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Abstract

Traumatic Brain Injury (TBI) affects more than 1.7 million Americans each year and about 30% of 

TBI-patients having visual impairments. The loss of retinal ganglion cells (RGC) in the retina and 

axonal degeneration in the optic nerve have been attributed to vision impairment following TBI; 

however, the molecular mechanism has not been elucidated. Here we have shown that an increase 

in histone di-methylation at lysine 9 residue (H3K9Me2), synthesized by the catalytic activity of a 

histone methyltransferase, G9a is responsible for RGC loss and axonal degeneration in the optic 

nerve following TBI. To elucidate the molecular mechanism, we found that an increase in 

H3K9Me2 results in the induction of oxidative stress both in the RGC and optic nerve by 

decreasing the mRNA level of antioxidants such as Superoxide dismutase (sod) and catalase 
through impairing the transcriptional activity of Nuclear factor E2-related factor 2 (Nrf2) via direct 

interaction. The induction of oxidative stress is associated with death in RGC and oligodendrocyte 

precursor cells (OPCs). The death in OPCs is correlated with a reduction in myelination, and the 

expression of myelin binding protein (MBP) in association with degeneration of neurofilaments in 

the optic nerve. This event allied to an impairment of the retrograde transport of axons and loss of 

nerve fiber layer in the optic nerve following TBI. An administration of G9a inhibitor, UNC0638 

attenuates the induction of H3K9Me2 both in RGC and optic nerve and subsequently activates 

Nrf2 to reduce oxidative stress. This event was concomitant with the rescue in the loss of retinal 

thickness, attenuation in optic nerve degeneration and improvement in the retrograde transport of 

axons following TBI.

1. Introduction

Traumatic brain injury (TBI) is a significant cause of death and disability, with an estimated 

worldwide incidence of about 10 million cases per year [1–3]. The ocular and vision damage 

has been reported previously as a consequence of TBI, and approximately 20–40% of people 

with brain injury experience related vision disorders [4], as part of the post-concussion 

syndrome [5–8]. The incidence of TBI and the symptoms of photo-sensitivity, blurred 

vision, double vision, decreased visual acuity, and visual field defects in the US has 
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increased markedly in recent decades [1,9]. The loss of retinal ganglion cells (RGCs) and 

structural damage to the optic nerve [1,9,10] have shown to contribute to the TBI induced 

retinal dysfunction; however, the underlying mechanism has not been elucidated yet.

Even though the retina is composed of several layers, RGCs are the primary cell type in the 

innermost cellular layer of the retina, responsible for carrying visual information between 

the eye and the brain [11]. Considering that Brn3a exclusively expressed in the nucleus of 

RGC, Brn3a has been recognized as an exclusive and reliable marker for RGCs [12,13]. The 

optic nerve is comprised of axons from RGCs, whose somas reside within the retina. The 

oligodendrocyte progenitor cells (OPCs) persist in substantial numbers in the adult optic 

nerve in a quiescent state and provide a source of new oligodendrocytes after injury [14,15]. 

The proliferation and differentiation of OPCs into oligodendrocytes is critical for 

myelination of optic nerves, which is required to establish the proper communication 

between the retina and the brain [16–18]. Damage to the myelin sheath and oligodendrocytes 

of the optic nerve fibers directly affects the neurofilament composition and functions of 

axons following TBI [19].

Most of the biochemical cascades which occur in response to primary and secondary injury 

after TBI generate oxidative stress, due to an imbalance between oxidant and antioxidant 

agents. Several oxidative stress markers (carbonylated proteins, lipid peroxides, reactive 

oxygen species) are increased, while antioxidant defense enzymes such as GSH, superoxide 

dismutase (SOD), and catalase (CAT) were decreased in the brain after TBI. This imbalance 

results in cellular dysfunction and death and is directly related to the pathogenesis of TBI 

[20,21]. RGCs are very susceptible to oxidative stress, and it was shown that oxidative stress 

or reactive oxidants are the significant factors involved in retinal RGCs death in several 

ocular neurodegenerative diseases such as glaucoma, AMD and optic nerve degeneration 

[22]. Retinal ganglion cell axons have been considered essential for migration, proliferation, 

and survival of oligodendrocyte lineage cells in the optic nerve {Ueda, 1999 #6212}. Under 

normal condition, oligodendrocyte precursors cells (OPCs) migrated along the length of the 

nerve and subsequently multiplied and differentiated into myelin basic protein (MBP)–

positive oligodendrocytes, which is followed by axonal ensheathment and myelination. The 

appearance of OPCs, oligodendrocytes, and myelin in the optic nerve follows a reproducible 

temporal and spatial pattern [14,23]. Under disease condition, oligodendroglia is particularly 

vulnerable to oxidative damage after neurotrauma in vivo [24] and affect myelination 

[14,25,26].

Oxidative damage is typically minimized by the presence of a range of antioxidant and 

efficient repair systems. A primary mechanism in the cellular defense against oxidative 

stress is the activation of the Nuclear factor E2-related factor 2 (Nrf2)-antioxidant response 

element signaling pathway, which controls the expression of genes whose protein products 

are involved in the detoxication and elimination of reactive oxidants agents mostly by 

enhancing cellular antioxidant capacity [27–29]. Nrf2 is a basic-region leucine zipper 

transcription factor that acts to synthesize genes for antioxidants such as superoxide 

dismutase (sod) and catalase [30–33]. In basal conditions, Nrf2 is retained in cytoplasm 

along with other complex proteins and undergoes ubiquitination and proteasomal 

degradation. Under stress condition, Nrf2 translocates and accumulates in the nucleus where 

Gupta et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2019 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



it binds to cis-acting antioxidant response elements (ARE) in the promoter region of 

antioxidant genes [30–34]. The impairment of Nrf2 has been associated with diabetic 

retinopathy [35], glaucoma [36], ischemia-reperfusion [37], and age-related macular 

dystrophy [36].

Other than self-regulation, activation of transcription factors also depends on the status of 

chromatin and the modification of histone tails [38]. One of the most studied post-

translational modifications of histone is histone methylation, which primarily occurs on the 

lysine residues of histones. Methylation of histone polypeptides marks a gene to be or not be 

transcribed depending on whether it is monomethylated or dimethylated [39,40]. The di-

methylation of histone three at lysine 9 (H3K9Me2) has been identified as a chromatin 

silencer, and it is preferentially catalyzed by a histone methyltransferase, G9a [41–43]. In 

general, an increase in H3K9Me2 has been shown to restrict the binding of transcription 

factors to the promoters of their downstream genes and thereby reduces their mRNA and 

protein levels. G9a is substantially expressed in the mouse retina throughout development 

and in the adult mice [44]. The G9a inhibitor UNC0638 inhibits the catalytic activity of G9a 

with excellent potency and selectivity over a wide range of epigenetic and non-epigenetic 

targets [45]. Inhibition of G9a complex has shown to enhance memory in neural networks 

[46]. However, its role in visual functions after TBI has not been elucidated.

