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PURPOSE. The optic nerve head (ONH) is well known to be the initial site of glauco-
matous damage; however, the molecular mechanisms initiating this pathology are not
fully understood. To further understand the initiating factors in glaucomatous damage
we utilized a novel mouse model of glaucoma, B6.EDA+/+ mice, which constitutively
express fibronectin containing the extra domain A (FN+EDA). FN+EDA is a known
damage-associated molecular pattern (DAMP) that activates Toll-like receptor 4 and elicits
a fibro-inflammatory response.

METHODS. Eyes from B6.EDA+/+ and C57BL/6J mice were evaluated for retinal ganglion
cell (RGC) death, retinal nerve fiber layer (RNFL) thickness, and optic nerve (ON)
damage at 12 months and 22 months of age. ONH sections were isolated using laser
capture microdissection for subsequent RNA-sequencing and Gene Set Enrichment Anal-
ysis (GSEA). GSEA results were confirmed using immunohistochemical (IHC) staining.

RESULTS. B6.EDA+/+ mice exhibit significantly higher intraocular pressure, loss of RGCs,
thinning of the RNFL, and progressive levels of ON damage at 12 months and 22 months
of age compared to C57BL/6J controls. Protein expression of DAMPs FN+EDA and bigly-
can was significantly increased in B6.EDA+/+ mice compared to C57BL/6J controls. GSEA
analysis identified significantly up- and downregulated gene groupings at both 12 months
and 22 months of age, and IHC staining at 12 and 18 months of age demonstrated signif-
icant increases of IFNα, IFNβ, and pSTAT1 expression in B6.EDA+/+ mice compared to
C57BL/6J controls.

CONCLUSIONS. Our study characterizes glaucomatous changes to the retina, ON, and ONH
over the course of 2 years and identifies novel molecular pathways associated with these
pathophysiological changes. These data illustrate the effects of FN+EDA on the fibro-
inflammatory response in the aging ONH in a novel mouse model of glaucoma.
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Glaucoma is characterized by the loss of retinal ganglion
cells (RGCs) and subsequent optic nerve head (ONH)

damage resulting in a progressive loss of vision over time.1–3

The primary site of RGC axonal damage occurs at the layer
of the lamina cribrosa (LC) in the ONH which consists of a
fenestrated stack of extracellular matrix (ECM) proteins that
provide both physical support for the exiting RGC axons,
as well as scaffolding for nutrient transport and vascula-
ture. During disease progression, the ONH undergoes dras-
tic remodeling. Disruption of the ECM in the LC region
causes increased fibrosis, thickening of the connective tissue
around the optic nerve (ON) fibers, elastosis, and thick-
ening of the basement membranes, resulting in eventual
mechanical failure adversely affecting the capacity of the LC
to support the exiting RGC axons.4–6 Although the mouse
does not have a true LC, it has a glial lamina that has
been shown to harbor similar glaucomatous changes during
disease progression.7,8

Previous literature has heavily implicated both profibrotic
and pro-inflammatory signaling cascades in the progres-
sion and exacerbation of glaucomatous damage.4–6,9–17 One
predominant hypothesis indicates that chronic exposure to

mechanical stress and strain from elevated intraocular pres-
sure (IOP), loss of nutrients, and hypoxic microenviron-
ments produce a chronic level of inflammation through
the innate immune system.9–14 The role of innate immune
system activation and subsequent glaucomatous pathology
has been extensively reviewed,9,18–20 often with a focus on
the role of microglia as the resident macrophages of the
central nervous system (CNS) immune responses. In home-
ostatic environments, microglia constantly monitor their
local microenvironments and primarily clear debris and
dead cells.21 Upon activation from damage, or in disease
states, microglia undergo drastic morphological changes
from ramified surveyors to an ameboid shape and migrate
to the cite of damage within a matter of minutes.22–26

Microgliosis has been implicated in other CNS diseases such
as Alzheimer’s and Parkinson’s disease, as well as glau-
coma.27 Activated microglia induce activation of astrocytes,
which subsequently produce pro-inflammatory cytokines
and chemokines that are able to initiate innate immune
system signaling through Toll-like receptors (TLRs).28,29

Notably, Toll-like receptor 4 gene (Tlr4) polymorphisms
have also been associated with an enhanced risk of glau-
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coma in populations of different racial backgrounds, includ-
ing Japanese and Mexican populations.30–32 TLR4 was first
discovered as the receptor for lipopolysaccharide,33 but
it is also activated by endogenous ligands referred to as
damage-associated molecular patterns (DAMPs). DAMPs are
produced in vivo from injury, cell damage, oxidative stress,
or ECM accumulation.34,35 TLR4 is known to be expressed
in mouse and human RGC axons, ONH astrocytes, and ONH
microglia,7,36–38 indicating that it is a global activator of
the innate immune system within the ONH. TLR4 pathway–
related genes, downstream ECM genes, and TLR4-activating
DAMPs, such as tenascin-C, heat shock proteins, and, impor-
tantly, the extra domain A (EDA) isoform of fibronectin
(FN+EDA), are differentially expressed in the human ONH
and retina in glaucoma.39–42

FN, a high-molecular-weight, multidomain glycoprotein,
has previously been shown to be significantly increased
in the glaucomatous trabecular meshwork (TM), aqueous
humor (AH), and LC region of the ONH.42–46 There are two
types of FN found in vertebrates: cellular FN (cFN) and
plasma FN (pFN).47 Splice variants of cFN contain combi-
nations of the EDA domain, extra domain B (EDB), and
type III homologies. pFN does not contain the EDA or EDB
domains.47 FN+EDA expression is high during embryonic
development but lowers to near-negligible expression levels
in adult tissue.48 However, during disease states or inflam-
matory responses, the expression of FN+EDA is upregu-
lated.49–52 Importantly, FN+EDA is increased in the glauco-
matous human TM and ONH42,53 and acts as a potent acti-
vator of TLR4 in TM cells44,54 and ONH LC cells.42

Recently, we have shown that TGFβ2-induced ocular
hypertension is dependent on both TLR4 and FN+EDA
expression.7,54 In addition, constitutive expression of
FN+EDA is sufficient to induce ocular hypertension and
modest glaucomatous damage in the retina and ON.7,54 In
this model, B6.EDA+/+ mice constitutively express FN+EDA.
These mice exhibit TLR4-dependent increased IOP starting
from 14 weeks of age.7,54 At 1 year of age, these mice have
significant reductions in RGCs and increased levels of ON
damage.7 Interestingly, these mice show elevated levels of
the microglia marker Iba1, as well as increased Tlr4 mRNA
in microglia compared to age-matched controls at 9 months
of age, prior to any ONH or ON damage.7 Here, we tested
the progressive retinal and ONH damage in this novel mouse
model in an aged state, in addition to elucidating tran-
scriptome variations responsible for glaucomatous changes.
We predict that aging leads to progressive glaucomatous
damage driven by fibro-inflammatory signaling.

