
Cumulative mtDNA damage and mutations contribute to the 
progressive loss of RGCs in a rat model of glaucoma

Ji-hong Wu#1,2, Sheng-hai Zhang#1,2, John M. Nickerson3, Feng-juan Gao1, Zhongmou 
Sun4, Xin-ya Chen1, Shu-jie Zhang1, Feng Gao1, Jun-yi Chen1, Yi Luo1, Yan Wang1, and 
Xing-huai Sun1,2,5,**

1Eye & ENT Hospital, Institutes of Brain Science, Shanghai Medical college, Fudan University, 
Shanghai 200032, China

2Shanghai Key Laboratory of Visual Impairment and Restoration, Shanghai 200032, China

3 Ophthalmology Department, Emory University, Atlanta, GA, 30322, USA

4 Wesleyan University, Middletown, CT, 06459, USA.

5 State Key Laboratory of Medical Neurobiology, Institutes of Brain Science, Shanghai Medical 
college, Fudan University, Shanghai 200032, China

# These authors contributed equally to this work.

Abstract

Glaucoma is a chronic neurodegenerative disease characterized by the progressive loss of retinal 

ganglion cells (RGCs). Mitochondrial DNA (mtDNA) alterations have been documented as a key 

component of many neurodegenerative disorders. However, whether mtDNA alterations 

contribute to the progressive loss of RGCs and the mechanism whereby this phenomenon could 

occur are poorly understood. We investigated mtDNA alterations in RGCs using a rat model of 

chronic intraocular hypertension and explored the mechanisms underlying progressive RGC loss. 

We demonstrate that the mtDNA damage and mutations triggered by intraocular pressure (IOP) 

elevation are initiating, crucial events in a cascade leading to progressive RGC loss. Damage to 

and mutation of mtDNA, mitochondrial dysfunction, reduced levels of mtDNA repair/replication 

enzymes, and elevated reactive oxygen species form a positive feedback loop that produces 

irreversible mtDNA damage and mutation and contributes to progressive RGC loss, which occurs 

even after a return to normal IOP. Furthermore, we demonstrate that mtDNA damage and 

mutations increase the vulnerability of RGCs to elevated IOP and glutamate levels, which are 

among the most common glaucoma insults. This study suggests that therapeutic approaches that 
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target mtDNA maintenance and repair and that promote energy production may prevent the 

progressive death of RGCs.
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Introduction

Glaucoma is a complex, multifactorial neurodegenerative disease (Gupta and Yucel, 2007). 

Progressive retinal ganglion cell (RGC) death is a primary contributor to the loss of vision, 

and elevated intraocular pressure (IOP) is a major risk factor (Buckingham et al., 2008; 

Kwon et al., 2009). Factors known to be involved in glaucoma pathogenesis include 

mechanical stress due to elevated IOP, axonal transport failure, reduced blood flow to the 

retina, reperfusion injury, oxidative stress, glutamate excitotoxicity, aberrant immune 

response, and glial dysfunction (Wax et al., 2008) (Almasieh et al., 2012). However, these 

factors have not yet provided a plausible explanation for why the adequate control of IOP 

only delays rather than halts RGC loss and glaucoma progression (Cantor, 2006; Osborne, 

2010). An in-depth understanding of the molecular basis of accelerated RGC death, which 

can occur months or years after the initiation of glaucoma (Osborne, 2010), is critical for the 

development of new therapeutic strategies for protecting RGCs and the optic nerve in 

glaucoma patients.

Mitochondrial DNA (mtDNA) damage and mutations have been documented as a key 

component of many neurodegenerative disorders. mtDNA is much more susceptible than 

nuclear DNA (nDNA) to damage because of the lack of DNA protection by histones and the 

proximity to reactive oxygen species (ROS) generated by the mitochondrial respiratory 

chain (Mambo et al., 2003). Unrepaired DNA damage can result in mutations (Mambo et al., 

2003). These alterations (damage and mutations) of the mtDNA can compromise oxidative 

phosphorylation (DiMauro and Schon, 2003; Pickrell et al., 2011a), ultimately resulting in 

cell death in many neurodegenerative diseases, including disorders without a primary 

mitochondrial etiology (Pickrell et al., 2011b; Reeve et al., 2013; Schon et al., 2012; Vives-

Bauza and Przedborski, 2011).

RGCs, which are among the most metabolically active and energy-intensive cells in the 

body, have many mitochondria and are sensitive to primary or secondary mitochondrial 

abnormalities (Bristow et al., 2002). Many clinical studies have suggested that 

mitochondrial dysfunction may be involved in glaucoma (Chrysostomou et al., 2013; 

Osborne and del Olmo-Aguado, 2013; Tezel, 2006). Recent studies have reported an 

increase in mtDNA mutations and deficiencies in complex I-linked respiration and ATP 

synthesis in the peripheral blood of primary open-angle glaucoma patients (Abu-Amero et 

al., 2006; Lee et al., 2012). In addition, mtDNA deletion is frequent in the trabecular 

meshwork of glaucoma patients (Izzotti et al., 2011). However, little is known about 

alterations to RGC mtDNA in glaucoma, whether such changes to mtDNA contribute to the 

progressive loss of RGCs, or the mechanism whereby this could occur.
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In the present study, we investigated alterations of mtDNA in RGCs using a well-established 

rat glaucoma model (Urcola et al., 2006; Wu et al., 2010) and explored the mechanisms 

underlying the progressive loss of RGCs. We demonstrate that mtDNA alterations caused by 

elevated IOP are crucial to the progressive loss of RGCs. These alterations include both 

damage and mutations. Alterations in mtDNA, mitochondrial dysfunction, a reduction in the 

levels of mtDNA repair/replication enzymes, and ROS form a positive feedback loop that 

generates irreversible mtDNA alterations and contributes to progressive RGC loss, even 

after a return to normal IOP. Furthermore, the present study demonstrates that mtDNA 

alterations increase the susceptibility of RGCs to apoptosis induced by elevated IOP and 

glutamate levels, which are among the most common insults in glaucoma. Our study implies 

that therapeutic approaches that target the mitochondria and promote energy production may 

protect RGCs in glaucoma patients, regardless of cause or etiology.

Materials and methods

Animals

Eight-week-old male Wistar rats (SLAC Laboratory Animal Co. Ltd, Shanghai, China) were 

housed under constant 12-h light/dark cycles, with access to a standard rodent diet ad 

libitum. All experiments and animal care procedures adhered to the ARVO (The Association 

for Research in Vision and Ophthalmology) Statement for the Use of Animals in 

Ophthalmic and Vision Research and the European Communities Council Directive 

2010/63/EU. The animals were randomly divided into 4 treatment groups: (1) glaucomatous 

model; (2) glaucomatous model with intravitreal injection of AAV2-DNA polymerase 

gamma (POLG) (AAV2-GFP as a vector control) to prevent mtDNA mutations in RGCs; (3) 

normal rat with intravitreal injection of AAV2-GFP-shPOLG (AAV2-GFP-shCTL as a 

vector control) to induce mtDNA mutations in RGCs; and (4) untreated age-matched rats as 

normal controls. We chose POLG for overexpression in these rat groups because it is the 

only DNA polymerase known to function in mitochondria that is responsible for mtDNA 

replication and repair (Suppl Table 1). Mutation or knockdown of the POLG gene results in 

increased alterations in mtDNA (Tewari et al., 2012; Trifunovic et al., 2005).

At the desired time, the animals were euthanized by an overdose of 10% chloral hydrate, and 

the retinas were harvested immediately. At each time point, 7 or 8 retinal specimens were 

pooled to generate each isolated RGC sample. A total of 3 RGC samples (n=22-24 retinas) 

were obtained and analyzed for each group at each time point. Approximately 10-mm 

lengths of optic nerves, beginning at the optic nerve head, were collected for histological 

evaluation of optic nerve axon survival.