In the present study, we have shown that an increase in G9a/ H3K9Me2 contributes to RGC 

loss and optic nerve degeneration following TBI. As a part of the mechanism, we have 

demonstrated that an increase in H3K9Me2 blocks the transcriptional activity of Nrf2, which 

increases oxidative stress in RGC and optic nerve following TBI. These events, in turn, 

prevents the RGC loss and optic nerve degeneration after TBI.

2. Materials and methods

2.1. TBI procedure

The Committee on Animal Use for Research and Education at the University of Pittsburgh 

approved all animal studies, in compliance with National Institutes of Health guidelines. The 

procedure was performed based on our previously published protocol [47–49]. Briefly, 8–

12-week old adult male C57BL/6 (Jackson Laboratory) mice were anesthetized with 

xylazine (8 mg/kg)/ketamine (60 mg/kg) and subjected to a sham injury or controlled 

cortical impact (CCI). Lubricant eye drop (Allergan Inc.) were applied frequently, with 

saline wash throughout the surgical procedure. Mice were placed in a stereotaxic frame 

(Ambient Instruments), and a 3.5 mm craniotomy was made in the right parietal bone 

targeting primary visual cortex (0–1 mm anterior to the lambda suture, 1.5–3 mm lateral to 

the midline). Mice were impacted at 4.5 m/s with a 20 ms dwell time and 1.2 mm depression 

using a 3-mm-diameter convex tip, mimicking a moderate TBI. Sham-operated mice 

underwent identical surgical procedures but were not impacted. The incision was closed with 

3 M Vetbond tissue adhesive and mice were allowed to recover on the heat pad.
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2.2. UNC0638 treatment to mice

UNC0638 was purchased from Sigma Aldrich and was dissolved in DMSO. UNC0638 (5 

mg/kg) was delivered by intraperitoneal injection to sham and TBI groups at 30 min after 

TBI, followed by a daily dose for 7 days. Because UNC0638 was dissolved in DMSO, only 

sham and TBI mice received DMSO as controls.

2.3. Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed to study the transcription factor Nrf2 binding to sod promoter 

were performed following the manufacturer (Millipore) as published previously with minor 

modifications [47,48,50]. In each assay, six retinas or optic nerves were pooled from either 

sham or TBI and half of each sample was mixed with either Nrf2 antibody or normal rabbit 

serum for a control (Jackson ImmunoResearch Laboratories). The supernatant obtained from 

the normal serum samples following immunoprecipitation was regarded as the input. DNA 

from immunoprecipitates was unlinked from protein complexes and purified further by 

phenol/chloroform extraction. Samples were analyzed in triplicate using qPCR. The data 

represents as fold change between TBI and sham group of mice.

2.4. Oxidative stress measurement

The oxidative stress was measured using a novel fluorogenic probe CellROX® Green from 

Invitrogen. The freshly isolated retinas and optic nerves were washed with Dulbecco’s 

phosphate-buffered saline and stained with 5 μM CellRox Green Reagent (Invitrogen) at 

4 °C for 6 h in the dark. After two washes with Dulbecco’s phosphate-buffered saline, the 

retinas were fixed with 4% PFA at 4 °C for 2 h and were then flat mounted onto glass slides. 

Imaging was performed with a confocal laser-scanning microscope as described previously 

[51].

2.5. TBARS assay

The TBARS assay (thiobarbituric acid reactive substance assay) was carried out according to 

previously reported methods with minor modifications [52–54]. TBARS assays measure the 

total level of oxidized lipids based on the reaction of malondialdehyde (MDA), one of the 

end products of lipid peroxidation, with thiobarbituric acid (TBA) [53]. Briefly, the retinal 

and optic nerve homogenates, in 1.15% KCl containing 1% protease inhibitor cocktail and 

0.5 mM butylated hydroxytoluene (BHT), was added to a reaction mixture (0.81% SDS, 

0.36% TBA, and 9% acetic acid) on ice. After heating the reaction mixture to 100 °C for 1 h, 

it was centrifuged at 20,000g for 10 min at 4 °C. The supernatant was collected, and its 

fluorescence was measured at 530 nm excitation and 550 nm emissions. The results were 

normalized to protein concentration, which was determined with the bicinchoninic acid 

(BCA) protein assay kit (Thermo Scientific).

2.6. 4-HNE staining to detect lipid peroxidation

The lipid peroxidation product 4 hydroxy-2-noneal or 4-HNE, a sensitive marker of 

oxidative damage and lipid peroxidation and was evaluated by immunofluorescence staining 

using tissue sections. For immunofluorescence staining, fixed frozen retina or optic nerve 

sections were washed three times with PBS and permeabilized for 30 min with 0.1% Triton-
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X-100 in PBS as described previously with minor modifications [55]. Unreacted aldehydes 

were quenched by 5 min wash with 1 mg/ml sodium borohydride in PBS. Sections were 

blocked with 5% normal goat serum containing 0.5% Triton X-100 for 1 h, followed by 

incubation with the primary antibody against 4-HNE (JaICA, Japan; 1:100), overnight at 

4 °C. Sections were then washed and incubated with the appropriate Alexa, Cy5 Fluor-

tagged secondary antibody. Sections were mounted with ProlongTM Gold antifade reagent 

with DAPI (Invitrogen).

2.7. Terminal-deoxynucleotidyltransferase mediated nick end labeling (TUNEL) assay

TUNEL reactions (DeadEnd™ fluorometric TUNEL System, Promega Corporation) were 

performed to detect apoptotic cell. To ensure the use of similar fields for comparison, all 

frozen retinal and optic nerve sections were prepared with retinas at 1–2 mm distance from 

the optic nerve head. The TUNEL positive cells in the RGC layer of each sample were 

counted in ten high powered fields, and three sections per eye were averaged [56,57].

2.8. Nuclear fraction isolation from both retina and optic nerve

Retina and optic nerve tissues were extracted and separated into nuclear and cytoplasmic 

fractions using a nuclear/cytoplasmic separation kit (Bio Vision), following the 

manufacturer’s instruction [58]. Briefly, 1 mg of the retina or optic nerve tissues were gently 

dissociated in 200 μl of Cytosol Extraction Buffer A (supplemented with DDT and protease 

inhibitor) using a Dounce homogenizer at 4 °C and cells were pelleted by centrifugation at 

500×g for 2–3 min. Cytosolic fraction was collected after processing the tissue in Cytosol 

Extraction Buffer A and B according to the manufacturer’s instructions. Nuclear extract was 

prepared after processing the remaining nuclei pellet in 50 μl of ice-cold Nuclear Extraction 

Buffer Mix. Protein concentration was determined using the BCA method (Thermo 

Scientific), and extracts were stored at −80 °C until use.