METHODS

Animals

The generation of B6.EDA+/+ mice has been described previ-
ously,49 and they constitutively express only FN containing
the EDA domain. C57BL/6J mice were purchased from the
The Jackson Laboratory (Bar Harbor, ME, USA) and aged
at the University of Wisconsin–Madison. All animals were
housed in the University of Wisconsin–Madison vivarium
with a normal 12-hour light/dark cycle, and they were fed a
4% fat diet (Teklad; Envigo, Indianapolis, IN, USA) with food
and water available ad libitum. All experiments conducted in
compliance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

For quantification of RGC loss and preparation for laser
capture microdissection (LCM) of the ONH, mice were euth-

anized by CO2 inhalation, and their eyes were nucleated.
One eye was frozen on dry ice in optimum cutting tempera-
ture (OCT) compound (#4583; Sakura Finetek, CA, Torrance,
USA) for subsequent LCM and RNA-sequencing (RNA-seq).
The other eye was prepared for retinal flatmount analysis
(see below). An additional group of animals was used for
immunohistochemical analyses.

For the LCM, retina flatmount, and retinal nerve fiber layer
(RNFL) thickness measurements, we used one eye per mouse
for analysis. Both eyes were used for the ON paraphenylene-
diamine (PPD) stain analysis and IOPmeasurements.We and
others have previously analyzed both ONs from an animal
and accounted for them as a single “n” based on the fact
that it is well known that individual eyes can respond differ-
ently to chronic IOP changes.7,55,56 Also, it is well known that
IOP is not exactly the same between both eyes, and eyes are
frequently used as the “n” in transgenic and chronic models
of glaucoma.7,55,56 For immunohistochemical (IHC) analysis,
both eyes from each mouse were processed, but not all eyes
were used in every analysis due to the limited number of
sections obtained from each ONH. We used a minimum of
eyes from three individual mice in each staining.

IOP Measurements

IOP was measured with a rebound tonometer as previ-
ously described at 12 months and 22 months of age.7 IOP
was measured in isoflurane anesthetized mice with the
iCare TONOLAB tonometer (Icare Finland, Vantaa, Finland).
Ten measurements per eye were averaged to represent
one biological replicate at each time point (n = 6 to
9 mice/strain; 12–18 eyes). All measurements were made
during the same 2-hour period of the lights-on phase in the
morning.

Quantification of ON Damage

ON damage was assessed in sections of resin-embedded
ONs stained with PPD. Retro-orbital ONs were embedded
in plastic and stained with PPD, which stains the myelin
sheaths and more darkly stains the axoplasm of sick or dying
axons. Each section was ranked for damage by two individ-
uals in a masked manner and then subsequently evaluated
for consensus, as previously described (n = 11 to 15 ONs
per strain per time point).57,58 We and others have previ-
ously quantified ON damage using a semiquantitative ON
grading scheme.57,59–61 Here, we used a five-point grading
scheme,7,58 where a score of 1 represented no identifiable
gliosis or axon swelling; a score of 2 represented 5% to 10%
darkly stained axons, initial stages of gliosis, and little axon
swelling; and a score of 3 represented 10% to 50% darkly
stained axons, with the central part of the nerve involved
and initial to mild gliosis. Scores of 4 and 5 representing
severe damage were not seen in these experiments.

Quantification of RGC Loss and RNFL Thickness

Loss of RGCs was quantified in RNA-binding protein
with multiple splicing (RBPMS)-labeled retinal flatmounts.
Dissected retinas were immersed in 4% paraformaldehyde
(PFA) in 100-nM PBS for 60 minutes at room temperature,
then transferred to 30% sucrose in PBS. Retinas remained
in 30% sucrose in PBS overnight at 4°C. The retinas were
then frozen on dry ice for 10 minutes and allowed to thaw at
benchtop for 15 minutes to perforate the cell membranes for
efficient staining of intracellular proteins. The freeze/thaw
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FIGURE 1. B6.EDA+/+ mice exhibited glaucoma phenotypes at 12 months and 22 months of age. (A) IOP was significantly elevated in
B6.EDA+/+ mice at 12 months (n = 12 to 14 eyes/strain) and 22 months (n = 16 to 18 eyes/strain) compared to age-matched C57BL/6J
controls. Significance was determined by Student’s t-test at each time point. (B) B6.EDA+/+ mice (n = 3 to 7 eyes/strain) showed an ∼20%
loss of RGCs at both 12 months and 22 months of age compared to C57BL/6J controls, as quantified by RBPMS staining of retinal flatmounts.
Significance was determined by Student’s t-test at each time point. (C–F) Representative images of RBPMS staining at 12 months and 22
months for B6.EDA+/+ mice and age-matched C57BL/6J controls. (G) The location for measurements of RNFL thickness was standardized
by drawing a line from the bottom of the inner nuclear layer (green line) to the top of the outer nuclear layer (red line) and extended
to the top of the RNFL (yellow line). Measurements were then taken for the RNFL thickness only (yellow arrows). (H) B6.EDA+/+ mice
exhibited significant thinning of the RNFL at both 12 months and 22 months of age compared to age-matched C57BL/6J controls (n = 3 to 5
eyes/strain). RNFL thickness was measured using ImageJ, and significance was determined by Student’s t-test at each time point. *P < 0.05,
**P < 0.01, ****P < 0.0001.