Experimental rat glaucoma model

Unilateral IOP elevation was induced by episcleral vein cauterization (EVC) to establish the 

glaucomatous model, which has been routinely used in our laboratory and has been 

described previously (Ji et al., 2012; Wu et al., 2010). Briefly, general anesthesia was 

induced by intraperitoneal injection of 10% chloral hydrate. Three episcleral veins were 

exposed by making an incision through the conjunctiva and Tenon's capsule at the limbal 

periphery of the dorsal eye. Cautery was precisely applied to the selected veins. The 
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contralateral eyes, which served as controls, were sham-operated by isolating the veins in a 

similar manner without any cauterization. The eyes were treated topically with an antibiotic 

(Tobrex; Alcon-Couvreur, Belgium) during recovery.

The IOP was measured in both eyes using the TonoLab rebound tonometer for rodents 

(TioLat, Helsinki, Finland) before surgery (as a baseline), 1 day after surgery, weekly for the 

subsequent 2 months, and at monthly intervals until 6 months after surgery. The IOP was 

always measured in the morning under general anesthesia, typically within 2-3 min after the 

animal lost consciousness and failed to respond to touch. Each IOP was calculated as the 

mean of the middle 4 readings out of 6 valid rebound measurements. Rats in the cauterized 

group that did not exhibit an increased IOP of >30% above the baseline within 6 weeks after 

surgery were excluded from the experiment. The IOP in the cauterized eyes gradually 

returned to normal by 6 weeks after surgery, and the animals were maintained for an 

additional 4.5 months.

Generation of AAV2-POLG and AAV2-shPOLG

To construct the AAV2-POLG, the rat POLG gene was synthesized by GenScript and 

cloned into the pAAV-CMV vector (Stratagene) with AAV2 inverted terminal repeats.

To construct the AAV2-shPOLG, 3 short-hairpin RNAs (shRNAs) directed to different 

target sites of the Polg mRNA (shPOLG1, base pairs 626-654; shPOLG2, base pairs, 

1,960-1,988; and shPOLG3, base pairs, 2,623-2,651) were prepared using the pSilencer 

1.0_U6 siRNA expression vector (Ambion) based on the rat Polg mRNA sequence 

(GenBank NM_ 053528). A scrambled shRNA that did not have a blocking effect on any 

mRNA was also made to serve as a control (shCTL). An in vitro screen was performed as 

described previously (Yang et al., 2009) to identify the optimal shRNA construct. Briefly, 

the shRNA expression plasmid was transfected into AAV-293 cells (Stratagene) using 

Lipofectamine 2000. At 72 h after transfection, total RNA was isolated to determine the 

Polg mRNA expression by real-time polymerase chain reaction (PCR), revealing that 

shPOLG3 was the most effective shPOLG sequence. The DNA containing this shRNA 

sequence and the U6 promoter was then excised from the shPOLG3 or the shCTL plasmid 

and cloned into the pAAV-CMV-GFP vector (Stratagene), flanked by AAV2 inverted 

terminal repeats.

The AAV2-GFP-shPOLG, AAV2-GFP-shCTL, AAV2-GFP, and AAV2-POLG production 

(AAV Helper-Free kit, Stratagene) and purification (ViraTrap AAV purification kit, 

GeneMega) were performed using standard methods according to the manufacturer's 

protocols. The AAV2 titers were determined by real-time PCR as described previously 

(Olson et al., 2006).

Intravitreal injection of AAV2-POLG and AAV2-shPOLG

To reduce mtDNA mutations in RGCs of the glaucomatous rat, 2 μl of AAV2-POLG or 

AAV2-GFP (1×109 vector genomes/μl, vg/μl) was injected intravitreally 1 week before 

EVC.
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To induce mtDNA mutations in RGCs, normal rats (8 weeks old) received a 2 μl intravitreal 

injection of AAV2–shPOLG (1×109 vg/μl) in the right eye to prevent the normal repair of 

potential mtDNA mutations; 2 μl of AAV2–shCTL (1×109 vg/μl) was injected into the left 

eye as a contralateral control. The rats were then raised for 12 months to permit the 

induction of mtDNA mutations and damage in the RGCs; the IOP was measured monthly 

after the injection. Seven days before euthanasia, either the AAV2-transfected rats or the 

age-matched controls were randomly assigned to 2 groups (for a total of 4 groups). One 

group received an intravitreal injection of 2 μl of 4 mM glutamate, as described previously 

(Finlayson and Iezzi, 2010), while the other group received EVC to induce IOP elevation. 

The four resulting groups were as follows: (1) AAV2-transfected rats with injection of 

glutamate; (2) AAV2-transfected rats with EVC; (3) age-matched controls with injection of 

glutamate; and (4) age-matched controls with EVC. In these experiments, glutamate and 

IOP elevation were used as secondary insults to evaluate the vulnerability of RGCs that had 

already experienced mtDNA mutations.

Retrograde labeling of RGCs

RGCs were retrogradely labeled by injecting a solution of DiI fluorescent tracer (Molecular 

Probes) or Fluoro-Gold (FG, Sigma) into the superior colliculus 3 or 7 days before 

euthanasia, as described previously (Wu et al., 2010). At euthanasia, the eyes were 

enucleated, and the retinas were prepared as flat mounts. RGC counts were performed, as 

previously described (Wu et al., 2010). Cell counting was performed independently by 3 

observers in a double-blinded fashion. The data are expressed as the relative percentage of 

RGC loss in the experimental eye compared with that in the contralateral control.

Histological assessment of the survival of optic nerve axons

The optic nerves were fixed in 2.5% glutaraldehyde with 4% paraformaldehyde in 0.1 M 

phosphate buffer (pH 7.4) for 24 h, postfixed in 1% osmium tetroxide overnight, and then 

embedded in epoxy resin (TAAB Laboratories). Semi-thin (0.75 μm) sections 1-1.5 mm 

from the optic nerve head were cut on a Leica RM2265 microtome, stained with 1% 

toluidine blue, and examined with a light microscope (Leica). Axonal counting was 

performed using ImageJ software (NIH, Bethesda, MD, USA).

RGC isolation

RGC isolation was performed with magnetic beads as described previously (Munemasa et 

al., 2010; Tezel and Wax, 2000). Briefly, retinas isolated from rats were digested, and the 

cells were collected by centrifugation and resuspended in DPBS containing 0.1% BSA. 

Macrophages and adherent cells were removed by attachment to CD11b/c monoclonal 

antibody-coated beads (BD Pharmingen), and RGCs were further purified using magnetic 

beads that had been coated with Thy-1 monoclonal antibody (Chemicon). The purity of the 

isolated RGCs was examined by TUJ-1 immunofluorescence. Approximately 5×104-1.2× 

105 isolated RGCs were obtained from one retina, and the RGCs from 7-8 retinas were 

pooled into one isolated RGC sample (3.5×105-9.6×105 isolated RGCs) in each experiment.

Wu et al. Page 5

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mitochondria isolation

A Mitochondria Isolation Kit (Pierce) was used to isolate mitochondria, as previously 

reported (Zhang et al., 2010). Intact mitochondria were separated from the freshly isolated 

RGCs by differential centrifugation according to the manufacturer's protocol. These 

preparations were relatively free of other subcellular contaminants (Santos et al., 2011; 

Tewari et al., 2012). The isolated mitochondrial pellet was resuspended in 100 μl of 210 mM 

mannitol, 70 mM sucrose, 5 mM HEPES, 1 mM EGTA, and 0.5% (w/v) fatty-acid-free BSA 

solution.

Western blot analysis

Total proteins from the isolated RGCs were extracted using cell lysis buffer (Cell Signaling 

Technology) supplemented with a protease inhibitor cocktail (Sigma-Aldrich). The protein 

concentrations were determined with a BCA protein assay kit (Pierce). Each protein 

preparation (15-20 μg) was separated by SDS-PAGE and electrotransferred to a 

polyvinylidene difluoride membrane, which was blocked with 5% nonfat milk for 20 min. 