2.9. Western blot and co-immunoprecipitation

Retina or Optic nerve lysates were prepared as described previously [47,57,59,60]. Tissue 

was placed in RIPA buffer (containing protease and phosphatase inhibitor, Invitrogen), 

sonicated, and centrifuged for 5 min at 12,000×g at 4 °C. Fifty micrograms of protein were 

resolved on a 4–20% SDS-polyacrylamide gel and transferred on to a nitrocellulose 

membrane. Blots were incubated overnight at 4 °C in primary antibody against Nrf2 (Cell 

Signaling, 1:500), H3KMe2 (Active Motif., 1:500), G9a (Perseus proteomics, Japan, 1:100), 

SOD (Sigma-Aldrich, 1:500), Catalase (Rockland Immunochemicals Inc, 1:500), and Actin 

(Sigma-Aldrich, 1:5000) followed by a 2 h incubation with a Licor IRDye secondary 

antibody at room temperature. Blots were visualized using a LiCor Odyssey near-infrared 

imaging system, and densitometry analysis for each band was performed using Image Studio 

Lite software, and the changes in the experimental band intensities were represented as the 

fold change as described previously [47,57,59,60]. Protein-protein interactions were 

measured by co-immunoprecipitation assay per our method [47,57,59,60]. Briefly, tissue 

was homogenized in lysis buffer containing 50 mmTris, pH 7.4, 150 mM NaCl, 0.5% (v/v) 

tween- 20, 50 mM Tris (pH 7.5), 1 mM EDTA with protease and phosphatase inhibitor by 

passing through a 26-gauge syringe needle and centrifuged at 12,000×g at 4 °C for 5 min. 

400 μg of the total protein for each sample was incubated overnight with Nrf2 (Cell 
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Signaling, 1:100). 30 μl of protein G agarose was added, and SDS-PAGE resolved co-

immunoprecipitates and analyzed by western blotting with H3KMe2 antibody (Active 

Motif., 1:500).

2.10 Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed per our method [47,49]. Total RNA 

was isolated using the kit (QIAGEN), and the cDNA was subjected to quantitative real-time-

PCR (qRT-PCR) analysis with fast-standard SYBR green dye (Applied Biosystems) using an 

AB7500 RT-PCR instrument (Applied Biosystems). Results were normalized using total 

input DNA and expressed as bound/Input (fold). Optic nerve and retina were taken after 7d 

of TBI induction on mouse brain. The primers used to carry out PCR analysis were 

purchased from realtimeprimers.com and Invitrogen are as follows.

catalase (NM_009804): TGAGAAGCCTAAGAACGCAATTC, CCCTTC 

GCAGCCATGTG;

sod (NM_011434): GTGATTGGGATTGCGCAGTA, TGGTTTGAGGG 

TAGCAGATGAGT; and

Actin: AAGAGCTATGAGCTGCCTGA, TACGGATGTCAACGTCACAC.

Product specificity was confirmed by melting curve analysis. Gene expression levels were 

quantified, and data were normalized to Actin, a housekeeping gene. Data are expressed as 

mean fold change versus vehicle placebo treatment.

2.11 Quantification of RGCs in mice retinal flat mounts using fluorogold staining

Retrograde staining of the RGCs of the eye was achieved by injecting a fluorescent dye into 

the superior colliculus bilaterally as described previously with some modifications [61,62]. 

The mice (n = 5/ group) were placed in a stereotactic apparatus (RWD Life Science Co. Ltd., 

Shenzhen, China), following intraperitoneal injection of ketamine and xylazine to ensure the 

animals remained immobile and the skin of the skull was incised. The brain surface was 

exposed by perforating the parietal bone with a drill to facilitate dye injection. Fluorogold 

[2-Hydroxystilbene-4,4′-dicarboxamidine bis(methanesulfonate), Sigma-Aldrich] was 

injected (3%; 5.0 μl each) at a point 2.92 mm caudal to the bregma and 0.50 mm lateral to 

the midline on the two sides, to a depth of 1.60 mm from the surface of the skull. Further, on 

5th day TBI was induced on right visual cortex by CCI method as described above.

Subsequently, on the 11th day after the injection of Fluorogold (FG) into the visual cortex, 

the left eye was enucleated following the sacrifice of the animals with an overdose of 

intraperitoneal ketamine/xylazine cocktail. Immediately, cornea and lens were removed from 

the eye, and the remaining cup was fixed in 4% paraformaldehyde (PFA) in PBS for 1 h at 

room temperature. Eyecup was washed with PBS for 15 min in the same conditions. A total 

of four radial cuts were made in the periphery of the eyecup, and the retina was carefully 

separated from the retinal pigment epithelium.
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The retinae were then flat mounted on a glass slide and preserved in the dark at 4 °C. The 

retinal flat mounts were viewed using a fluorescence microscope (Carl Zeiss, magnification, 

20 × ). The FG labelled RGCs was manually counted in a blinded manner, by another 

investigator, in each quadrant at 0.5, 1 and 1.5 mm radial from the optic nerve. The total 

quantity of RGCs per mm2 in all four quadrants was calculated. Cells with an irregular 

shape, intense dye staining, or a smaller or larger size than typical RGCs were considered as 

non-RGC cells and excluded from counting.

2.12 IHC protocol for retina and optic nerve sections

The IHC was performed per our method as described previously with some modifications 

[63,64]. Immediately following euthanasia, mice were transcardially perfused with 0.1 M 

phosphate-buffered saline (PBS; pH 7.4) followed by 4% paraformaldehyde (over 10 min). 

After perfusion eyes were enucleated and immediately eye limbus was punctured. 

Subsequently, eyes were fixed overnight in 4% PFA at 4 °C, then cryoprotected overnight by 

incubation in 10% then 18% sucrose at 4 °C. Eyeballs were embedded in optimum cutting 

temperature (OCT) medium and frozen at −80 °C. Eyes were sectioned (12 μm) on a 

cryostat at −22 °C and mounted on Superfrost Plus slides. Optic nerve sections were 

sectioned at 12 μm and stained for selected antigens.

For immunofluorescence staining, fixed frozen eye or optic nerve sections were washed 

three times with PBS and permeabilized for 30 min with 0.1% Triton-X-100 in PBS. 