cycle was repeated two more times, and the retinas were
then washed in 1× PBS three times for 1 hour each, as
previously described.62,63 After the last wash, the PBS was
removed, and the retinas were blocked in 1× PBS contain-
ing 2% BSA and 0.1% Triton X-100 (Sigma-Aldrich, St.
Louis, MO, USA) overnight. RGCs were labeled using anti-
RBPMS antibody (#1830; PhosphoSolutions, Aurora, CO,
USA) at 1:100 dilution overnight at 4°C. Primary antibody
was washed off with 1× PBS three times for 1 hour each.
Following the washes, the retinas were incubated with
Cy 3 AffiniPure Donkey Anti-Rabbit IgG (H+L) (#711-165-
152; Jackson ImmunoResearch, West Grove, PA, USA) at
1:200 dilution overnight at 4°C. Slides were then washed
in 1× PBS three times for 1 hour each and mounted with
VECTASHIELD Antifade Mounting Medium with DAPI (#H-
1200-10; Vector Laboratories, Newark, CA) and coverslipped.
Retinal images were collected using a ZEISS Axio Imager.Z2
microscope (Carl Zeiss AS, Oslo, Norway). RBPMS-positive
cells were counted in eight central and eight peripheral
regions of the retina, modified from previously described
methods.7 Two quadrants (280 μm × 180 μm) located 0.7
mm (central region) and 1.4 mm (peripheral region) away
from the ONH in each cardinal direction were selected. Cells

were counted in a masked manner (n = 3 to 7 eyes per strain
per time point). The RGC count was obtained for each retina
by averaging the 16 fields and determining the average RGC
count per square millimeter.

Thinning of the RNFL was quantified in cresyl violet–
stained cross-sections. Sections were imaged by light
microscopy, and RNFL thickness was quantified using
ImageJ (National Institutes of Health, Bethesda, MD, USA).
To standardize the measurement of the RNFL thickness, a
line was drawn from the bottom of the outer nuclear layer
to the top of the inner nuclear layer. This line was extended
through the RNFL, where only the RNFL thickness was
measured using ImageJ. This methodology allowed for the
consistent and unbiased determination of where to measure
the RNFL (Fig. 1). Experimental replicates represent an aver-
age of RNFL measurements across 16 longitudinal sections
for each eye (n = 3 to 5 eyes per strain per time point).

Immunohistochemistry

IHC procedures were utilized as described previously.54

Longitudinal sections through the ONH were sectioned and
stained. The OCT compound was removed through two
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washes in 1× PBS for 2 minutes each before the tissue
was dried via subsequent washing in 70% ethanol for 2
minutes, then 100% ethanol for 2 minutes, and left to dry
at room temperature for 10 minutes. Slides were washed
in 1× PBS for 5 minutes, then incubated in 0.1% Triton X-
100 at room temperature for 15 minutes to permeabilize
the cell membranes. Slides were subsequently blocked for
1 hour at room temperature in SuperBlock Blocking Buffer
(#37580; Thermo Fisher Scientific, Waltham, MA, USA) in
PBS before being incubated at 4°C overnight in primary
antibody: Anti-Fibronectin Antibody [IST-9], which binds the
EDA domain (#ab6328, 1:100; Abcam, Cambridge, UK); Invit-
rogen Biglycan Polyclonal Antibody (#PA5-76821, 1:100;
Thermo Fisher Scientific); Invitrogen RARA Polyclonal Anti-
body (#PA5-119640, 1:100; Thermo Fisher Scientific); Invit-
rogen IFN Gamma Polyclonal Antibody (#PA1-24782, 1:100;
Thermo Fisher Scientific); and/or Invitrogen Phospho-STAT1
(Tyr701) Polyclonal Antibody (#44-376G, 1:100; Thermo
Fisher Scientific).

Slides were then washed in 1× PBS for 5 minutes
three times at room temperature before being incubated
at room temperature for 1 hour in 2° antibody: Cy 3
AffiniPure Donkey Anti-Rabbit IgG (H+L) (1:200) and/or Cy
5 AffiniPure Donkey Anti-Mouse IgG (H+L) (#715175150,
1:200; Jackson ImmunoResearch). Slides were again washed
in 1× PBS for 5 minutes three times at room tempera-
ture and mounted with Invitrogen ProLong Gold Antifade
Mountant (Thermo Fisher Scientific) containing Invitrogen
DAPI. Image acquisition was preformed using the ZEISS
Axio Imager.Z2 microscope at 20×. ECM expression was
measured as mean pixel intensity/area, represented as arbi-
trary units (AU) to account for ONH area variations between
sections. ONH region was defined as starting from the inner
nuclear layer just below the RNFL to just above the myelina-
tion zone, as determined by the morphological changes in
the cells shown by the DAPI counterstain. The average mean
pixel intensity across four to nine sections per eye was then
calculated (n = 4 to 9 eyes per strain per time point). Scale
bars represent 50 μm.

Laser Capture Microdissection

For LCM, 1.0-mm polyethylene naphthalate (PEN)
membrane slides were prepared. To ensure that the
PEN membrane slides were RNase free and to additionally
sterilize the membrane slides, the membrane slides were
incubated at 180°C for 4 hours as recommended by Zeiss.
Then, 10-μm-thick frozen sections were mounted on previ-
ously treated PEN membrane slides with eight sections per
slide, and two slides per eye were utilized for a total of 16
sections to account for the entire ONH. The slides were
then stored at −80°C.

To visualize and map the ONH within each section,
the sections were stained with cresyl violet as previously
described and reiterated here.64 Slides were stained and
processed one slide at a time to prevent RNA degradation
that begins to occur when sections are removed from −80°C
storage. Each slide was placed in cold 75% EtOH for 30
seconds immediately after removal from the −80°C storage.
Slides were then dipped in nuclease-free water for 10 to 15
seconds before ∼300 μL of 1.5% cresyl violet in 75% EtOH
was pipetted on them for 45 seconds at room temperature.
Cresyl violet is known to not cause RNA degradation.65 The
tissue was then dehydrated in subsequent washes of 75%,
95%, and 100% EtOH in nuclease-free water for 30 seconds

each. Slides were air dried in a fume hood for 5 minutes
before immediately moving on to laser capture.

