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Abstract: Purpose: This study aimed to determine whether chronic intraocular pressure (IOP) elevation induces 
retinal oxidative stress and alters mitochondrial morphology and function of retinal ganglion cells (RGC) and to ex-
plore the effects of AAV-SOD2 gene therapy on the RGC survival and mitochondrial dysfunction. Methods: Chronic 
experimental glaucoma was induced unilaterally in adult male Sprague-Dawley rats by laser burns at trabecular 
meshwork and episcleral veins 2 times with an interval of one week. One eye of each rat was intravitreally pre-
treated with recombinant adeno-associated virus expressing SOD2 (AAV-SOD2) or recombinant AAV expressing GFP 
(AAV-GFP) 21 days before glaucoma induction. RGCs counting, morphometric analysis of retina and optic nerve, 
and detection of activities of retinal SOD2 and catalase, MDA, mitochondrial morphology, mitochondrial dynamin 
protein OPA1 and DRP-1 expressions were conducted at 4, 8, 12 and 24 weeks. Results: Severe RGC loss, degen-
eration of optic nerve, reduced thickness of RGC layer and nerve fiber layer, significant decrease in total SOD and 
catalase activities, mitochondrial dysfunction and increased MDA were observed at 4, 8, 12 and 24 weeks after 
glaucoma. Pretreatment with AAV-SOD2 significantly reduced MDA and attenuated the damage to RGCs through a 
mitochondria-related pathway. Conclusion: AAV mediated pre-treatment with SOD2 is able to attenuate oxidative 
stress and improve mitochondrial dysfunction of RGC and optic nerve secondary to glaucoma. Thus, SOD2 may be 
used to prevent the retinal RGCs from glaucoma, which provides a promising strategy for glaucoma therapy.
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Introduction

Glaucoma, a chronic and progressive disease, 
is the second leading cause of blindness world 
wide. Primary open-angle glaucoma (POAG) is 
the most common type of glaucoma [1-4]. 
Elevated intraocular pressure (IOP) is thought 
to be one of the most important risk factors of 
glaucoma [5-8]. It has been widely demonstrat-
ed that retinal ganglion cells (RGCs) are selec-
tively affected during glaucoma [5, 9, 10]. High 
IOP will cause RGCs death. However, the pre-
cise mechanisms of RGCs death are still 
unknown. Growing evidence indicates that oxi-
dative stress is one of the major events trigger-
ing neuronal death in glaucoma [11-13].

Retina, which is different from most parts of 
nervous system, is vulnerable to potentially ele-
vated oxidative stress due to light exposure [8, 
13, 14]. RGCs, the neurons in the retina, receive 
visual signals from photoreceptors, bipolar and 
amacrine cells, and transmit the information to 
the brain. RGCs have a high energy requirement 
and depend on mitochondria for their survival 
and functions [15]. In healthy cells, mitochon-
dria are autonomous and morphologically dy- 
namic organelles that structurally reflect a pre-
cise balance between ongoing fusion and fis-
sion within a cell [16]. This balance is regulated 
by a family of dynamin-related GTPases which 
exert opposite effects. Optic atrophy type 1 
(OPA1) is related to mitochondrial fusion, and 
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dynamin-related protein-1 (Drp-1) regulates 
mitochondrial fission [17, 18]. Mitochondrial fis-
sion and fusion have become a focus in recent 
years due to their involvement in apoptosis 
[19]. However, the specific functions of these 
proteins in retinal cells remain unknown [20, 
21]. 

Our previous study [22, 23] suggested that 
ischemia/reperfusion-induced oxidative stress 
accelerated the loss of RGCs and reduced the 
inner plexiform layer (IPL) thickness and man-
ganese superoxide dismutase (SOD2) activity. 
Moreover, administration of AAV-SOD2 signifi-
cantly reduced superoxide ion, malondialde-
hyde (MDA), 8-hydroxy-2’-deoxyguanosine (8- 
OHdG) and nitrotyrosine and attenuated the 
damage to RGCs and IPL. However, whether 
IOP elevation triggers mitochondrial dysfunc-
tion and oxidative stress and alters the balance 
between ongoing fusion and fission is still 
unknown [24-26]. In previous study, acute IOP 
elevation was induced in a majority of animal 
models, and the trabecular meshwork (TM) 
instead of retina is usually investigated [20, 21, 
26-29].