Unreacted aldehydes were quenched by 5 min wash with 1 mg/ml sodium borohydride in 

PBS. Sections were blocked with 5% normal goat serum containing 0.5% Triton X-100 for 1 

h, followed by incubation with the primary antibody against Brn3a (Santa Cruz, 1:100; 

Brn3a is a marker of RGCs), G9a (Perseus proteomics, Japan, 1:100; G9a is a histone 

methyltransferase enzyme that catalyzes the mono- and di-methylated states of histone H3 at 

lysine residue), H3K9me2 (Active Motif, 1:100; H3K9me2 is a covalent histone 

modification that is catalyzed by G9a and used as an epigenetic mark associated with 

transcriptional repression), MBP (Santa Cruz, 1:100; MBP is an essential component of the 

myelin sheath, and it is considered to be a marker for oligodendrocyte differentiation and 

myelination of neurons), SMI-32 (BioLegend, 1:100; SMI-32 antibody is a marker of axonal 

damage, it recognizes a non-phosphorylated epitope of neurofilament proteins that 

maintenance of large neurons with highly myelinated processes), olig2 (Santa Cruz, 1:100; 

Oligodendrocyte transcription factor or olig2 is an oligodendroglial lineage marker), 8-

OhDG (Antibody Online, 1:100; 8-OhDG is a marker for oxidatively modified DNA) and 

caspase 3 (GeneTex, 1:100; Caspase 3 is a marker of cellular damage and apoptosis) 

overnight at 4 °C. Sections were then washed and incubated with the appropriate Alexa, Cy3 

or Cy5 Fluor-tagged secondary antibody (Invitrogen). Sections were mounted with 

ProlongTM Gold antifade reagent with DAPI (Invitrogen). For Fluorescent Myelin staining 

optic nerve sections were incubated with FluoroMyelin Red (Invitrogen, 1:300) for 30 min 

at room temperature, washed with PBS before mounting. All the histological analysis was 

carried out in a blinded manner.
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2.13. Spectral domain optical coherence tomography (SD-OCT)

Spectral-domain optical coherence tomography (SD-OCT) scanning was adapted from the 

procedures described previously with modifications [65–67]. Mice were anesthetized with 

xylazine (8 mg/kg)/ketamine (60 mg/kg), and lubricant eye drop was applied frequently, 

with saline wash throughout to maintain corneal clarity. Mice were secured on a custom 

stage that allowed for free rotation to acquire images focusing on the retina. Images were 

obtained including averaged single B scan and volume intensity scans centered on the retinal 

layers using SD-OCT (Bioptigen, Inc). The post-imaging analysis included segmentation 

report and manual assessment of standard retinal nerve fiber layers (RNFL) thickness using 

InVivoVue Diver 3.0 software (Bioptigen). The RNFL thickness was measured in 16 points 

of a 5 × 5 grid using the caliper tool provided by the Bioptigen software where the white 
color reflects thicker RNFL, while the dark blue represents thinner RNFL. The ETDRS 

stands for the Early Treatment Diabetic Retinopathy Study (ETDRS), where the retinal 

thickness is compared to that of a normative database and classified as ‘within normal 

limits,’ ‘borderline’ or ‘normal outside limits.’ Data collected were represented as a heat 

map, and RNFL thickness was plotted.

2.14. Statistical analysis

The biochemical studies, confocal analysis, immunoblotting analysis, and SD-OCT assay 

were statistically analyzed using one-way analysis of variance (one-way ANOVA), and 

multiple comparisons were performed using the Tukey–Kramer posthoc test (p < 0.05) 

unless noted otherwise. All the measurements including the histological analysis were 

carried out in a blinded manner. For in vivo experiments we used at least 5 mice for each set 

of experiments. Mean values were calculated for each experiment (n = 5), and all the data 

were depicted as the mean ± SEM.

3. Results

3.1. TBI induces oxidative stress in RGC following TBI

Considering that induction of oxidative stress is the primary outcome after TBI [20,21], we 

monitored whether TBI can induce oxidative stress in the retina, which is formed of several 

layers of cells and out of them RGCs are a type of neuron located near the inner surface of 

the retina and are the last output neurons of the vertebrate retina to communicate with the 

brain [68] (Fig. S1). For that purpose, we stained the retina with a fluorogenic probe, known 

as CellROX Deep Green reagent, which is a cell-permeant dye, weakly fluorescents in a 

reduced state but exhibits bright green photostable fluorescence upon oxidation by reactive 

oxygen species (ROS) [69]. We found that a significant number of ROS positive cells 

(green) were mostly enriched in Retinal Ganglion cells (RGC) of the retina after 7 days after 

TBI compared to sham condition (Fig. 1A and B).

An increase in oxidative stress results in the formation of 8-hydroxy-2′-deoxyguanosine (8-

OHdG) which serves as a well-known marker for oxidative stress-induced DNA damage. To 

assess cellular DNA damage, we performed IHC for the anti-8-OHdG antibody. The 

8OHdG-positive cells were observed in RGC 7 days after TBI, while almost none were seen 

in retinas of sham mice (Fig. 1C and D). We also measured the total level of oxidized lipids 
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by immunohistochemical staining using an anti-4-hydroxynonenal (4-HNE) monoclonal 

antibody to detect (4-HNE) (Fig. 1E and F), an aldehyde product of lipid peroxidation; and 

Thiobarbituric acid reactive substances (TBARS) assay where TBARS are formed as a 

byproduct of lipid peroxidation. Consistent with 4-HNE data, the level of TBARS in the 

retina increased with time after TBI (Fig. 1G); suggests that the level of oxidized lipids was 

increased along with oxidative stress significantly in the retina in comparison with the sham 

group.

3.2. TBI-induced oxidative stress causes cell death in RGC

Since an increase in oxidative stress affects cell survival, we monitored cell death in RGC by 

monitoring the expression level of Brn3a (RGC marker) and TUNEL assay. We found that 

the number of Brn3a positive cells was decreased significantly after TBI (Fig. 2A and B). To 

see whether the loss of RGC is due to apoptotic cell death, we performed the TUNEL assay, 

which detects DNA fragmentation by labeling the 3′-hydroxyl termini in the double-strand 

DNA breaks generated during apoptosis. We found that the TUNEL positive cells were 

increased in RGC following TBI; however, there is no TUNEL positive cells were observed 

in sham mice (Fig. 2C and D). This data suggests that TBI induces RGC death and as a 

result, the number of RGC was reduced after TBI.

The loss of RGC ultimately results in the decrease in the retinal nerve fiber layer (RNFL) 

thickness [41–43], which can be measured by Spectral Domain Optical Coherence 

Tomography (SD-OCT). Thus, to study the objective measurements of anatomical structures 

related to RGCs, we measured RNFL by SD-OCT after TBI. We found that TBI causes a 

significant loss in RNFL thickness compared to sham mice (Fig. 2E and F). The reduction in 

RNFL level indicates that the communication between RGC and the brain could be affected.

In general, the axon of RGC allows the cell body to communicate with its terminal neuronal 

targets in the lateral geniculate nucleus and the superior colliculus located in the visual 

cortex of the brain [70,71]. This communication is achieved by the transport of molecules 

through axons of RGC in retrograde directions [71–73], which can be monitored by 

Fluorogold (FG) staining of RGC. In this procedure, FG can accumulate in the retinal RGC 

cells and make it fluorescently marked after stereotactic injection of FG into the superior 

colliculus of the mice following either sham or TBI. We found that TBI leads to a significant 

decrease in FG-labelled RGC density following TBI compared to sham mice (Fig. 2G–J). 

The total number of RGCs were counted in either 0.5 mm (box 1), 1 mm (box 2) or 1.5 mm 

(box 3) distance from the center. This data suggests that TBI affects the communication 

between the brain and retina. However, it is not clear whether the disruption in connection 

occurs only due to the cell death in RGC or also contributed by the damage in the optic 

nerve which connects the soma of the RGC to the brain.