LCM was performed with the ZEISS PALM CombiSystem.
LCM cutting speed, microbeam laser energy level, and focus
distance were optimized using control tissue from the mouse
ONH sectioned at 10 μm to optimize settings prior to begin-
ning the experiment. Laser cutting and catapulting were
performed using PALMRobo V4.9 software. For laser cutting,
we optimized the settings on a blank area near the sections.
We followed the recommended laser cut and capture cali-
bration process of the Cut Laser Adjustment Wizard in the
Calibration section using a 20× objective. Initially, a low
cutting speed was set at 5%, and we then fine-tuned the
Energy and Focus parameters to achieve a clean cut. For
laser catapulting of the cut section to the collection tube, we
adjusted the Delta values for Energy and Focus under the
LPC section. These adjustments ensured that the catapult-
ing process effectively transferred cut pieces to the collec-
tion caps using the RoboLPC mode. Optimized settings were
saved and used for all samples. The final optimized settings
were as follows; cutting speed, 5%; Energy, 46%; Focus,
64; Delta Energy, 20; Delta Focus, 3. Automatic imaging to
capture images of the ONH area before cut, after cut, and
after ultraviolet laser dissection was implemented using the
ZEISS PALM CombiSystem.

ONH segments from all sections from a single eye were
collected in a 200-μL ZEISS Opaque AdhesiveCap within 1
hour after staining. Within each section, the ONH region
was defined as starting from the inner nuclear layer just
below the retinal nerve fiber layer to just above the myeli-
nation zone, determined by the morphological changes
in the cells stained by cresyl violet, as well as reduc-
tions in stain intensity. Immediately after collection, 10
μL lysis buffer (RNeasy Plus Micro Kit, #74034; QIAGEN,
Venlo, The Netherlands) was added into the upside-down
adhesive cap containing each ONH section. After incuba-
tion at room temperature for 10 minutes, the cap was
gently but tightly closed, and ONHs with lysis buffer were
spun down. Collected samples were immediately processed
through RNA extraction with the QIAGEN RNeasy Plus Micro
Kit.

RNA-Seq, Read Alignment, and GSEA Analysis

RNA libraries were generated from total RNA isolated from
the ONH (n = 3 to 5 ONHs per strain per time point).
Total RNA was verified for purity and integrity using the
NanoDrop One Spectrophotometer (Thermo Fisher Scien-
tific) and Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
CA). RNA quality was assessed by both RNA integrity
number (RIN) scores and 28S/18S ratios. As RIN scores
are not always the best indicator of RNA quality and there
is often great variability within and between samples,66

we also considered the 28S/18S ratios to increase confi-
dence in including samples. Although a 2:1 28S/18S ratio
is often considered ideal, it has been reported that scores
as low as 0.4 are adequate for hybridization and ampli-
fication.67–69 Given these metrics, all of our samples met
the minimum requirements for RNA quality (Supplemental
Table S1).

Ultra-low RNA input libraries were generated using the
Takara SMART-Seq v4 Ultra Low Input RNA Kit for Sequenc-
ing (Takara, Mountain View, CA, USA) for cDNA synthe-
sis and the Nextera XT DNA library preparation (Illumina,
San Diego, CA, USA) for cDNA dual indexing. Full-length
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cDNA fragments are generated from 1 to 10 ng total RNA
by the Takara SMART technology. cDNA fragments are frag-
mented and dual indexed in a single step by taking advan-
tage of the simultaneous transposon and tagmentation step
of the Nextera kit. Libraries were standardized to 2 nM.
Paired-end 2 × 150 bp with 30M reads/sample sequenc-
ing was performed using standard sequencing by synthesis
chemistry on an Illumina NovaSeq 6000 Sequencing System.
Generated raw reads were quality controlled, aligned, and
mapped to Mus musculus using Spliced Transcripts Align-
ment to a Reference (STAR),70 followed by estimation of
mapped pair-end reads using RNA-Seq by Expectation Maxi-
mization (RSEM).71

Gene Set Enrichment Analysis (GSEA) was performed
by ranked enrichment analysis with MolSigDB (https:
//www.gsea-msigdb.org/gsea/msigdb, version 7.5.1). The
subsequent ONH RNA-seq dataset was analyzed using
recommendations from the GSEA tutorial for RNA-seq
data (https://www.gsea-msigdb.org/gsea/doc/GSEAUser
GuideFrame.html).72 In this analysis, the adjusted P value
(Padj) was determined through Benjamini–Hochberg adjust-
ments to account for multiple testing. Here, we used Padj <

0.20 as our cutoff to generate GSEA groupings indicative
of geneset enrichment.72 Benjamini–Hochberg adjustments
of P values allow for greater control of the false discovery
rate (incidence of type I statistical errors), allowing for a
more relaxed Padj threshold by focusing on the proportion
of false positives among the rejected hypothesis.73 Using
a Padj of up to <0.25 as a cutoff in large datasets under-
going multiple testing is very common in gene expression
analysis and RNA-seq profiling due to the massive amounts
of data generated and compared.73–75 Relaxing the Padj

threshold by utilizing a statistical analysis that helps control
the false discovery rate enables the discovery of gene
groupings that may have been missed due to the multiple
testing. Because the GSEA analysis was utilized here as a
hypothesis-generation procedure, we further examined the
up- and downregulation of integral groupings that were
shown to be changed between the B6.EDA+/+ mice and
age-matched controls using IHC.

It is important to note that GSEA analysis does not
determine the over- or under-expression of individual
genes. Instead, it determines if biologically associated
gene expression changes enable a specific grouping to
be significantly up- or downregulated. Normalized enrich-
ment scores (NESs) were used to quantify the magnitude
of enrichment. Positive NES values indicate over-expression
and negative NES values indicate under-expression of
the entire group. Although there is no specific cut-off
for a significant NES score, higher absolute NES values
are considered indicative of a more significant biological
response.72

Statistical Analysis

Statistical significance for IOP measurements, RGC counts,
and IHC quantification were determined by unpaired
Student’s t-test. PPD stain statistical significance was deter-
mined by a Fisher’s exact test and the Hommel post hoc
method. All data represent mean value ± SEM. GSEA statis-
tical analysis was performed by the University of Wisconsin–
Madison Biotechnology Center for Bioinformatics Core Facil-
ity (Research Resource Identifier RRID:SCR_017799) as
described above.