The membranes were incubated with primary antibodies against 8-oxoguanine DNA 

glycosylase (OGG1, Abcam), MutY homolog (MYH, Abcam), DNA polymerase gamma 

(POLG, Abcam), cleaved caspase-3 antibody (5A1, Cell Signaling), cytochrome b (CYTB, 

Santa Cruz Biotechnology), ND4 (Santa Cruz Biotechnology), ND5 (Bioss, Inc.), and ND6 

(Bioss, Inc.) (Suppl Table 1). The loading controls were β-actin (Sigma) for total protein and 

Cox IV (Molecular Probes) for mitochondria. The secondary antibodies were HRP-

conjugated goat anti-rabbit antibody and HRP-conjugated goat anti-mouse antibody 

(Millipore). The resulting western blots were exposed to film (Hyperfilm ECL, Amersham 

Pharmacia Biotech), and images of these films were captured using the Kodak Imaging 

System (Kodak 440CF). The band intensity was determined by densitometry using ImageJ 

software (NIH, Bethesda, MD, USA).

DNA isolation

Total DNA was extracted from the isolated RGCs with a DNeasy blood and tissue kit 

(QIAGEN) according to the manufacturer's protocol. For the mtDNA, the isolated 

mitochondria were lysed in the presence of 0.5% SDS and 0.2 mg/ml proteinase K in a 

solution of 10 mM Tris-HCl, 0.15 M NaCl, and 5 mM EDTA, as reported previously. The 

mtDNA was purified by phenol/chloroform extraction and ethanol precipitation. The DNA 

was quantified using the Quant-iT dsDNA assay (Invitrogen).

Quantitation of mtDNA

To quantify the amount of mtDNA present per nuclear genome, we designed mtDNA 

primers (cytochrome b, cytB) and nDNA primers (β-actin) (Suppl Table 2), and we 

quantified the mtDNA and nDNA genome by real-time PCR (Applied Biosystems, 7500 

Fast), as previously described (Tewari et al., 2012). The thermal conditions were 10 min at 

95 °C, followed by 40 cycles of 15 s at 95 °C and 60 s at 60 °C. Each reaction was 

performed in duplicate using 10 ng of DNA and 10 pmol of each primer. A relative 

quantification was performed using a SYBR® Premix EX Taq™ kit (TAKARA), and the 

mtDNA copy number was normalized for variation in the nDNA amount per sample using 
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the ΔΔCt method. Absolute quantitation was performed using a TaqMan Universal Master 

Mix (Applied Biosystems, CA, USA), and the standard curve was generated using ten-fold 

serial diluted standard plasmid. The amount of each DNA copy number was calculated from 

the standard curve. The two methods yielded identical results.

Mitochondrial DNA mutation assays

Random mutation capture assays were performed, as previously described (Chen et al., 

2010; Vermulst et al., 2008). The mtDNA was probed with primers flanking the TaqI 

restriction site to quantify mtDNA molecules containing a mutation in the TaqI restriction 

site. A second pair of primers that anneal adjacent to the restriction site was used to quantify 

the mtDNA in the sample. Quantitative PCR was performed in 25-μl reactions containing 

Brilliant SYBR Green I master mix (Stratagene), 2 μl of 10 μM forward and reverse primers, 

and 0.2 μl of uracil DNA glycosylase (New England Biolabs, Inc.). The PCR steps were as 

follows: step 1, 37 °C for 10 min; step 2, 95 °C for 10 min; step 3, 95 °C for 30 s; step 4, 60 

°C for 1 min; step 5, 72 °C for 1.5 min; step 6, repeat steps 3-5 44 times; step 7, 72 °C for 5 

min; step 8, melting curve from 65 °C to 95 °C; and step 9, hold at 4 °C indefinitely. The 

primers used for the DNA amplification included the mtDNA primers flanking the TaqI sites 

at positions 1,427 and 8,335 and the mtDNA control primers (Suppl Table 2). To verify the 

presence of mtDNA mutations, every PCR product was digested with TaqI, followed by size 

analysis by gel electrophoresis; mutations were further confirmed by sequencing. The ratio 

of mutant molecules to the total number of molecules was used to calculate the mutation 

frequency per base pair, as described previously (Vermulst et al., 2008). The mutation level 

is expressed as the number of mutations per million bases.

Mitochondrial and nuclear DNA damage

The DNA damage was evaluated either by amplifying long and short regions of mtDNA or 

nDNA using long-extension (LX)-PCR or by relative quantitation of long and short 

fragments using real-time PCR (7500 Fast , Applied Biosystems). LX-PCR was performed 

with the GeneAmp XL PCR kit (Applied Biosystems), as described previously (Santos et 

al., 2006; Wang et al., 2010). Briefly, 10 ng of DNA was amplified in a reaction mixture 

containing 1× XL PCR buffer II, 200 μM dNTPs, 1.1 mM Mg (OAc)2, 1 U rTth DNA 

polymerase, and 0.1 μM gene-specific primers. The 4 pairs of PCR primers employed in this 

study are given in Suppl Table 2. The PCR thermocycler program for the mtDNA long 

product was 94 °C for 1 min, followed by 24 cycles of 94 °C for 15 s, 65 °C for 12 min, and 

72 °C for 12 min; the program for the mtDNA short product was 94 °C for 1 min, followed 

by 18 cycles of 94 °C for 15 s, 65 °C for 12 min, and 60 °C for 12 min. The PCR 

thermocycler program for the nDNA long product was 94 °C for 1 min, followed by 28 

cycles of 94 °C for 15 s, 65 °C for 12 min, and 72 °C for 12 min. The same program was 

used for the short nDNA product, except that the extension temperature was 60 °C. The 

DNA damage was assessed by measuring the band intensity of the PCR gel photographs 

using Un-Scan-It Gel 6.0 digitizing software and quantifying the ratio of the long and short 

fragments of the PCR amplicons (mtDNA=13.4 kb/235 bp, nDNA=12.5 kb/195 bp). Real-

time PCR was conducted using SYBR® Premix Ex Taq™ (TaKaRa)to further determine the 

amount of long and short fragment in the same amount of mtDNA/nDNA. The primers were 
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the same as the above. The mtDNA/nDNA damage was indicated by the ratio of the amount 

of long and short fragments.

RNA isolation and quantitative PCR

Total RNA from the isolated RGCs was extracted using Trizol reagent (Invitrogen), purified 

using RNeasy mini-columns (QIAGEN), and treated with RNase-free DNase I (QIAGEN). 

The RNA purity was verified by confirming that the OD260 nm/OD280 nm ratio exceeded 1.9. 

cDNA was synthesized using the SuperScript II first-strand RT-PCR kit (Invitrogen). The 

gene expression of Polg, Ogg1, Myh, ND4, ND5, ND6, and CytB was measured by SYBR 

Green-based real-time PCR (Applied Biosystems, 7500 Fast). The primers for each gene of 

interest were designed for each target mRNA and are shown in Suppl Table 2. The β-actin 

gene was used as a normalization control. All qRT-PCR reactions used 40 ng of cDNA. The 

reactions were performed in duplicate in 2 separate experiments, and the transcripts were 

quantified using the ΔΔCt method.

Mitochondrial function assay

The mitochondrial complex I and III (Suppl Table 1) activities were measured, as reported 

previously (Rosca et al., 2005; Yao et al., 2011).

The ATP production rate (Suppl Table 1) was measured with a standard bioluminescence 

assay kit (ENLITEN ATP assay system; Promega) according to the manufacturer's protocol. 

Briefly, the mitochondrial pellet was resuspended in hypotonic solution, as described above. 

The ENLITEN rL/L Reagent dissolved in sample buffer was injected immediately before 

the results were read, and the ATP concentrations were determined with a BioTek Synergy 

HT microplate reader and normalized to total mitochondrial protein. The data are presented 

as the averages of 3 independent experiments assayed in duplicate.