3.3. TBI induced oxidative stress causes death in oligodendrocytes in association with 
loss of myelin and degeneration of neurofilaments

To explore the above possibility, we monitored whether TBI leads to cell death in the optic 

nerve by doing the TUNEL assay using optic nerve sections isolated from TBI and sham 

mice. We found that the number of TUNEL positive cells were increased in the optic nerve 
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section isolated from TBI mice compared to sham mice (Fig. 3A and B). The bHLH 

transcription factor, olig2, is universally expressed in the optic nerve [16] and serves as a 

well-known marker of OPCs, which are highly abundant in the optic nerve and the 

proliferation and differentiation of OPCs into oligodendrocytes is critical for myelination of 

optic nerves [16–18]. The myelination of the optic nerve is required to establish the proper 

communication between the retina and the brain. We found that in optic nerve most of the 

TUNEL positive cells were colocalized with olig2 after TBI; indicates that TBI leads to 

death in OPCs in the optic nerve (Fig. 3C and D).

To see whether TBI-induced loss of OPCs in optic nerve influence the overall myelination, 

we stained the myelin with a fluorescent dye, FluoroMyelin™ Red [74]. We found that red 

fluorescent intensity in the optic nerve isolated from TBI mice was significantly decreased 

compared to optic nerve isolated from sham mice (Fig. 3E and F). Myelin basic protein 

(MBP) is the major constituents of the myelin sheath of oligodendrocytes and essentially 

contributes in the process of myelination [75]. We monitored the level of MBP in the optic 

nerve of both TBI and sham mice. Similar to myelination data, we found that the level of 

MBP was decreased significantly in the optic nerve of TBI mice compared to sham mice 

(Fig. 3G and H); suggests that a loss of OPCs may contribute to the loss of myelin by 

decreasing the level of MBP in the optic nerve after TBI.

Myelination modulates phosphorylation of neurofilaments which is critical for axonal 

retrograde transport [76,77]. Phosphorylation of neurofilaments indicates the well-organized 

axons; however, the dephosphorylation of neurofilaments causes axonal swelling with short 

segments of axons and can be monitored by staining the neurofilaments with SMI-32 

[77,78]. After TBI, SMI-32-positive large axonal swellings, axonal retraction, and holes 

were observed along with short segments of axons, reflecting early stages of axonal 

degeneration (Fig. 3G, I); although the control optic nerves had long nerve fibers, which 

were arranged in parallel. Semi-quantitative counting revealed that axonal degeneration was 

increased significantly after TBI compared to sham mice (Fig. 3G, J).

Considering that oxidative stress leads to impairment in myelination of axons [14,79], we 

stained both TBI and sham optic nerve sections with CellROX. Consistent with RGC data, 

we found that TBI leads to an increase in the CellROX positive cells in the optic nerve 

isolated from TBI mice compared to sham mice (Fig. 3K and L). We also monitored the total 

level of oxidized lipids by staining with 4-HNE and doing a TBARS assay in the optic nerve 

isolated from TBI and sham mice. We found that the level of 4-HNE positive cells (Fig. 3M 

and N) was increased along with an increase in TBARS in the optic nerve significantly in 

TBI samples compared to sham mice (Fig. 3O). Taken together, our data suggest that 

augmentation of oxidative stress and lipid peroxidation occurs in concomitant with an 

increase in cell death in both RGC and optic nerve.

Collectively, our data show that TBI leads to an increase in oxidative stress which is closely 

associated with structural and functional dysfunction of RGC and optic nerve. This event, in 

turn, can disrupt the communication between the brain and the retina; however, the 

underlying mechanism responsible for the induction of oxidative stress has not been 

identified yet.
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3.4. An increase in H3K9Me2 impairs transcriptional activity of Nrf2 and induces 
oxidative stress in RGC and oligodendrocytes in the optic nerve following TBI

Given the fact that a decrease in antioxidants is mostly responsible for an increase in 

oxidative stress, we monitored the level of mRNA level of antioxidants by quantitative RT-

PCR analysis using the total RNA isolated from the retina and optic nerve following sham 

and TBI. We found that the mRNA level of superoxide dismutase (sod) and catalase were 

decreased significantly both in the retina and optic nerve following TBI compared to sham 

mice (Fig. 4A). In another set of experiments, we monitored the expression level of 

antioxidants in both retinal and optic nerve-lysates isolated after TBI and sham. Consistent 

with quantitative RT-PCR data, our Western blot analysis showed that TBI leads to a 

decrease in the expression level of SOD and catalase both in the retinal lysates and lysates 

isolated from optic nerve (Fig. 4B, S2A).

Nrf2 is a redox-sensitive transcription factor that binds to antioxidant response elements 

located in the promoter region of genes encoding many antioxidant enzymes [30–33]. Thus, 

upon activation Nrf2 accumulates in the nucleus and synthesize the mRNA of antioxidants. 

To see whether TBI has any influence of the Nrf2 level, we monitored its level in the nuclear 

lysates isolated from the retina and optic nerve following either sham or TBI. Surprisingly, 

we found that there was no difference in the nuclear Nrf2 level following either TBI or sham 

(Fig. 4C, S2B). To see whether the DNA binding property of Nrf2 has been affected after 

TBI, we monitored Nrf2 binding to one of its downstream genes such as the sod promoter. 

We found that Nrf2 binding to the sod promoter was decreased significantly both in the 

retina and optic nerve after TBI compared to sham (Fig. 4D) as monitored by Chromatin 

immunoprecipitation (ChIP) assay. This data raised the possibility that the epigenetic 

modification of histones could be responsible for transcriptional inactivation of Nrf2.

Di-methylation of histones at lysine 9 residue (H3K9Me2) is known to silence transcription 

by blocking the access of transcription factor to its promoter [41–43]. A methyltransferase 

G9a is known to catalyze H3K9Me2 [41–43], and the expression level of G9a remains low 

under physiological condition. Thus, we monitored the level of H3K9Me2 and G9a in the 

retina and optic nerve following TBI or sham. The Western blot analysis suggests that TBI 

leads to a significant increase in the level of H3K9Me2 and G9a in the RGC and optic nerve 

compared to sham mice (Fig. 4E, S2C). We monitored the level of H3K9Me2 and G9a in the 

RGC and optic nerve through confocal microscopic analysis. Consistent with our Western 

blot data, we found that TBI leads to an increase in G9a (Fig. 4F, S2D) along with 

H3K9Me2 (Fig. 4F, S2E) level in RGC after TBI compared to sham. Similarly, the level of 

G9a (Fig. 4G, S2F) along with H3K9Me2 (Fig. 4G, S2G) were increased in the optic nerve 

following TBI.