RESULTS

Here, we evaluated glaucomatous changes in the B6.EDA+/+

mouse model of ocular hypertension over the course of 22
months of age to define progressive damage in the retina
and ONH. The B6.EDA+/+ mice had significantly elevated
IOP compared to C57BL/6J controls that persisted through
22 months of age (Fig. 1A): at 12 months (n = 12 to 14
eyes/strain), C57BL/6J 13.2 ± 0.5 mmHg versus B6.EDA+/+

17.1 ± 0.6 mmHg; at 22 months (n = 16 to 18 eyes/strain),
C57BL/6J 11.9 ± 0.3 mmHg versus B6.EDA+/+ 14.6 ± 0.4
mmHg. In addition, B6.EDA+/+ mice had significant RGC
loss compared to C57BL/6J controls at both 12 and 22
months (Fig. 1B, representative images Figs. 1C–F): at 12
months (n = 3 to 7 eyes/strain), C57BL/6J 3017 ± 136.7
RGCs/mm2 versus B6.EDA+/+ 2458 ± 143.0 RGCs/mm2; at
22 months (n = 3 to 7 eyes/strain), C57BL/6J 2593 ± 124.0
RGCs/mm2 versus B6.EDA+/+ 2055 ± 91.1 RGCs/mm2. To
further evaluate glaucomatous damage to the retina, we eval-
uated RNFL thickness using cresyl violet staining of the
ONH region. The B6.EDA+/+ mice at both 12 months and
22 months of age had a significant decrease in RNFL thick-
ness compared to age-matched C57BL/6J controls (Fig. 1H):
at 12 months (n = 3 to 5 eyes/strain), C57BL/6J 62.0 ± 2.0
μm versus B6.EDA+/+ 39.8 ± 3.3 μm; at 22 months (n = 3
to 5 eyes/strain), C57BL/6J 68.5 ± 3.9 μm versus B6.EDA+/+

44.1 ± 4.2 μm.
The B6.EDA+/+ mice had significantly increased ON

damage compared to age-matched C57BL/6J controls at both
12 months (P < 0.001, n = 13 to 15 ONs/strain) and 22
months (P < 0.01, n = 11 to 13 ONs/strain) (Fig. 2A).
Importantly, from 12 to 22 months of age, the ON damage
significantly worsened in B6.EDA+/+ mice, indicating disease
progression (P < 0.01) (Fig. 2A, representative images Figs.
2B–E).

Increases of ECM proteins in the ONH have been heav-
ily implicated with glaucomatous pathophysiology.42,44,76–79

Specifically, increases of the ECM proteins elastin; tenascin-
c; collagens I, IV, V, and XI; proteoglycan; and FN have all
been reported in the human glaucomatous ONH.5,6,41,42,80–82

To elucidate ECM changes in the ONH of B6.EDA+/+ mice,
immunohistochemical staining of the ONH at 12 months
and 18 months of age was employed. The ECM protein and
DAMP FN+EDA was significantly increased in the ONH of
B6.EDA+/+ mice at both 12 months and 18 months of age
compared to age-matched C57BL/6J controls (Fig. 3A): at 12
months (n = 4 to 9 eyes/strain), C57BL/6J 2157 ± 194.5 AU
versus B6.EDA+/+ 3067 ± 331.1 AU; at 18 months (n = 4 to
9 eyes/strain), C57BL/6J 2886 ± 371.3 AU versus B6.EDA+/+

5433 ± 551.2 AU. In addition, the ECM DAMP biglycan was
significantly increased at 18 months of age (Fig. 3F): at 12
months (n = 4 to 6 eyes/strain), C57BL/6J 3995 ± 418.0
AU versus B6.EDA+/+ 4380 ± 285.7 AU; at 18 months (n
= 4 to 6 eyes/strain), C57BL/6J 2904 ± 180.4 AU versus
B6.EDA+/+ 5123 ± 634.4 AU in B6.EDA+/+ mice compared
to age-matched C57BL/6J mice, whereas it was unchanged
at 12 months of age. These data show progressive modifica-
tions to the ECM in the ONH region in B6.EDA+/+ mice over
time.

To further elucidate changes in the transcriptome in
the glaucomatous ONH of B6.EDA+/+ mice, we utilized
LCM, a protocol that allows for highly pure tissue isola-
tion,64 to specifically isolate the ONH from the surrounding
tissue (Figs. 4A, 4B). The entire ONH from a single sagit-
tal cryosection was collected using LCM. The entire ONH

https://www.gsea-msigdb.org/gsea/msigdb
https://www.gsea-msigdb.org/gsea/doc/GSEAUserGuideFrame.html
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FIGURE 2. B6.EDA+/+ mice showed progressive degradation of the ON from 12 months of age to 22 months of age. (A) B6.EDA+/+ mice
exhibited a higher percent of ON damage measured by PPD staining at 22 months of age compared to 12 months of age (n = 11 to 15
ONs per strain per time point). At 12 and 22 months of age, B6.EDA+/+ mice demonstrated significantly increased ON damage compared
to age-matched C57BL/6J controls. (B–E) Representative images of ON PPD staining at both 12 months and 22 months of age. Statistical
significance was determined by Fisher’s exact test and subsequent Hommel post hoc analysis for multiple comparisons. Data are presented
as the percentage of total ONs measured (n = 11 to 15 ONs per strain per time point). **P < 0.01, ***P < 0.001.

across 16 sections was collected and pooled for each eye
to represent one biological replicate (n = 3 to 5 eyes per
strain per time point). This allowed for the collection of
the entire three-dimensional ONH from each eye and isola-
tion of RNA from a single ONH without having to pool
biological replicates. Within each section, the ONH region
was defined as starting from the inner nuclear layer just
below the RNFL to the myelination zone, determined by
the morphological changes in the cresyl violet staining.
RNA was isolated from ONH sections for GSEA analysis
of the ONH transcriptome between 12-month B6.EDA+/+

mice and age-matched C57BL/6J controls, and between 22-
month B6.EDA+/+ mice and age-matched C57BL/6J controls
(GEO Accession Number: GSE270934). NESs and adjusted P
values were used as a standardized metric for determining
significance to compare results across genesets.72 Five GSEA-
defined groups were significantly upregulated between
B6.EDA+/+ mice and C57BL/6J controls at 12 months of
age (Fig. 4C, Supplemental Fig. S1). Four GSEA-defined
groups were upregulated and four downregulated between
B6.EDA+/+ mice and age-matched C57BL/6J controls at 22
months of age (Fig. 4D, Supplemental Fig. S2). Across both
time points, over 600 leading edge genes contributed to
the significant changes in GSEA groupings (Figs. 4C, 4D).
Leading-edge genes represent the main genes that account
for the over- or under-representation of a predefined GSEA
group. Tables show the NESs and adjusted P values of signif-
icantly changed GSEA groupings between B6.EDA+/+ at 12
months (Fig. 4E) and 22 months (Fig. 4F) compared to age-
matched C57BL/6J controls.