The ROS (Suppl Table 1) production was determined using an OxiSelect ROS Assay Kit 

(Cell Biolabs, Inc.) according to the manufacturer's instructions. Briefly, a 100-μl 

suspension of isolated RGCs (1×105 cells) was mixed with 100 μl of a 1× solution of 2’,7’-

dichlorofluorescein-diacetate (DCFH-DA) and incubated for 1 h. The cells were lysed 

according to the manufacturer's specifications, and the 2’, 7’-dichlorofluorescein (DCF) 

fluorescence was measured using a BioTek Synergy HT microplate reader. The values are 

presented in arbitrary units.

Immunofluorescence staining and terminal deoxynucleotidyl transferase dUTP nick end-
labeling (TUNEL) assay

Rats in which RGC mtDNA alterations were induced were euthanized at the indicated time 

after receiving AAV2-shPOLG intravitreal injections. The eyes were enucleated and fixed in 

4% paraformaldehyde for 4 h, and 8-μm-thick sections were obtained using a cryostat (Leica 

CM 3050S). Immunofluorescence staining was performed using the primary antibody 

against POLG (Abcam) and the secondary antibody Cy5-conjugated anti-rabbit IgG 

(Molecular Probes), as described previously (Wu et al., 2010). For the TUNEL assay, an in 

situ cell death detection kit (TMR Red, Roche) was used to label apoptotic cells according to 
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the manufacturer's instructions. The sections were observed with a confocal microscope 

(Leica).

Statistical analysis

The statistical analysis was performed using SigmaStat software. The data are expressed as 

the means ± SEM. The Shapiro-Wilk test was used to determine whether the data were 

normally distributed. For variables that were normally distributed, the data were analyzed by 

analysis of variance followed by the Bonferroni test. Findings with p values of less than 0.05 

were considered statistically significant.

Results

RGC degeneration after high IOP

EVC induced a sustained elevation in IOP, as previously reported (Wu et al., 2010). In this 

study, the EVC eyes exhibited elevated IOP at 1 day after surgery, and in 60% of EVC-

treated cases, the IOP remained elevated for 6 weeks (22.12±2.31 mmHg). In these cases, 

the IOP gradually returned to normal by 7 weeks after EVC due to vascular recanalization 

(Fig. 1A). The IOP in the contralateral eye with the sham operation was approximately 

12.16±0.89 mmHg throughout the experiments (Fig. 1A). We previously reported a 

significant loss of RGCs at 2 and 4 weeks after EVC due to IOP elevation (Wu et al., 2010). 

Here, we determined if a further loss of RGCs occurs after return of the elevated IOP to 

normal levels. The numbers of intact FG-labeled RGCs in the EVC eyes were 21.9±1.24% 

(p< 0.05) and 41.7±2.26% (p< 0.01) lower than those in the contralateral control eyes with 

sham-operated treatment at 6 weeks and 6 months, respectively (Fig. 1B, C, Suppl Fig.1). 

As expected, the number of axons in the cross-sections through the optic nerve, indicated by 

toluidine blue staining, decreased by over 34% from 6 weeks to 6 months after EVC (Fig. 

1D). We found that the number of RGCs or their axons was obviously diminished at 6 

months compared to 6 weeks after EVC, suggesting the RGC loss occurred not only during 

IOP elevation (within 6 weeks after EVC) but also during the reversal of IOP elevation 

between 6 weeks and 6 months. Together, these results demonstrate the progressive loss of 

RGCs and their axons in EVC-treated eyes, even after the IOP has returned to normal levels, 

which is consistent with the clinical features of primary open-angle glaucoma (Kwon et al., 

2009).

mtDNA changes after high IOP

Given the features of RGC loss after the return of elevated IOP to normal levels and the 

crucial role of the mitochondria in cell death, we first determined if any mtDNA alterations 

occurred in the RGCs of EVC eyes. Consistent with previous reports (Munemasa et al., 

2008; Tezel and Wax, 2000), > 95% of the isolated RGCs cells were positive for TUJ-1 

(data not shown). As shown in Figure 2A, although IOP-elevation-induced mtDNA damage 

(indicated by the ratio of 13.4 kb and the 235 bp mtDNA band) was observed in RGCs 

beginning 2 weeks after EVC and cumulatively increased, no significant damage was 

observed at 6 weeks. A significant increase in mtDNA damage was detected at 2 months. 

Surprisingly, the damage continued to increase thereafter (p<0.05 when the mtDNA damage 

of 2, 4 and 6 months after EVC compared each other), although IOP had already dropped to 
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normal levels, reaching 3.4-fold (p<0.01) more damage compared to the RGCs from the 

contralateral eye at 6 months (Fig. 2A, right). This result was further confirmed by 

quantitation of the long and short fragments using real-time PCR (Suppl Fig. 2). In contrast, 

there was no significant difference in nDNA damage from RGCs of the EVC and 

contralateral sham-operated eye at either 6 weeks or 6 months (Fig. 2B).

Next, we examined the frequency of mtDNA mutations in the RGCs by random mutation 

capture assay. The RGCs from the EVC eyes harbored 5.6-fold (p<0.05) more mutations in 

mtDNA compared with the contralateral control at 6 weeks after EVC. The mutations 

continued to accumulate, although the IOP had returned to normal, and reached 16.8-fold 

more mutations than the sham-operated contralateral eye (p<0.01) at 6 months, at which 

time the experiment was terminated (Fig. 2C). We confirmed this measurement by 

interrogating one additional locus in the mitochondrial genome (Fig. 2D).

To determine if any changes in the abundance of mtDNA occurred within the EVC-treated 

eyes, we analyzed the mtDNA copy number per nuclear genome in the RGCs. We observed 

a sharp decrease in the mtDNA copy number in the RGCs at 1 week after IOP elevation 

compared with the RGCs from control retinas (a decrease of 52.3%, p<0.01). The 

progressive reduction in the mtDNA copy number did not reverse when the IOP returned to 

normal, and the copy number decreased by 49.1% at 6 months after EVC (Fig. 2E).

DNA repair and replication compromise after IOP elevation

To investigate the capacity to repair mtDNA damage and replicate mtDNA, we quantified 

the mRNA and protein expression of the DNA glycosylases OGG1 and MYH, which 

recognize and remove altered bases, and POLG, an enzyme responsible for the replication/

repair of mtDNA. One week after EVC, the mRNA levels of OGG1 and MYH in the 

isolated RGCs sharply increased by 18.9-fold (p<0.01) and 8.5-fold (p<0.01), respectively, 

relative to the contralateral sham-operated eyes. Subsequently, the mRNA expression of 

both genes gradually dropped but remained slightly elevated compared with the control eyes 

until 6 months after EVC (Fig. 3A). In contrast, despite similar CoxIV expression in the 

mitochondria obtained from the EVC eyes and controls, the protein levels of OGG1 and 

MYH decreased by 12-21% and 8-46%, respectively, when IOP was elevated, except for the 

slightly increased OGG1 protein levels 1 week after EVC. Importantly, these levels 

remained reduced from 6 weeks to 6 months after EVC, even when the IOP returned to 

normal (Fig. 3B). Further evidence was obtained by western blot analysis of OGG1 and 

MYH levels in the nucleus and in isolated mitochondria at 6 months after EVC (Fig. 3C). 

The POLG mRNA was increased 1.8-fold (p<0.05) at 2 weeks after EVC and gradually 

dropped to subnormal levels at 6 weeks. At 6 months after EVC, the POLG mRNA was 

decreased by 48% (Fig. 3A). The mitochondrial accumulation of the POLG protein was 

consistent with its gene expression and decreased by more than 50% at 6 months (Fig. 3B). 