To monitor whether H3K9Me2 has any direct influence on the transcriptional activity of 

Nrf2, we have performed the immunoprecipitation (IP) assay to monitor whether Nrf2 and 

H3K9Me2 can interact with each other. We found that TBI leads to an increase in Nrf2-

H3K9Me2 interaction in the retina (Fig. 4H, S2H) and optic nerve lysates following TBI 

(Fig. 4H, S2I). Taken together, our data suggest that TBI leads to an increase in H3K9Me2 

due to an induction in the level of G9a. An augmented H3K9Me2 interacts with Nrf2 and 

subsequently attenuates the binding of Nrf2 to its downstream antioxidant genes such as sod. 
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As a result, the level of antioxidants was decreased, in association with an increase in 

oxidative stress and cell death both in RGC and optic nerve. Thus, we were interested in 

testing whether blocking the induction of H3K9Me2 by preventing the catalytic activity of 

G9a can reduce the oxidative stress, inhibit cell death and ultimately restores the 

communication between the brain and retina to prevent the loss of RNFL thickness.

3.5. Treatment with a catalytic inhibitor of G9a, UNC0638 reduces the induction in 
H3K9Me2 and the augments transcriptional activity of Nrf2 to synthesize antioxidants 
following TBI

A chemical compound, UNC0638 has been identified as an inhibitor of G9a with excellent 

potency and selectivity over a wide range of epigenetic and non-epigenetic targets [45]. To 

understand whether treatment with a G9a inhibitor, UNC0638 can reduce the induction of 

H3K9Me2 in the retina or optic nerve, we monitored its level by confocal microscopy. We 

found that H3K9Me2 level was decreased significantly in RGC (Fig. 5A, S3A) and optic 

nerve (Fig. 5B, S3B) treated with UNC0638 following TBI compared to only TBI-mice. To 

monitor whether the reduction in H3K9Me2 after treatment with UNC0638 results in an 

improvement in mRNA level of sod and catalase in the retina and optic nerve following TBI, 

we performed quantitative RT-PCR analysis using total RNA isolated from the retina and 

optic nerve. We found that the loss of sod and catalase was rescued in the retina (Fig. 5C and 

D) and optic nerve (Fig. 5E and F) after treatment with UNC0638 following TBI. To 

monitor whether treatment with UNC0638 improves Nrf2 binding on the sod promoter, we 

performed the ChIP assay and found that treatment with UNC0638 recovers Nrf2 binding to 

the sod promoter in the retina (Fig. 5G) and optic nerve (Fig. 5H). To monitor whether 

inhibition of H3K9Me2 contributes an improvement in transcriptional activity of Nrf2, we 

monitored the interaction between Nrf2 and H3K9Me2 in the retinal and optic nerve lysates. 

We found that the decrease in the expression level of H3K9Me2 reduced its interaction with 

Nrf2 in both the retina (Fig. 5I, S3C) and optic nerve (Fig. 5J, S3D) in TBI-mice treated 

with UNC0638 compared to TBI mice only. These data suggest that TBI leads to an increase 

in G9a and H3K9Me2 both in RGC and optic nerve and the interaction between H3K9me2 

and Nrf2 is responsible for the impairment in transcriptional activity of Nrf2 by preventing 

its binding to the promoters of antioxidant genes.

3.6. Treatment with UNC0638 reduced oxidative-stress by activating Nrf2 in association 
with a reduction in cell death in RGC and optic nerve, and optic nerve degeneration 
following TBI

Since the DNA binding activity of Nrf2 has been restored after reducing H3K9Me2 by 

treating with UNC0638, we monitored the level of oxidative stress in RGC and optic nerve 

by staining with CellROX. We found that the green fluorescent intensity which indicates the 

oxidative stress was reduced in the optic nerve (Fig. 6A, S4A) and RGC (Fig. 6B, S4B) in 

TBI-mice treated with UNC0638. This data was further confirmed by the TBARS assay 

where we monitored the level of TBARS (Thiobarbituric acid reactive substances; oxidized 

lipids), and we found that the level of TBARS level was decreased significantly in the retina 

(Fig. 6C) and optic nerve (Fig. 6D) in TBI-mice treated with UNC0638 compared to TBI 

mice. These data suggest that UNC0638 treatment reduced oxidative stress and lipid 

peroxidation in association with induction of antioxidants in the RGC and optic nerve 
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following TBI. To see whether reduction in oxidative stress is associated with the cell death, 

we analyzed the cell death by monitoring caspase 3 positive cells and we found that 

treatment with UNC0638 prevents cell death both in RGC (Fig. 6E, S4C) and optic nerve 

(Fig. 6F, S4D) following TBI significantly compared to only TBI mice.

3.7. Treatment with a catalytic inhibitor of G9a, UNC0638 rescues retinal thickness, and 
rescue retrograde transport after TBI

Since the death of oligodendrocytes contributes significantly to demyelination in the optic 

nerve, and treatment with UNC0638 prevents the cell death; we monitored myelination in 

optic nerve isolated from TBI and sham mice using red Fluoromyelin staining. We found 

that the loss of myelin after TBI was rescued in the optic nerve in TBI mice treated with 

UNC0638 (Fig. 7A and B). This data was further supported by analysis of MBP protein. 

Like red Fluoromyelin staining, the reduction in the level of MBP in the optic nerve was 

restored in TBI-mice treated with UNC0638 (Fig. 7C and D). To monitor whether treatment 

with UNC0638 affects neurofilament degeneration following TBI, we stained optic nerve 

isolated from TBI and TBI-mice treated with UNC0638 using SMI-32. We found that the 

number of axonal bulbs (Fig. 7E and F), axonal retraction (Fig. 7E, G) and holes (Fig. 7E, 

H) were reduced and neurofilaments stacked in parallel; indicates that abnormalities in 

neurofilaments were rescued significantly after UNC0638 treatment.

Given that treatment with UNC0638 restored RGC death and optic nerve degeneration, we 

analyzed whether UNC0638 can rescue the loss of RNFL thickness. Thus, we performed 

SD-OCT analysis using TBI mice, and TBI-mice treated with UNC0638. We found that the 

TBI-induced loss of RNFL thickness was rescued significantly in TBI-mice treated with 

UNC0638 (Fig. 7I and J). Lastly, we measured the retrograde transport which is critical to 

communicate between the retina and the brain. We found that treatment with UNC0638 

rescues the reduction in the density of FG-positive cells significantly after TBI compared to 

only TBI mice (Fig. 6K and L). This data suggests that UNC0638 is instrumental in 

providing neuroprotection and improving retrograde transportation of axons following TBI.

4. Discussion

TBI frequently involves the loss of RGCs and damage to their axons which constitute the 

optic nerve. In the present study, we have shown that induction of H3K9Me2 was correlated 

with RGC loss and axonal degeneration and it manifests these processes mostly via inducing 

oxidative stress through impairing the transcriptional activity of Nrf2, which is essential to 

synthesize antioxidants. Attenuating the induction of H3K9Me2 by inhibiting its catalytic 

enzyme, G9a blocks both processes following TBI.

After TBI, an assembly of oxidative stress markers such as lipid peroxides and ROS are 

produced in the eye, while antioxidant defense enzymes such as SOD and Catalase are 

decreased. We analyzed lipid peroxidation in two methods; TBARS assay and 4-HNE. 