Consistent with the hypothesized role of the immune
system in glaucoma disease progression, we observed signif-
icant increases in interferon (IFN) transcription at both 12
months and 22 months in B6.EDA+/+ mice compared to
age-matched C57BL/6J controls. These data support prior
work that has implicated both IFNα and IFNγ signaling in
glaucomatous pathophysiology in human patients83–86 and

mouse models.87 To quantify changes in IFNα and IFNγ at
the protein level in B6.EDA+/+ mice, we utilized immunohis-
tochemical staining of the ONH region in 12-month-old and
18-month-old B6.EDA+/+ mice and C57BL/6J age-matched
controls. At 12 and 18 months of age, there were significant
increases in IFNα in the ONH of B6.EDA+/+ mice compared
to C57BL/6J controls (Fig. 5A, representative images Figs.
5B–E): at 12 months (n = 5 to 9 eyes/strain), C57BL/6J
2870 ± 306.3 AU versus B6.EDA+/+ 5289 ± 522.8 AU; at 18
months (n = 5 to 9 eyes/strain), C57BL/6J 2973 ± 246.0 AU
versus B6.EDA+/+ 4062 ± 367.8 AU. By 18 months of age,
IFNγ was significantly increased in the ONH of B6.EDA+/+

mice compared to C57BL/6J controls (Fig. 5F, representative
images Figs. 5G–J): at 12 months (n = 7 to 9 eyes/strain),
C57BL/6J 1147 ± 197.6 AU versus B6.EDA+/+ 2074 ± 582.0
AU; at 18 months (n = 7 to 9 eyes/strain), C57BL/6J 809.9
± 36.6 AU versus B6.EDA+/+ 2120 ± 334.6 AU. These data
suggest progressive changes to the glaucomatous ONH, as
IFNα is known to be an early indicator of immune system
activation, whereas IFNγ has been shown to be activated
in later stages of disease, with evidence pointing toward
increases through IFNα signaling.88,89

Further analysis of the 607 leading-edge genes generated
from the GSEA analysis (Supplementary Excel Spreadsheet
S1) identified signal transducer and activator of transcrip-
tion (STAT) and downstream STAT signaling proteins, as
part of the leading edge for each IFN GSEA group. Janus
kinase (JAK), and subsequent STAT gene expression has
been implicated in glaucoma disease progression in animal
models.90–93 Specifically, STAT1 has been identified as a hub
gene in two glaucoma mouse models: mice with TDRD7 loss
of function, and DBA/2J mice.87,94,95 To quantify changes
in phospho-STAT1 (pSTAT1) protein expression levels, the
activated form of STAT1, we utilized immunohistochemical
staining of the ONH region in 12-month-old and 18-month-
old B6.EDA+/+ mice and C57BL/6J age-matched controls. At
18 months of age, there were significant increases in pSTAT1
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FIGURE 3. B6.EDA+/+ mice showed increased DAMP expression in the ONH. (A) FN+EDA expression was significantly increased in the ONH
at 12 months and 18 months of age in B6.EDA+/+ mice compared to age-matched controls (n = 4 to 9 eyes/strain). (B–E) Representative
images of FN+EDA expression in B6.EDA+/+ at 12 months and 18 months of age (C, E) compared to age-matched controls (B, D). (F)
Biglycan expression was significantly increased in the ONH at 18 months in B6.EDA+/+ mice compared to age-matched controls (n = 4 to
6 eyes/strain). (G–J) Representative images of biglycan expression in B6.EDA+/+ at 12 months and 18 months of age (H, J) compared to
age-matched controls (G, I). White lines outline the measured ONH section of images. Dashed boxes represent location of 40× imaging of
FN+EDA, as shown in the inserts (B’–E’). Scale bar: 50 μm, unless otherwise stated. Significance was determined by Student’s t-test. P <

0.05, **P < 0.01.

protein expression in the ONH of B6.EDA+/+ mice compared
to C57BL/6J controls (Fig. 6A, representative images Figs.
6B–6E): at 12 months (n = 6 to 9 eyes/strain), C57BL/6J
2228 ± 137.5 AU versus B6.EDA+/+ 2328 ± 125.2 AU; at
18 months (n = 6 to 9 eyes/strain), C57BL/6J 2040 ± 128.3
AU versus B6.EDA+/+ 2675 ± 225.1 AU. These data support
time-dependent and progressive changes to IFN and subse-
quent STAT signaling in glaucomatous disease progression.