The reduction in mtDNA repair and replication enzymes from 6 weeks to 6 months after 

EVC indicates that irreversible impairment of the DNA repair and replication capacity 

occurs after high IOP, which may result in further long-term, sustained mtDNA damage and 

mutation, even after the return of normal IOP.
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Accelerated mitochondrial dysfunction in RGCs of EVC eyes

RGCs, which are among the most metabolically active cells in the body, contain many 

mitochondria, on which they are heavily dependent for their proper function (Bristow et al., 

2002). Oxidative stress occurs in the retina at an early stage in experimental glaucoma 

models (Ko et al., 2005; Moreno et al., 2004; Tezel, 2006). However, the status and 

mechanisms of the underlying mitochondrial function remain unclear. Here, we investigated 

whether and how the cumulative, irreversible mtDNA alterations after high IOP lead to 

mitochondrial dysfunction in RGCs. First, we assessed the dynamic changes in the 

respiratory chain complex activity in RGCs isolated from EVC eyes when the IOP was 

elevated and once it had returned to normal levels. As shown in Figure 4A, a significant 

reduction (36% reduction, p<0.05) in complex I activity was detected 6 weeks after EVC. 

After the IOP had returned to normal, complex I activity remained below normal from 6 

weeks to 6 months. In contrast to complex I, complex III activity declined as early as 2 

weeks after EVC and continued to decrease until the experiment was terminated (reduction 

of 61% at 6 months, p<0.01) (Fig. 4B). To further characterize the possible mechanisms of 

complex activity impairment, we examined the protein levels of the mtDNA-encoded ND4, 

ND5, and ND6 subunits of complex I and cytochrome b of complex III. Western blot 

analysis revealed a significant decrease in cytochrome b, ND5, and DN6 in the mitochondria 

isolated from the RGCs of EVC eyes (Fig. 4C), suggesting that the reduction in the activity 

of these 2 complexes might be due to the decreased expression of mtDNA-encoded proteins. 

In addition, no detectable alteration in ND4 was observed (Fig. 4C), suggesting that not all 

mtDNA-encoded proteins were affected by mtDNA mutations and damage from IOP 

elevation.

Respiratory chain complex I and III activities are closely related to energy production, 

which is the foremost indicator of mitochondrial function. We measured the mitochondrial 

ATP production rate (MAPR) of RGCs isolated from EVC eyes. Considerably increased 

MAPRs that were 3.6- to 5.3-fold (p<0.01) higher than those in the sham-operated 

contralateral eyes were detected within 2 weeks of EVC, coincident with the onset of IOP 

elevation, suggesting that increased MAPR may be a compensatory response of 

mitochondria to pressure stress. Subsequently, the MAPR gradually dropped, and the 

reduction did not halt despite a return of the IOP to normal levels. The MAPR was 

decreased by 27% at 6 months after EVC (p<0.05; Fig. 4D).

ROS production is another important index of mitochondrial function. We found that ROS 

levels were significantly elevated by 46% (p<0.05) as early as 1 week after EVC and 

returned to the normal range at 2-6 weeks after EVC, when the IOP was still elevated. This 

result is consistent with a previous report regarding dynamic ROS changes in retinas 

experiencing elevated IOP (Moreno et al., 2004). Interestingly, we observed a second 

elevation in the ROS levels 2 months after EVC, when the IOP had returned to normal. The 

values gradually increased thereafter (Fig. 4E), suggesting that progressive mitochondrial 

dysfunction rather than an elevated IOP may contribute to the secondary increase in ROS, 

forming a positive feedback cycle of mtDNA damage and mitochondrial dysfunction. In 

summary, we found accelerated decreases in complex activities, decreases in MAPR, and 

increases in ROS in RGCs from 6 weeks to 6 months after EVC. These changes may suggest 
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that irreversible mitochondrial dysfunction contributes to progressive RGC loss, especially 

after the IOP returns to normal.

Preventing mtDNA alterations improves RGC survival

We hypothesized that prevention of mtDNA damage and mutations can improve RGC 

survival after IOP elevation. To test this hypothesis, we asked if overexpression of POLG, a 

key enzyme in mtDNA replication/repair that is significantly decreased after IOP, would 

reduce mtDNA alterations from EVC-stressed RGCs. We intravitreally injected AAV2-

POLG/GFP 1 week before EVC and then examined the mtDNA alterations in RGCs and the 

loss of RGCs and their axons. We reported previously that AAV2 could efficiently 

transduce exogenous genes in RGCs and maintain the expression of these genes for more 

than 1 year (Zhang et al., 2008). In this study, as shown in Figure 5A, POLG mRNA 

increased by 6.5-12.4-fold in the RGCs of the EVC eyes injected with AAV2-POLG 

compared to the EVC eyes injected with the control, AAV2-GFP. Western blotting 

confirmed that the POLG protein levels in the mitochondria of the RGCs were increased in 

the EVC eyes injected with AAV2-POLG compared to those injected with AAV2-GFP (Fig. 

5B).

POLG is the only DNA polymerase found in the mitochondria that mediates DNA 

replication and repair. To test whether the over-expressed POLG was functional in reducing 

mtDNA alterations, we assayed the mtDNA damage and mutation rate in the RGCs of EVC 

eyes. The mtDNA damage (indicated by the ratio of 13.4 kb/210 bp fragments) was reduced 

by 13.04% and 43.5% (p< 0.05) at 6 weeks and 6 months, respectively, comparing AAV2-

POLG expressed in EVC eyes versus control AAV2-GFP expression (Fig. 5C). Next, using 

the random mutation capture assay, the mutation rates at either the 1,427 or 8,335 site of the 

mitochondrial genome were measured (Fig. 5D), and AAV2-POLG injections reduced these 

mutation rates compared to control AAV2-GFP injections.

Further, POLG overexpression (compared to control GFP expression) significantly 

improved the mitochondrial complex I and III activities in the RGCs from the EVC eyes 

(Fig. 5E, F). Although the mtDNA alterations and complex activities in the EVC eyes with 

AAV2-POLG were lower than those of eyes that were not cauterized throughout the 

experiment, the POLG-treated EVC eyes were markedly more normal than the EVC eyes 

without POLG treatment (Figs. 5C, D, E and F). These findings suggest that overexpression 

of POLG itself could partially, but not completely, reduce mitochondrial disorders caused by 

IOP elevation.

Next, we investigated RGC survival in the EVC eyes after POLG overexpression. As shown 

in Figure 5G, the numbers of DiI-labeled RGCs in the EVC eyes with AAV2-POLG were 

9.5% ± 0.86%, 15% ± 2.58%, and 25.5 ± 4.23% (p < 0.05 for each) higher than those in the 

EVC eyes with AAV2-GFP at 6 weeks, 4 months and 6 months, respectively. Toluidine blue 

staining showed that the amount of stained axons in the optic nerve was 40% (p < 0.05) 

greater at 6 months in the EVC eyes treated with AAV2-POLG compared to those treated 

with AAV2-GFP (Fig. 5H). These results indicated that the prevention of mtDNA 

alterations substantially improved RGC and axon survival in the EVC eyes, especially in the 

period when IOP had returned to the normal level (6 weeks to 6 months after EVC).
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RGC susceptibility to apoptosis

We hypothesized that RGCs bearing more mtDNA sequence alterations are more vulnerable 

to stresses caused by elevated IOP. To test this hypothesis, we reduced the POLG levels in 

RGC mitochondria and assessed whether these RGCs were more or less sensitive to IOP 

changes than RGCs with normal levels of POLG. We employed RNAi targeting POLG 

expression using AAV2-shPOLG vectors that were intravitreally injected. To lower the 

POLG mRNA levels, we tested three shRNA variants and found that shPOLG-3 produced a 

robust knockdown effect on POLG mRNA expression relative to that of a control sequence, 

shCTL, in AAV-293 cells by real-time PCR and western blotting (data not shown). Next, we 

generated a recombinant AAV-mediated RNAi construct with shPOLG-3 (AAV2-shPOLG) 

for in the vivo study. The AAV2-shPOLG vector contains mouse U6 promoter-driven 

shPOLG (or shCTL for AAV2-shCTL, a non-specific RNAi vector that serves as a negative 

control) and CMV promoter-driven GFP. AAV2-shPOLG or AAV2-shCTL was 

intravitreally injected into the eyes of normal 8-week-old Wistar rats. We observed that 