The study was undertaken to analyze the rela-
tionship between oxidative activity and mito-
chondrial dysfunction after chronic IOP eleva-
tion (4-24 weeks), and investigate whether the 
changes in OPA1 and Drp-1 trigger RGC apopto-
sis, and the protective effects of antioxidant 
AAV-SOD2. 

Materials and methods

Animals

Adult male Sprague-Dawley rats (160-200 g) 
were purchased from the Laboratory Animal 
Center of the Second Xiangya Hospital, Central 
South University, Changsha, China. Animals 
were maintained in temperature-controlled 
rooms with 12-h light/12-h dark cycle and given 
ad libitum access to food and water. The study 
was approved by the Institutional Animal Care 
and Use Committee at Central South University, 
and all the procedures were conducted in 
accordance with the principles described in the 
ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research. At the end of 
study, animals were killed by overdoses of ket-
amine and xylazine (14 and 30 mg/kg, respec-
tively). All the animals were randomly assigned 
to control group, laser group and AAV-SOD2 
group.

Establishment of chronic IOP elevation model

IOP elevation was induced by laser burns at the 
trabecular meshwork and episcleral veins as 
previously described with modification [30]. 
Burns were conducted twice with an interval of 
1 week to induce the chronic IOP elevation. 
Briefly, animals were anesthetized with intra-
perioneal ketamine (50 mg/kg) and xylazine (5 
mg/kg), the laser treatment was conducted at 
0.4 W for 0.7 s. The Trabecular Meshwork (TM) 
was burned at about 60 to 80 sites, and epi-
scleral veins at about 15 to 20 sites. The laser 
beam was delivered with a slit lamp system in  
a sharp angle to the TM without additional 
lenses. 

The tonometer was used to measure the IOP  
of both eyes before and after laser treatment 
once every 3-4 days in the first 2 weeks and 
once weekly thereafter under topical anesthe-
sia with 0.5% proparacaine hydrochloride eye-
drops. Five measurements were obtained in 
each eye and the mean was calculated. 

Administration of recombinant adeno-associ-
ated virus mediated manganese superoxide 
dismutase (SOD2)  

The recombinant adeno-associated virus (AAV) 
vector backbone pTR-UF11 was used to accept 
the SOD2 cDNA. Gene expression was driven 
by the hybrid cytomegalovirus and chicken 
β-actin proximal promoter. The resultant pTR-
SOD2 plasmids were amplified, then purified 
and packaged as AAV serotype 2 vector [31]. 
The resultant AAV-packaged SOD2 and human-
ized GFP control viruses were assayed. Each 
virus preparation contained approximately 1012 
copies/ml. AAV-SOD2 was a gift from Dr. Alfred 
S. Lewin, (Department of Ophthalmology, Uni- 
versity of Florida, USA) [31, 32].

Two microliters of AAV-SOD2 or AAV-GFP was 
injected in one eye of each animal in the vitre-
ous cavity 21 days before the induction of 
chronic IOP elevation. Animals were sacrificed 
and tissues were collected at 4, 8, 12 and 24 
weeks after the induction of chronic IOP ele- 
vation. 

Morphologic and morphometric analyses 

The eyes were collected, fixed in 4% parafor-
maldehyde for 12 h, washed with PBS and 
embedded in paraffin. Six paraffin-embedded 
sections (thickness, 4 μm) obtained through 



SOD gene therapy protects the retinal ganglion cells

801 Am J Transl Res 2016;8(2):799-810

the optic disc of each eye were prepared in a 
standard manner, and stained with hematoxy-
lin and eosin. Retinal damage was evaluated as 
described previously [33] with three sections 
from each eye being used for the morphometric 
analysis. Images were captured under a light 
microscope, and the thickness of IPL was mea-
sured by an investigator who was blind to the 
grouping (WM, Jiang). Data from three sections 
(selected randomly from six sections) were 
averaged for each eye, and these were used to 
evaluate RGCs numbers and NCL thickness. 