However, the limitation of TBAR assay is that it mainly measures malondialdehyde (MDA) 

which is not only generated by oxidative damage caused by lipid peroxidation but also 

during enzymatic lipid peroxidation (e.g., cycloxygenase or 5-lipoxygenase activity). Thus, 

data resulted from 4-HNE staining, which is specific for oxidative damage-induced lipid 
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peroxidation has overcome the limitation. This imbalance in the oxidative stress and the 

level of antioxidants is directly related to the pathogenesis of TBI. Therefore, the 

development of antioxidant strategies is required to have as a primary interest to optimize 

brain injury treatment.

Several studies have shown that the Nrf2 is an established regulator of cellular resistance to 

oxidants [80–82]. The deficiency in Nrf2 substantially increased the susceptibility of mice to 

a broad range of disease conditions associated with oxidative pathology [80–82]. Moreover, 

augmentation of Nrf2 is known to pharmacologically protected animals from oxidative 

damage [83,84]. The current literature suggests that upon activation, Nrf2 mostly enters into 

the nucleus to carry out the transcriptional activation to synthesize genes for antioxidants. 

Thus, nuclear accumulation of Nrf2 could be the determining factor for its transcriptional 

activity [30–34]. However, our study suggests that the total level of Nrf2 remained unaltered 

in the nucleus following sham or TBI. Thus, the nuclear accumulation of Nrf2 may not be 

enough to conclude whether Nrf2 will be transcriptionally active, because the binding of 

Nrf2 to its promoter depends on the status of the histones. Our data shows that an increase in 

histone di-methylation (H3K9Me2) prevented the DNA binding activity of Nrf2 from 

synthesizing mRNA level of its downstream antioxidants and subsequently induced the 

oxidative stress in the RGC and optic nerve following TBI. Thus, our study unfolds a novel 

mechanism for TBI-induced vision impairment where the induction of an epigenetic silencer 

of transcription such as H3K9Me2 is responsible for impairment of transcriptional activation 

of Nrf2. However, we cannot rule out the possibility that an alteration in H3K9Me2 may 

affect other transcription factors including Nrf2, which may directly or indirectly affect the 

cellular redox status either in RGC or optic nerve. Further studies are required to give more 

insight regarding the interaction between Nrf2 and H3K9Me2 based on our current finding, 

where it was shown that the interaction between Nrf2 and H3K9Me2 leads to form an 

inactive transcriptional complex on the sod promoter.

Disruption in the retrograde transport process, either due to the damage to the optic nerve or 

RGC population, has been implicated in several retinal disorders such as glaucoma or optic 

nerve degeneration [73,85,86]. In this study, we provided further evidence that TBI also 

affects the retrograde transport in association to induction of oxidative stress. In general, 

axons are wrapped by the myelin which is mainly synthesized by oligodendrocytes in the 

optic nerve to process the retrograde transport efficiently. Our data shows that TBI induced 

cell death in OPCs is correlated with induction in the loss of myelin which was evidenced by 

a decrease in Fluoromyelin staining. Since the recovery of myelin loss is correlated with the 

reduction of oxidative stress, we consider that oxidative stress may be directly or indirectly 

responsible for the impairment of myelination following TBI. Indeed, previously another 

study showed that OPCs are particularly vulnerable to oxidative damage after neurotrauma 

in vivo [24] and the loss of OPCs results in loss of myelination [25]. Also, our study shows 

that, inhibiting G9a using UNC0638 causes reduction in oxidative stress by restoring the 

transcriptional activity of Nrf2 in concomitant with an improvement in retrograde transport; 

thus, we concluded that our study provides a previously unknown role of histone 

methylation in the regulation of myelination; although, the detailed underlying mechanism 

remains to be elucidated.
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Demyelination of optic nerve in association with degeneration is a standard feature in ocular 

disorders (e.g., optic neuritis, optic nerve injury, etc.) or CNS disorders (e.g., ischemia, EAE, 

Alzheimer’s disease, etc.). Since preventing the induction of H3K9Me2 by treatment with 

UNC0638 restores the myelination, the results from our study can be applied to develop 

novel therapeutic strategies against these diseases. Moreover, identifying a common 

mechanism to address critical features of vision impairments such as RGC loss and optic 

nerve degeneration provide a novel opportunity to treat vision-related problems in TBI 

patients.

5. Conclusion

TBI-induced vision impairment is multifactorial; more specifically, the loss of RGC in the 

retina and optic nerve degeneration contribute significantly to vision impairment following 

TBI. Thus, targeting each event individually will not result in an effective therapeutic 

strategy to improve vision deficiency in TBI survivors. It is required to identify the common 

mechanism that is accountable for both events. Our study shows that an epigenetic alteration 

such as induction of H3K9Me2 is responsible for both RGC loss and axonal degeneration 

following TBI. This study provides a proof-of-concept that blocking G9a, an enzyme 

responsible for catalyzing H3K9Me2 will provide a neuroprotective effect against vision 

impairment following TBI.
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Fig. 1. TBI induces oxidative stress in RGC.
(A–B) Confocal microscopic analysis (A) and quantitative analysis (B) shows that CellROX 

positive cells were increased more than 4-fold significantly in RGC following TBI. (C–D) 

Confocal microscopic analysis (C) and quantitative analysis (D) show that the 8-OhDG (a 

marker for oxidatively modified DNA) positive cells were increased more than 3-fold 

significantly in RGC following TBI. (E–F) Confocal microscopic analysis (E) and 

quantitative analysis (F) show that 4-HNE (lipid peroxidation marker) positive cells were 

increased more than 3-fold significantly in RGC following TBI. (G) The TBARS analysis 

suggests that TBI leads to an increase in lipid peroxidation significantly. Statistical 

significance was measured by one-way ANOVA with a Tukey-Kramer post-hoc correction, n 

= 5, *p < 0.05. All data are expressed as mean ± S.E.M.
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Fig. 2. TBI induces cell death in RGC.
(A–B) Confocal microscopic data (A) and quantitative analysis (B) shows that the number of 

Brn3a positive cells was decreased in RGC following TBI. (C–D) Confocal microscopic 

data (C) and quantitative analysis (D) show that the number of TUNEL positive cells (green 

fluorescence) was increased in RGC following TBI. (E–F) The SD-OCT data shows that the 

RNFL thickness has been decreased in ETDRS measured after 100, 300 and 600 μM 

diameter. (F) The quantitative analysis of RNFL thickness measured by SD-OCT in both 

TBI and sham mice. (G–H) FG staining shows that TBI leads to a decrease FG in RGC 

compared to sham mice. Box 1, 2 and 3 are 0.5 mm, 1 mm and 1.5 mm from the center. 