AAV2-shPOLG significantly inhibited POLG expression in the mitochondria of isolated 

RGCs (Fig. 6A). Immunofluorescence staining of POLG in the retina provided confirmation 

of this knockdown (Fig. 6A). We further measured the incidence of mtDNA abnormalities in 

RGCs induced by the knockdown of POLG in vivo. As shown in Figure 6B, the frequency 

of mtDNA mutations in RGCs from AAV2-shPOLG-injected eyes increased 11.3-fold at 12 

months compared with RGCs from AAV2-shCTL-injected eyes or age-matched normal 

(untreated) rats. These knockdown results are consistent with a previous report regarding 

POLG knockout mice (Kong et al., 2011; Kujoth et al., 2005; Trifunovic et al., 2004), 

though the mechanisms of mtDNA mutation induction are not completely the same. The 

increase in mtDNA damage was assayed by the ratios of long to short mtDNA fragments 

using LX-PCR (Fig. 6C). We also measured the ROS levels and found no significant 

differences in RGCs isolated from AAV2-shPOLG-injected eyes and AAV2-shCTL-

injected eyes (Fig. 6D), consistent with previous reports of ROS levels in POLG mutant 

mice (Kujoth et al., 2005; Trifunovic et al., 2005; Kong et al., 2011). Western blotting 

showed that ND5, ND6 and CytB decreased in the RGCs from AAV2-shPOLG-injected 

eyes compared to the controls, while ND4 remained undetectable changed (suppl Fig. 3B), 

which is consistent with results from the glaucomatous rat model. The mRNA expression of 

ND5, ND6 and CytB also significant decreased (p<0.05) in the AAV2-shPOLG-injected 

eyes (suppl Fig. 3A), suggesting that mtDNA alterations could lead to the decline of the 

complex subunits ND5, ND6, and CytB.

Elevations in IOP and glutamate are the two common insults of the glaucomatous retina 

(Almasieh et al., 2012; Pascale et al., 2012). Accordingly, we applied each insult to the rat 

model 12 months after intravitreal injection of AAV2-shPOLG to assess whether RGCs with 

increased mtDNA alterations were more susceptible to these secondary insults. IOP 

elevation was induced by EVC, and glutamate was administered by intravitreal injection. At 

1 week after the insults, the RGC layer of the AAV2-shPOLG eyes displayed increased 

apoptosis compared with the AAV2-shCTL eyes, as assessed by a TUNEL assay (Fig. 6E, 

two lower panels, Fig. 6F). In addition, we observed greater apoptosis in the RGC layer of 

AAV2-shPOLG eyes compared with the AAV2-shCTL eyes in the absence of any 

secondary insults (Fig. 6E, upper panel, Fig. 6F). Quantitative analysis of RGC survival 
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using retrograde DiI-labeling consistently confirmed that the RGC counts were decreased by 

19.9% (p<0.05), 18.4% (p<0.05), and 16.1% (p<0.05) in the eyes treated with AAV2-

shPOLG alone, AAV2-shPOLG and EVC, and AAV2-shPOLG and glutamate relative to the 

eyes treated with AAV2-shCTL alone, AAV2-shCTL and EVC, and AAV2-shCTL and 

glutamate, respectively (Fig. 6H).

In the mitochondrial apoptosis pathway, mitochondrial dysfunction can lead to 

mitochondrial outer membrane permeabilization and cytochrome c release into the cytosol to 

activate caspase-3, a key effector protease, by proteolytic cleavage (Green and Kroemer, 

2004; Hengartner, 2000). Therefore, we evaluated whether an increased level of cleaved 

caspase-3 is a feature of RGC apoptosis that is triggered by mtDNA alterations. Cleaved 

caspase-3 levels were increased by 11.3%, 20.3%, and 22.6% in the cytosolic fractions of 

RGCs from eyes treated with AAV2-shPOLG, AAV2-shPOLG and EVC, and AAV2-

shPOLG and glutamate, respectively, compared with the corresponding controls (Fig. 6G). 

Together, these findings strongly suggest that the accumulation of mtDNA alterations not 

only increases the vulnerability of RGCs to secondary insults but also promotes apoptosis.

Discussion

Our data reveal several interesting features of the mechanisms underlying the progressive 

RGC loss associated with glaucoma.

First, we provided evidence that progressive RGC death occurred after the elevated IOP 

returned to normal in a rat glaucomatous model. We found that several mitochondrial 

problems progressively worsened after the IOP was elevated and then returned back to 

normal. This progression proceeded as follows: a) the mtDNA mutation rates were elevated, 

and damage continued to accumulate; b) the mitochondrial functions worsened; and c) the 

mitochondrial repair and replication systems were irreversibly impaired. These mechanisms 

all occur and continue well after the IOP had returned to normal for an extended period of 

time.

Second, we proved that the prevention of mtDNA alterations by POLG overexpression 

improves RGC survival after IOP elevation.

Third, we demonstrated that more mtDNA alterations promote RGC death and increase the 

susceptibility of RGCs to apoptosis following a secondary IOP elevation or a glutamate 

insult in vivo. Together, these results strongly suggest that the accumulated mtDNA 

alterations caused by IOP elevation are important factors in the progressive loss of RGCs 

and their axons in glaucoma.

RGC loss after transiently high IOP

The pattern of RGC loss after the return of IOP to normal levels has not been previously 

studied. Most studies have focused directly on the effects of sustained, elevated IOP on the 

loss of RGCs or their axons (Danias et al., 2006; Laquis et al., 1998; Mittag et al., 2000; Wu 

et al., 2010). Here, we provide experimental evidence that the progressive loss of RGCs 

occurs not only during elevated IOP but also 4.5 months after the return of IOP to normal 
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levels. In the future, it will be important to study whether the duration of the IOP elevation 

influences the progressive loss of RGCs once IOP returns to normal.

mtDNA alterations and progressive loss of RGCs

Somatic mutations in mtDNA play a key role in the selective neuronal loss associated with 

neurodegeneration (Beal, 2005; Lu et al., 2004; Melov, 2004; Reeve et al., 2013; Schon et 

al., 2012), and the damage is postulated to contribute to chronic eye disease (e.g., age-

related macular degeneration and diabetic neuropathy) and retinal aging (Barron et al., 2001; 

Jarrett et al., 2008; Kong et al., 2011; Wang et al., 2010). Proximity to the electron transport 

chain and a lack of DNA protection by histones increase the vulnerability of mtDNA to 

damage compared to that of nDNA (Mambo et al., 2003). Several groups have demonstrated 

that the levels of oxidized bases are 3-10-fold higher in mtDNA than in nDNA 

(Szczepanowska et al., 2012; Yakes and Van Houten, 1997). To date, more than 270 

pathogenic mtDNA mutations have been documented (Schon et al., 2012). mtDNA damage 

resulting from a short-duration insult can ultimately be repaired; however, a longer-duration 

insult leads to persistent damage, which can lead to apoptosis (Madsen-Bouterse et al., 2010; 

Yakes and Van Houten, 1997). The present study demonstrates that mtDNA damage and 

mutation continue, even after IOP has returned to normal levels (Figs 2A, C, and D), 

suggesting a prominent role for mtDNA alterations in the progression of glaucoma.