The whole retina was separated and subjected 
to immunohistochemistry for Brn-3b, and the 
Brn-3b positive RGCs were counted according 
to previously described [34]. Briefly, eyes were 
harvested from euthanized SD rats and dis-
sected free from cornea, iris and lens. The vit-
reous was removed from the retina. Retinas 
were fixed in 4% paraformaldehyde for 30 min 
at room temperature, then put into a 24-well 
plate (Costar, Corning, NY, USA) and washed 
with PBS. Subsequently, the retinas were incu-
bated in 30% sucrose at 4°C overnight, and 
then in 0.3% Triton X-100 (X-100-PC Sigma) in 
PBS for 30 min, followed by washing thrice with 
PBS. Non-specific binding was blocked by incu-
bating the retinas with 10% normal donkey 
serum (Jackson Immunoresearch) in 0.01 M 
PBS at 4°C overnight. Retinas were incubated 
with goat anti-mouse Brn3b (1:100; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) in 10% 
normal donkey serum at 4°C for 7 days. After 
washing thrice with PBS, the retinas were then 
incubated with donkey anti-goat IgG conjugat-
ed to Dylight 594 (1:200; Jackson Immuno- 
research laboratories) in 10% normal donkey 
serum at 4°C overnight, followed by washing 
thrice with PBS and incubation with 1 μg/ml 
DAPI for 10 min. The residual DAPI was removed 
by washing thrice in PBS. The retinas were flat-
tened on microscope slides and cut into four 
parts. The slides were mounted using an anti-
fade kit and coverslipped.

A total of 12 images were captured at the cen-
ter and peripheral retina around the optic nerve 
for each retina, and the halfway between the 
optic nerve head and the outer periphery was 
defined as mid periphery, which means retina is 
divided into 12 equal pieces, and each piece is 
30 degrees [34]. Each 20× image captured 
0.233 mm2 of inner retinal surface area. A total 

of 12 images were captured, and the whole reti-
nal area was 0.233×12 = 2.796 mm2. Image-J 
was used to count the cells. The mean density 
of Brn3b positive cells in this area was calcu-
lated by dividing the whole number of RGC by 
2.796. 

Detection of total SOD, SOD2 and catalase 
activities and MDA content

The kits used for the detections of superoxide 
dismutase (SOD) and catalase activities (CAT) 
and MDA contents were purchased from Nan- 
jing Jiancheng Bioengineering Institute (Jiangsu 
Province, China) [35]. The retina samples were 
homogenized in 0.9% saline on ice (1:10). The 
supernatant was used for biochemical analy-
ses. The protein concentration of the superna-
tant was determined by the bicinchoninic acid 
assay (BCA assay, Nanjing Jiancheng Bioen- 
gineering Institute). Following methods were 
used for the detections [17]: The total SOD 
activity was detected using a xanthine and xan-
thine oxidase system to produce superoxide. 
The superoxide oxidizes hydroxylamine to ni- 
trite, forming carmine agent. The absorbance 
of resultant mixture was measured with a spec-
trophotometer (Beckman DU 65; Beckman 
instruments, USA) at 450 nm, and the total 
SOD activity was expressed as units/mg pro-
tein (U/mgprot). Catalase activity was assessed 
by analyzing the rate at which it caused the 
decomposition of H2O2 at 240 nm [36] and is 
expressed as units/mg protein (U/mgprot). 
MDA content in the homogenates was deter-
mined based on thiobarbituric acid (TBA) reac-
tivity [37]. Briefly, the homogenate was mixed 
with trichloroacetic acid followed by centrifuga-
tion. The supernatant was obtained, and TBA 
was added. The absorbance of resultant mix-
ture was measured at 532 nm. MDA content 
was also normalized against protein (pmol/mg). 

