig 
Cy3 conjugated antibody (diluted in PBST) overnight at 
4  °C and mounted with Vectashield Mounting Medium 
containing DAPI (Vector Laboratories #H-1200–10) and 
coverslipped. Images were collected using a epifluores-
cent Zeiss Axiovert microscope. Z-stacks (within a thick-
ness of 50 microns, 5 microns per optical Z-slice) were 
collected of the entire mouse flat retinas with the cen-
tral Z-focus on RGC layer to include all RGCs through-
out the tiles of the entire retina. Tiles were automatically 

stitched in Zen Blue software. Images were opened in 
ImageJ, composites of Z-stacks were created, and total 
eight quadrants (0.25 × 0.25  mm) were selected at the 
distance 0.7 mm (central region) and 1.4 mm (peripheral 
region) away from the ON. Cells were manually counted 
in ImageJ in a masked manner using the multi-point tool. 
For each individual retina, the RGC count was obtained 
by averaging the eight fields for each retina and calcu-
lating average RGC number per square millimeter. Sig-
nificance was determined by two-tailed paired Student’s 
t-test, n = 10–14 eyes/strain.

Quantification of optic nerve damage
ON damage was assessed in sections of resin embed-
ded ON’s by paraphenylenediamine (PPD) staining and 
ranked for damage using an ON-damage score scale by 
two individuals in a masked manner as we previously 
described [34, 41]. Retro-orbital optic nerves were 
fixed, processed, and embedded in plastic. Optic nerve 
cross-sections were stained with PPD which stains the 
myelin sheaths and more darkly stains the axoplasm 
of sick or dying axons. We and others have previ-
ously quantified optic nerve damage successfully using 
semi-quantitative optic nerve grading schemes [34, 87, 
88, 93]. Here, we used a five-point optic nerve grad-
ing scheme [41]. Two investigators performed masked 
evaluations to grade each optic nerve, and optic nerve 
damage scores for each sample were averaged. Statisti-
cal significance was determined by Fisher’s exact test, 
n = 18–23 ONs/strain.
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