The base excision repair (BER) pathway is one of the most frequently employed pathways 

for mtDNA damage repair (Bohr and Anson, 1999; LeDoux and Wilson, 2001). The DNA 

glycosylases OGG1 and MYH perform critical roles in the BER pathway by recognizing and 

excising damaged or inappropriate bases. OGG1 and MYH each recognize an individual 

alteration in damaged DNA and do not require cofactors for their activity (Hegde et al., 

2008; Schärer and Jiricny, 2001). POLG is one of the essential components of the BER 

pathway, in which DNA polymerization by POLG is a key step for the repair of mtDNA 

lesions (Graziewicz et al. , 2006; Chen et al. , 2002). POLG is also the rate-limiting enzyme 

in BER, and its inactivation or reduction likely increases the buildup of cytotoxic BER 

pathway intermediates, including single-strand breaks (Liu and Demple, 2010). Retinal 

aging is associated with a reduction in mtDNA repair enzymes, such as OGG1 and MYH 

(Wang et al., 2010). Our results demonstrate that the protein levels of OGG1, MYH, and 

POLG are significantly decreased in the mitochondria of RGCs when IOP is elevated and 

after it has returned to normal (Fig. 3B, C). Regarding the changes in which POLG mRNA 

increases at 1 week and then declines at 6 weeks after high IOP, possible mediating factors 

may include the compensation of POLG for enhancing the replication capacity induced by 

the decreasing mtDNA numbers 1 week after EVC stress. However, the exact mechanism 

underlying the changes in the POLG level remains unclear and requires further 

investigation. Moreover, we observed a disparity between increased OGG1 and MYH 

mRNA and decreased protein expression, consistent with a previous report for diabetic 

retinopathy (Madsen-Bouterse et al., 2010). This disparity suggests that although 

mitochondria attempt to initiate mtDNA repair mechanisms by upregulating the gene 

expression of nuclear-encoded OGG1 and MYH to counteract the IOP elevation insult, their 

protein levels in the mitochondria remain irreversibly deficient, even after the IOP returns to 

normal levels (Fig. 3C). This disparity might be correlated with an abnormal mitochondrial 
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membrane potential (Δψm) because the membrane potential is crucial for protein import into 

mitochondria (Szczepanowska et al., 2012). Our unpublished data indicating that Δψm is 

impaired under high pressure in vitro support this explanation, but the precise mechanism 

requires further investigation. Together, these observations suggest that a reduction in 

mtDNA repair and replication capacity contributes to the accumulation of mtDNA 

alterations.

The mitochondrial genome (Anderson et al., 1981) encodes 13 polypeptides that constitute 

key components of the electron transport chain complexes and are crucial for oxidative 

phosphorylation (Wallace, 1999). mtDNA alterations have been suggested to ultimately 

cause a bioenergetic deficit, typically with a reduction in complex activity, a reduction in 

ATP generation, and an increase in the generation of ROS in the affected cell (Schon et al., 

2012; Szczepanowska et al., 2012). We observed a gradual decrease in complex I and III 

activity in the RGCs, even after the IOP returned to normal levels. These complexes were 

deemed representative of the electron transport chain in this study because complex I 

deficiency is the most common respiratory chain defect (DiMauro and Schon, 2003) and 

mtDNA-encoded protein cytochrome b is essential for the formation and activity of complex 

III (Rana et al., 2000). Furthermore, complexes I and III are the major sites of ROS 

generation (Chen et al., 2003), and the changing patterns of complex III activity matches 

that of axon loss after IOP elevation, suggesting that (1) axon degeneration after EVC-

induced high IOP is closely related to mitochondrial dysfunction, in light of the sufficient 

number of mitochondria in the axons; and (2) complex III activity may play a crucial role in 

the mitochondrial dysfunction of the axons in the EVC-induced glaucomatous model. We 

observed that ATP production increased immediately after IOP elevation and decreased 

gradually to below normal levels, even though the IOP returned to normal. These results 

suggest a compensatory capacity of oxidative phosphorylation and an attempt to repair cell 

injury at the beginning of the insult. Interestingly, our results (Fig. 4E) indicated a second 

increase in ROS levels when the IOP returned to normal, resulting in a secondary insult to 

mtDNA. In short, continued mtDNA alterations may result in a perpetual loop: accumulated 

mtDNA damage and mutations impair mitochondrial function, ROS generation is increased, 

and ROS induce further mtDNA damage in RGCs.

In this study, we provide evidence that the prevention of mtDNA damage and mutations 

improves RGC survival after IOP elevation. However, we noted that the RGC survival rate 

did not reach normal levels, even when mitochondrial pathology was largely prevented. 

There are two possible reasons. (1). POLG is only one of multiple enzymes involved in 

mtDNA alterations after high IOP; therefore, mtDNA damage induced by IOP elevation 

could not be fully prevented by POLG itself. (2). Factors (including activated microglia) 

other than mtDNA damage may also contribute to persistent RGC loss.

In addition, we found that overexpression of POLG did not reduce mtDNA alterations 

remarkably before 4 months (especially before 6 weeks) after EVC, as shown in Fig. 5. This 

result could be explained as follows. During high IOP in the first 6 weeks, multiple 

detrimental factors, such as mechanical pressure, ischemia and reperfusion, could work 

together, contributing to mtDNA mutations and damage. Therefore, there was no obvious 

effect on the prevention of mtDNA alterations by only increasing POLG expression. 
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However, when the IOP returned to normal levels in the ensuing months, many factors 

caused by high pressure were gradually alleviated, while POLG expression appeared to 

become increasingly lower with time (as shown in Fig. 3A and 3B), thus playing a greater 

role in mtDNA mutations and damage. Accordingly, the overexpression of POLG can 

significantly decrease mtDNA alterations during this period.

mtDNA alterations result in RGC apoptosis and vulnerability to secondary insults

To examine the hypothesis that more mtDNA alterations lead to RGC apoptosis, we 

transduced RGCs in vivo with a knockdown vector, AAV-shPOLG, which reduced POLG 

expression, and then induced mtDNA alterations by blocking mtDNA replication/repair. A 

systemic POLG mutant mouse exhibits mtDNA mutations in many organs, including the 

brain, liver, heart, and retina (Kong et al., 2011; Kujoth et al., 2005; Trifunovic et al., 2005; 

Trifunovic et al., 2004). The present study shows that the intravitreal injection of AAV-

shPOLG allows more mtDNA mutations and damage to RGCs. RGCs with increased levels 

of mtDNA abnormalities were more prone than control RGCs (AAV2-shCTL-injected eye) 

to apoptosis. Increased levels of ROS were not observed in the RGCs with increased 

mtDNA alterations, suggesting that increased mtDNA mutations and damage lead to RGC 

apoptosis by mechanisms other than increased oxidative stress. The absence of marked 

oxidative stress is consistent with previous reports in mice with POLG mutations 

(Trifunovic et al., 2005).

Importantly, we found that RGCs with increased mtDNA alterations were significantly more 

vulnerable to a secondary IOP elevation or glutamate insult compared with the control group 

(Figs. 6F, G, and H). These results imply that fluctuations in the IOP and in glutamate after 

the first insult exert a greater effect on RGCs during the course of glaucomatous neuropathy.

Conclusions

Our study uncovered a new mechanism underlying the progressive loss of RGCs in 

glaucoma: mtDNA damage and mutations, reduced mtDNA repair enzyme capacity, 

bioenergetic dysfunction and accordingly increased ROS generation establish a positive 

feedback cycle. The cycle leads to cumulative and irreversible mtDNA alterations that 

ultimately contribute to the progressive loss of RGCs, even after the IOP is adequately 

controlled. Our work points to therapeutic approaches that target mitochondria and promote 

energy production to protect RGCs in glaucoma, regardless of etiology.
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Abbreviations

mtDNA mitochondrial DNA

POLG DNA polymerase gamma

OGG1 8-oxoguanine DNA glycosylase

MYH DNA glycosylase MutY homolog

ND4 NADH dehydrogenase subunit 4

ND5 NADH dehydrogenase subunit 5

ND6 NADH dehydrogenase subunit 6

cytB cytochrome b

MAPR mitochondrial ATP production rate

ROS reactive oxygen species

EVC episcleral vein cauterization

shRNAs short-hairpin RNAs

PCR polymerase chain reaction

LX-PCR long-extension PCR

FG Fluoro-Gold

DPBS Dulbecco's phosphate-buffered saline

BSA bovine serum albumin

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling
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Highlights

1. Progressive RGC loss after transiently high intraocular pressure (IOP)

2. Cumulative mtDNA damage and mutations occurs in RGCs after IOP elevation

3. mtDNA damage and mutations result in RGC apoptosis

4. mtDNA alterations increase the vulnerability of RGC to high IOP and glutamate 

level

5. Preventing mtDNA alterations improves RGC survival in glaucomatous rat 

model
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Fig. 1. 
EVC-induced IOP elevation leads to a progressive loss of RGCs and their axons, even after 

the IOP has returned to normal levels. A, Time course of IOP after EVC (n=40/time point). 