DISCUSSION

In primary open-angle glaucoma, activation of the immune
system has been heavily implicated in disease progression

and pathophysiology.9,18–20 However, the pathogenic signal-
ing pathways responsible for these immune and fibrotic
changes are not fully understood. Mice are genetically simi-
lar to humans with comparable anatomy, making them an
ideal model system to study glaucoma phenotypes and ONH
pathophysiology.96,97 Previously, we have utilized several
transgenic mouse lines to show that constitutively active
FN+EDA mice (B6.EDA+/+) develop ocular hypertension
and exhibit glaucomatous damage by 1 year of age, and
these phenotypes are dependent on TLR4 signaling.7,54 Here,
we further investigated the roles of DAMPs, activators of
TLR4, and downstream fibro-inflammatory signaling in the
development and progression of glaucomatous damage. In
addition, we explored the transcriptomic changes at 12 and
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FIGURE 4. Up- and downregulated genesets in the ONH of B6.EDA+/+ mice. The ONH of 12-month-old (n = 4 to 5 eyes) and 22-month-old
(n = 3 to 5 eyes) mice were isolated using LCM before undergoing RNA isolation, cDNA library preparation, and subsequent GSEA analysis.
The ONH region was defined as starting from the inner nuclear layer just below the RNFL down to the myelination zone, determined by
the morphological changes in the hematoxylin and eosin (H&E) staining. (A, B) The ONH was outlined by hand (A) and isolated (B) for
subsequent processing. GSEA analysis showed significant increases in various signaling pathways across three different pathway databases:
hallmark, reactome, and KEGG. Numbers within bars represent the number of leading-edge genes. (C) At 12 months of age, B6.EDA+/+
mice had significantly increased expression of genes related to IFNα, IFNγ , MTORC1, visual phototransduction, and IFNα,β signaling from
the hallmark and reactome databases. No differences were found between B6.EDA+/+ and C57BL/6J RNA expression in the KEGG database
at 12 months of age. (D) At 22 months of age, B6.EDA+/+ mice had statistically significant increased expression of genes related to IFNα

response, IFNγ response, IFNα,β signaling, and IFN signaling (red bars). There were also statistically significant decreases in the expression
of genes related to mitotic spindle signaling, the rho GTPase cycle, MAPK signaling pathway, and leukocyte transendothelial migration
(blue bars). White numbers represent total number of leading-edge genes (see Supplementary Excel Spreadsheet S1). (E) Tables showing
the NESs and adjusted P values for upregulated GSEA groups between B6.EDA+/+ at 12 months and age-matched C57BL/6J controls. (F)
Tables showing the NESs and adjusted P values for upregulated GSEA groups between B6.EDA+/+ at 22 months and age-matched C57BL/6J
controls.
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FIGURE 5. B6.EDA+/+ mice showed increased IFNα and IFNγ protein expression in the ONH. (A) IFNα expression was significantly increased
in the ONH at 12 months and 18 months of age in B6.EDA+/+ mice compared to age-matched controls (n = 5 to 9 eyes/strain). (B–E)
Representative images of IFNα expression in B6.EDA+/+ at 12 months and 18 months of age (C, E) compared to age-matched controls (B,
D). (F) IFNγ expression was significantly increased in the ONH at 18 months but not 12 months of age in B6.EDA+/+ mice compared to
age-matched controls (n = 7 to 9 eyes/strain). (G–J) Representative images of IFNγ expression in B6.EDA+/+ at 12 months and 18 months of
age (H, J) compared to age-matched controls (G, I). White lines outline the measured ONH section of images. Significance was determined
by Student’s t-test. *P < 0.05, **P < 0.01.

22 months of age to further elucidate signaling mechanisms
responsible for the development of progressive glaucoma-
tous damage.

To further investigate glaucomatous damage in
B6.EDA+/+ mice, we used a battery of testing parame-
ters that have previously been used to define damage
progression, including IOP measurements, RGC loss, RNFL
thickness, and ON damage scores.7,44,54,57,58,60,61,98,99 We
demonstrated that IOP remains significantly increased
through 22 months of age in B6.EDA+/+ mice (Fig. 1A),
leading to significant RGC loss (Fig. 1B) and decreases in
RNFL thickness (Fig. 1H). Interestingly, the loss of RGCs and
RNFL thickness does not significantly progress through this

time course. However, ON damage did significantly worsen
from 12 months to 22 months in the B6.EDA+/+ mice
(Fig. 2A). This progression of disease severity indicates a
continual effect of ocular hypertension on ON damage and
further suggests that the initial site of damage is occurring
in the ON, as is known to occur in the pathophysiology of
glaucoma.

Previously, we and others identified that DAMP expres-
sion is increased in the human glaucomatous ONH
compared to healthy individuals.6,40–42 In addition, DAMP
activation of TLR4 has been shown to significantly increase
fibrosis in human primary trabecular meshwork cells44 and
hONH LC cells.42 Previously, we have shown that TLR4
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FIGURE 6. B6.EDA+/+ mice showed increased protein expression of pSTAT1 in the ONH at 18 months of age. (A) pSTAT1 expression was
significantly increased in the ONH at 18 months of age in B6.EDA+/+ mice but not at 12 months compared to age-matched controls (n = 6
to 9 eyes/strain). (B–E) Representative images of pSTAT1 expression in B6.EDA+/+ at 12 months and 18 months of age (C, E) compared to
age-matched controls (B, D). White lines outline the measured ONH section of images. Significance was determined by Student’s t-test. *P
< 0.05.

signaling is necessary for DAMP-induced IOP elevation and
trabecular meshwork damage, as well as fibrotic changes
to LC cells in culture, suggesting that the innate immune
system is a mechanism for glaucoma damage.42,54 TLR4
signaling has also been implicated in initiating fibrotic
responses in several other fibrotic disease states such as
scleroderma,100 liver disease,101 and kidney disease,102 high-
lighting the importance and relevance of this signaling path-
way.100,103,104 Here, we have shown that the DAMP FN+EDA
is significantly elevated at both 12 months and 18 months
of age (Fig. 3A), and we also observed significantly higher
levels of the DAMP biglycan by 18 months of age in
B6.EDA+/+ mice (Fig. 3F). FN+EDA is known to amplify
TGFβ2-dependent ECM responses in human TM cells, as
well as human ONH LC cells,42,44 suggesting a mechanism
by which DAMPs are modulating the ONH region in glau-
coma. It is known FN+EDA is expressed by glial cells105. We
observed significant increases of FN+EDA protein expres-
sion in the mouse ONH (Fig. 3A), which lacks the LC cell
population, suggesting that astrocytes and/or microglia are
the likely source of FN+EDA. Along with FN+EDA, biglycan
is a known proinflammatory signaling molecule that acts as
a DAMP, activating TLR4 signaling.35,106 Biglycan primarily
supports tissues when exposed to compressional forces,107