Statistical significance was measured by one-way ANOVA with a Tukey-Kramer post-hoc 

correction, n = 5, *p < 0.05. All data are expressed as mean ± S.E.M. (For interpretation of 

the references to color in this figure legend, the reader is referred to the Web version of this 

article.)
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Fig. 3. TBI induces oxidative stress and optic nerve degeneration.
(A–B) Confocal microscopic data (A) and quantitative analysis (B) show that TUNEL 

positive cells were enriched in Olig2 positive cells following TBI. The quantification of 

TUNEL positive cells shows that TBI increased cell death in Olig2 positive cells 

significantly. (C–D) Confocal analysis of Fluoromyelin staining (C) and quantitative 

analysis (D) in optic nerve shows that its level was decreased significantly. The quantitation 

of Fluoromyelin staining was reduced in the optic nerve following TBI. (E–F) Confocal 

analysis of MBP staining (E) and quantitative analysis (F) in optic nerve shows that its level 

was decreased significantly. The quantitation of MBP staining was reduced in the optic 

nerve following TBI. (G–I) Confocal microscopic data (G) shows that SMI-32 positive 

axonal bulbs (G, H), axonal retraction (G, I) and holes (G, J) were increased after TBI. The 

white arrowhead indicates axonal bulbs; the yellow arrowhead indicates axonal retraction 

and asterisks indicates the axonal holes. (K–L) Confocal microscopic data (K) and 
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quantitative analysis (L) shows that CellROX positive cells were increased in the optic nerve 

following TBI. The CellROX positive cells were quantitated in the optic nerve of both sham 

and TBI mice. (M–N) Confocal microscopic analysis (M) and quantitative analysis (N) show 

that 4-HNE positive cells were increased significantly in optic nerve following TBI. (O) The 

level of TBARS was increased in the optic nerve of TBI mice compared to sham mice. 

Statistical significance was measured by one-way ANOVA with a Tukey-Kramer post-hoc 

correction, n = 5, *p < 0.05. All data are expressed as mean ± S.E.M. (For interpretation of 

the references to color in this figure legend, the reader is referred to the Web version of this 

article.)
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Fig. 4. An induction of H3K9Me2 attenuated the transcriptional activity of Nrf2 and reduced the 
antioxidant levels.
(A) The quantitative RT-PCR analysis data shows that TBI causes a decrease in the mRNA 

level of sod and catalase both in the retina and optic nerve compared to sham mice. (B) 

Western blot analysis data suggests that TBI leads to a decrease in the expression level of 

SOD and Catalase in both retina and optic nerve compared to sham mice. (C) The 

expression level of Nrf2 in nucleus show that there is no difference either in the retina or 

optic nerve following TBI compared to sham. (D) The chromatin immunoprecipitation 

(ChIP) data shows that the binding of Nrf2 to the sod promoter was decreased in the retina 

and optic nerve after TBI compared to sham mice. (E) Western blot analysis show that the 

level of H3K9Me2 and G9a was increased in the retina and optic nerve after TBI compared 

to sham mice. (F) Confocal microscopic analysis shows that TBI leads to an increase in the 

expression level of G9a and H3K9Me2 in RGC after TBI. (G) Confocal microscopic data 

shows that TBI leads to an increase in G9a and H3K9Me2 in the optic nerve following TBI. 
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(H) The co-immunoprecipitation (IP) analysis show that the interaction between Nrf2 and 

H3K9Me2 was increased significantly in both retina and optic nerve following TBI. 

Statistical significance was measured by one-way ANOVA with a Tukey-Kramer post-hoc 

correction, n = 5, *p < 0.05. All data are expressed as mean ± S.E.M.
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Fig. 5. Treatment with a G9a inhibitor, UNC0638 reduced the induction of H3K9Me2, and 
transcriptional activation of Nrf2 following TBI.
(A) Confocal microscopic analysis shows that the induction of H3K9Me2 in RGC was 

decreased after treatment with UNC0638 following TBI. (B) Confocal microscopic 

examination shows that the induction of H3K9Me2 in the optic nerve was reduced after 

treatment with UNC0638 following TBI. (C–F) the quantitative RT-PCR analysis shows that 

the decrease in mRNA level of sod (C, E) and catalase (D, F) either in the retina or optic 

nerve was rescued in TBI-mice treated with UNC0638. (G–H) The ChIP assay suggests that 

a decrease in Nrf2 binding to the sod promoter was attenuated in the retina (G) and optic 

nerve (H) in TBI-mice treated with UNC0638. (I–J) The co-immunoprecipitation (Co-IP) 

study shows that treatment with UNC0638 decreases the interaction between Nrf2 and 

H3K9Me2 after TBI in the retina (I) and optic nerve (J).
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Fig. 6. Treatment with UNC0638 reduced oxidative stress and cell death in the retina and optic 
nerve following TBI.
(A–B) The confocal analysis shows that CellROX positive cells were decreased in TBI-mice 

treated with UNC0638 compared to TBI-mice in both optic nerve (A) and RGC region (B). 

(C–D) The quantitative analysis shows that TBARS were decreased in TBI-mice treated 

with UNC0638 compared to TBI-mice in both retinas (C) and optic nerve (D) sections. (E–

F) The confocal shows that caspase 3 positive cells were decreased in TBI-mice treated with 

UNC0638 compared to TBI-mice in both retina (E) and optic nerve (F) sections. Statistical 

significance was measured by one-way ANOVA with a Tukey-Kramer post-hoc correction, n 

= 5, *p < 0.05. All data are expressed as mean ± S.E.M.
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Fig. 7. Treatment with UNC0638 rescues demyelination, abnormalities in neurofilaments, and 
RNFL thickness following TBI.
(A, B) Confocal microscopic analysis (A) and the quantitative analysis (B) show that a loss 

of Fluoromyelin red staining after TBI was rescued in TBI + UNC0638 treated mice. (C–D) 

Confocal microscopic analysis (C) and the quantitative analysis (D) show that a loss of MBP 

staining after TBI was rescued in TBI + UNC0638 treated mice. (E–H) The confocal 

microscopy (E) and the quantitative analysis (F–H) show that an increase in SMI-32 positive 

axonal bulbs (F), the axonal retraction (G) and holes (H) was recovered in optic nerve 

isolated from TBI + UNC0638 mice. (I–J) The SD-OCT data shows that the RNFL 

thickness has been decreased in ETDRS measured after 100, 300 and 600 μM diameter in 

TBI; however, it was rescued in TBI-mice treated with UNC0638 (I). The quantitative 

analysis of RNFL thickness measured by SD-OCT in both TBI and sham mice treated with 

or without UNC0638 (J). (K–L) The Fluorogold (FG) staining suggests that TBI-induced 

loss of RGCs was rescued in TBI-mice treated with UNC0638. Box 1, 2 and 3 are 0.5 mm, 1 
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mm and 1.5 mm from the center. Statistical significance was measured by one-way ANOVA 

with a Tukey-Kramer post-hoc correction, n = 5, *p < 0.05. All data are expressed as mean ± 

S.E.M. (For interpretation of the references to color in this figure legend, the reader is 

referred to the Web version of this article.)
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