IOP elevation was observed at 1 day and was sustained for 6 weeks after EVC treatment. B, 

Representative photographs of FG-labeled RGCs in flat-mounted retinas (top panels, scale 

bar, 100 μm) and toluidine blue staining of optic nerve cross-sections (bottom panels, scale 

bar, 100 μm). C, D, Quantitation of FG-labeled RGCs (C) and axons in the optic nerve (D) 

in EVC-treated eyes during IOP elevation and after return of the IOP to normal levels (n=8/

time point). The values are the means ± SEMs. *p<0.05 and ** p<0.01 compared with the 

contralateral sham operation control eye. EVC: episcleral vein cauterization. w: week, mo: 

month.
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Fig. 2. 
The mtDNA changed following IOP elevation. A, mtDNA damage, which was evaluated by 

the ratio of 13.4-kb and 210-bp using LX-PCR, increased after EVC. The PCR products 

were analyzed by electrophoresis in an agarose gel (right panel), and the ratios of the long/

short amplicons were calculated (left panel). B, The ratios of the long/short amplicons 

demonstrating no significant nDNA damage after high IOP. C, D, Quantification of the 

point mutation frequency per base pair at 1,427 (C) and 8,335 (D) sites by the random 

mutation capture assay. E, Quantitative analysis of mtDNA copy number per nuclear 

genome. n=24/time point/group. The values are the means ± SEMs. *p<0.05, ** p<0.01 

compared with the contralateral sham-operated control. EVC: episcleral vein cauterization. 

Ctrl: contralateral sham operation control.
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Figure 3. 
Dynamic profile of the expression of mtDNA repair/replication enzymes in the RGCs of 

EVC eyes. A, Real-time PCR analysis of the gene expression of OGG1, MYH, and POLG in 

isolated RGCs. The fold change relative to contralateral sham operation controls was 

calculated using the ΔΔCt method. B, Western blotting analysis showing that the protein 

expression of OGG1, MYH, and POLG in the mitochondria of RGCs decreased after high 

IOP. CoxIV was used as an internal reference. The data are expressed as normalized ratios 

(Ctrl = 1). C, Western blots demonstrating the disparity in OGG1 and MYH protein 

expression in the mitochondria and in the nucleus 6 months after EVC. For each, the values 

are the means ± SEMs (n=22–24 retinas/group). *p<0.05, **p<0.01 compared with the 

contralateral sham operation control. mito: mitochondria. w: week, mo: month.
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Fig. 4. 
Accelerated mitochondrial dysfunction in the RGCs of EVC eyes, even after the reversal of 

IOP elevation. A, B, Complex I and III activities in the mitochondria of isolated RGCs 

decreased after EVC by measuring the consumption of NADH at 340 nm for complex I (A) 

and the reduction of cytochrome C at 550 nm for complex III (B). Values for the 

mitochondria of RGCs from the contralateral sham-operated control were set at 100%. C, 

Quantitative analysis of the mtDNA-encoded proteins ND4, ND5, ND6 and cytochrome b 

by western blot. CoxIV was used as a control. The value is the 6 month/0 day band density 

ratio. D, The ATP production rate in mitochondria isolated from RGCs was analyzed using a 

luciferase-based assay. E, The ROS concentrations in the RGCs were measured with the dye 

DCFH-DA. The values are the means ± SEMs. *p<0.05, ** p<0.01 compared to the 

contralateral sham operation control. RGCs isolated from 7-8 retinas were pooled to obtain 1 

sample, and 3 samples (n=21–24) were used for each time point per group.
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Fig. 5. 
Intravitreal injection of AAV2-POLG prevented mtDNA alterations and promoted RGC 

survival in the rat glaucomatous model. A, POLG mRNA levels in the isolated RGCs were 

quantified by real-time PCR at 0 days, 2 weeks, 6 weeks, 4 months, and 6 months after EVC 

with AAV2-POLG/GFP. The fold change relative to normal age-matched controls was 

calculated using the ΔΔCt method. B, The mitochondrial protein levels of POLG in the 

RGCs were detected by western blot at different time points after EVC with AAV2-POLG/

GFP. CoxIV was used as an internal reference. C, The mitochondrial DNA damage in the 
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isolated RGCs was determined by LX-PCR after EVC with AAV2-POLG/GFP. D, The 

random mutation capture assay revealed that the point mutation frequency in mtDNA 

decreased at either position 1,427 or 8,335 of the mitochondrial genome after EVC with 

AAV2-POLG/GFP. E, F, The measurement of complex I (E) and III (F) activities in 

mitochondria isolated from RGCs at different times after EVC with AAV2-POLG/GFP. G, 

H, Quantitation of DiI-labeled RGCs (G) and toluidine blue-stained axons (H) showed that 

RGCs and their axon survival increased in EVC-treated eyes with AAV2-POLG compared 

to those with AAV2-GFP. n=24 retinas/time point/group (A, B, C, D). n=21–23/ time point/

group (E, F). n=6/ time point/group (G, H).

For each, the values are the means ± SEMs. *p<0.05, ** p<0.01 and ***p<0.001 compared 

with the EVC-treated eyes with AAV2-GFP. normal: age-matched normal control. EVC: 

episcleral vein cauterization. w: week, mo: month.
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Fig. 6. 
RGCs with increased mtDNA damage and mutations are not only prone to apoptosis but 

also have an increased vulnerability to IOP or glutamate challenge. A, Western blot analysis 

of POLG expression in the mitochondria of RGCs after AAV-shPOLG treatment (upper 

panel). Immunofluorescence staining showed POLG expression increased at 1 year after 

intravitreal injection of AAV2-shPOLG (lower panel). Red: POLG; blue: DAPI. Scale bar: 

50 μm. B, C, Quantitative analysis of mtDNA mutations at position 8,335 of mtDNA (B) 

and damage (C) in RGCs after intravitreal injection of AAV-shPOLG using random 
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mutation capture assay and LX-PCR, respectively. D, The ROS levels in isolated RGCs 

were determined using DCFH-DA dye. The values are expressed as percentages, with the 

values of the age-matched controls set at 100%. E, A TUNEL assay was used with in situ 

retinas to detect apoptotic cell death. Representative microscopic images showing TUNEL-

positive cells in the retinas treated with AAV2-shPOLG alone; AAV2-shPOLG and EVC/

glutamate; AAV2-shCTL alone; and AAV2-shCTL and EVC/glutamate. Red: TUNEL 

positive; blue: DAPI. Scale bars, 100 μm. F, Quantitative analysis of RGC apoptosis 

determined by TUNEL assay. The data are expressed as apoptotic cell counts. G, 

Determination of caspase-3 activation using an antibody to cleaved caspase-3 by western 

blot. The values were expressed as arbitrary OD units per unit area (OD/mm2) using ImageJ 

software. H, Quantitation of DiI-labeled RGCs in age-matched controls and those treated 

with AAV2-shPOLG alone; AAV2-shPOLG and EVC/glutamate; AAV2-shCTL alone; and 

AAV2-shCTL and EVC/glutamate. The data are presented as percentages, with the values 

from the age-matched controls set at 100%. All values in these figures are presented as the 

means ± SEMs, *p<0.05, ** p<0.01 (n=18–21 retinas/time point/group). EVC: episcleral 

vein cauterization. GLU: glutamate.
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