and it has been shown to be upregulated in human ONH
LC cell cultures after mechanical stress.36 Interesting, bigly-
can expression was significantly increased at 18 months of
age in the B6.EDA+/+ ONH, but not at 12 months, suggest-
ing a time-dependent increase in this DAMP, likely related
to prolonged mechanical stress and strain on the ONH. It is
important to note that mice do not have LC cells; instead, the
lamina region is formed and occupied by resident astrocytes
and microglia. Thus, these data suggest a time-sensitive role
of astrocyte- and microglia-produced DAMPs in progressive
glaucomatous pathophysiology. Although biglycan is known
to be expressed in human ONH LC cells, it remains to be

determined if expression levels are significantly different
in the human glaucomatous ONH.108 These data suggest a
continued response to the elevated IOP, implicated by time-
specific responses to the production of various ECM and
DAMP molecules. These data identify B6.EDA+/+ mice as a
novel model of open-angle glaucoma with slowly progres-
sive damage to the retina, ONH, and ON. One caveat of the
B6.EDA+/+ model is that FN+EDA is constitutively expressed
in all tissues, meaning that, when FN is produced, it always
contains the EDA domain. Therefore, it is possible that
the molecular changes occurring could be due to ocular
hypertension alone and/or the constitutive expression of
FN+EDA in the ONH. However, previous work in the IOP-
dependent DBA/2J mouse model of glaucoma has indicated
similar glaucomatous damage and molecular changes in the
ONH.61,109,110 In addition, we have previously reported that,
in the B6.EDA+/+ model, elevated IOP begins at 14 weeks
of age with RGC loss and ON damage not occurring until 12
months of age.7,54 These data suggest that the glaucomatous
damage is likely due to prolonged ocular hypertension.

To further elucidate the complicated signaling pathways
underlying the progressive glaucomatous phenotypes, we
performed transcriptomic profiling to gain a comprehen-
sive insight to the progressive changes occurring within the
ONH. The ONH was harvested using LCM, a protocol that
allows for highly pure tissue isolation.64 We identified signif-
icant upregulation and downregulation of various signal-
ing groupings using GSEA analysis across three different
databases: hallmark, reactome, and Kyoto Encyclopedia of
Genes and Genomes (KEGG; https://www.gsea-msigdb.org/
gsea/doc/GSEAUserGuideFrame.html) (Figs. 4C, 4D). Signif-
icant increases of immune system IFNα, IFNβ, and IFNγ

signaling indicated highly enriched gene groupings at both
12 months and 22 months of age (Figs. 4C, 4D). This is
consistent with the known role of the immune system in
glaucoma disease progression.9,18

https://www.gsea-msigdb.org/gsea/doc/GSEAUserGuideFrame.html
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Interferons are crucial inflammatory signaling molecules.
IFNα and IFNγ levels are known to be significantly increased
in the glaucomatous AH and serum levels in human
patients.83,85,111,112 Interestingly, the increased serum IFNγ

levels negatively correlated with RNFL thickness, indicating
a pathological role of IFN signaling in RGC loss.83 In human
ONH astrocyte cell cultures, stimulation with IFNγ was suffi-
cient to upregulate astrogliosis and immune system mark-
ers.113 Here, we were able to implicate the pathophysiolog-
ical role of IFN signaling in the glaucomatous ONH specif-
ically. RNA-seq identified the important signaling pathways
that are differentially expressed. Utilizing IHC methodology
allowed us to confirm significant findings on a protein level
(n = 4 or 5 biological replicates per experimental group).
Subsequent protein expression analysis indicated a time-
specific response to the IFN family, specifically IFNα and
IFNγ (Figs. 5A, 5F). These data suggest a direct role of IFN
signaling in the glaucomatous ONH, where the majority of
RGC axonal damage occurs.2,3

Further analysis of leading-edge genes in the IFN signal-
ing GSEA groups showed that JAK/STAT genes, specifi-
cally Stat1 and Stat3, and downstream JAK/STAT genes
were included in the leading-edge gene sets for all IFN
groups at both time points (Supplementary Excel Spread-
sheet S1). IFNs initiate rapid pro-inflammatory signaling
primarily through the JAK/STAT pathways. STAT1 has previ-
ously been identified as a hub gene in two mouse models of
glaucoma,87 with downstream STAT1 proteins upregulated
in various mouse models of ON damage.90,91,114 Downstream
signaling of STAT1 has also been implicated in increased
immune activation in hONH astrocyte cell cultures, as well
as rodent models of glaucoma.115–119 We demonstrated that
pSTAT1 protein expression, the activated form of STAT1,
was significantly upregulated at 18 months in our glaucoma
model but not at 12 months (Fig. 6A). This suggests that acti-
vation of the JAK/STAT pathway in the glaucomatous ONH
is a late-onset response to the glaucomatous ONH damage
and chronic ocular hypertension, rather than an initiating
mechanism of early damage. Future studies are needed to
identify signaling mechanisms of the JAK/STAT pathway in
relation of IFN signaling. Although we were able to iden-
tify these inflammatory pathways and potential downstream
signaling proteins that change significantly, it is important
to note that our RNA-seq analysis was based on only three
to five biological replicates. Due to this low sample size,
other signaling pathways that are changing and contribut-
ing to the glaucomatous damage may have been missed,
such as axonal-related pathways, as well as the significant
fibrotic and DAMP protein level changes that were discov-
ered utilizing IHC methodologies. Also, this LCM methodol-
ogy did not allow for the harvesting of individual cell popu-
lations (e.g., astrocytes only), enabling us to focus on global
ONH changes. Future experiments will further explore other
global changes, as well as single-cell or single-cell–type
contributions to the glaucomatous ONH damage.

CONCLUSIONS

In summary, these data show the development of slowly
progressive glaucomatous damage in a novel mouse model
over 2 years. These data also point to a new method
of measuring RNFL thickness using histology. To the best
of our knowledge, we are the first to demonstrate inte-
gral changes of IFN signaling and the JAK/STAT pathway
throughout disease progression in the ONH in response

to ocular hypertension. Importantly, there are time-specific
responses in DAMP production, IFN signaling activation, and
pSTAT1 expression in the glaucomatous ONH, indicating
possible novel therapeutic targets to treat and manage glau-
coma disease progression. Thus, these data indicate that the
progressive glaucomatous damage in the ON of B6.EDA+/+

mice is driven by a pro-inflammatory signaling cascade.
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