Detection of SOD2, OPA1 and Drp1 expres-
sions

Western blot analysis: Total protein was extract-
ed using the method described previously [22]. 
Briefly, retinas were homogenized in loading 
buffer, and the supernatant was collected after 
centrifugation. Each sample (20 μg) was sepa-
rated by PAGE and electrotransferred to nitro-
cellulose membranes. The membrane was 
blocked with 5% non-fat milk and 0.05% Tween-
20 in PBS, incubated with monoclonal mouse 
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anti-OPA1 antibody (1:1000, BD Transduction 
Laboratories), polyclonal rabbit anti-Drp1 anti-
body (1:1000, Santa Cruse biotechnology), mo- 
noclonal mouse anti-SOD-2 antibody (1:1000, 
Abcam, Cambridge, UK), or rabbit polyclonal 
alpha-Tubulin antibody as loading control 
(1:2000, Sigma, St. Louis, MO).

Quantitative real-time RT-PCR: Retinal tissues 
were dissected immediately after the rats were 
sacrificed, freshly frozen in liquid nitrogen and 
stored at -80°C until analysis. RNeasy Mini kit 
(Qiagen) was used to isolate RNA from the reti-
na at different time points after laser burns. 
Expression was normalized to that of the 

housekeeping gene ACTB. The primers used for 
RT-PCR were as follows: OPA1 Forward 5’-TCT- 
GAGCTGGAGTGCAACGA-3’; Reverse 5’-GCGTG- 
TTGGCAGTGATAGCG-3’. Drp1 Forward 5’-TGCC- 
CGAGAACAGCGAGATT-3’; Reverse 5’-GCCTTTG- 
GGACGCTGTCTTG-3’. SOD2 Forward 5’-TTGGC- 
TTCAATAAGGAGCAAG-3’; Reverse 5’-ACACATC- 
AATCCCCAGCAGT-3’. ACTB Forward 5’-AGTACA- 
ACCTTCTTGCAGCT-3’; Reverse 5’-TCAGGATCTT- 
CATGAGGTAG-3’.

Transmission electron microscopy

Eyeballs were removed and fixed overnight in 
fresh 2.5% glutaraldehyde in 0.1 M sodium cac-

Figure 1. Time course of IOP elevation (A). IOP elevation occurred since the first week after laser treatment, but IOP 
returned to baseline at 12 weeks. Significant difference was observed in the IOP between laser group and control 
group, except at 12 and 24 weeks after laser treatment. *P<0.05 (B). 

Figure 2. Histological examination of the retina in control group (A, F) and laser treatment groups (40×) with (G-J) 
or without intraocular AAV-SOD2 injection (B-E). Loss of GCL and NCL was observed at 4, 8, 12 and 24 weeks after 
laser treatment in rats with intraocular AAV-SOD2 injection (B-E) and in those receiving intraocular AAV-SOD2 injec-
tion at 12 weeks and 24 weeks after laser treatment as compared to control group (A, F). Significant RGCs loss was 
found at 12 (D) and 24 weeks (E, J), while the NCL after AAV-SOD2 treatment was more orderly and thicker than that 
in the absence of AAV-SOD2 treatment at 12 (I, D) and 24 weeks (J, E). 
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odylate buffer pH 7.4. After removing the ante-
rior segment, the eyecups were cut into 1-mm 
sections from the temporal side of optic nerve 
under a microscope. The vitreum was removed, 
and then the sample was fixed in 1% osmium 
tetroxide in 0.1 M sodium cacodylate buffer for 
2 h, followed by dehydration. Semi-thin sec-
tions (500 nm) were obtained with an ultra 
microtome and stained with toluidine blue. 
Ultra-thin sections (60 nm) were contrasted 
with uranyl acetate and lead citrate, and 
observed with a transmission electron micro-
scope (Hitachi).

Statistical analysis

Data are expressed as mean ± standard devia-
tion. Comparisons were conducted with t-test 
or one-way analysis of variance (ANOVA). A 
value of P<0.05 was considered statistically 
significant.

Results

Change in intraocular pressure

The mean baseline IOP in 180 animals (360 
eyes) before treatment was 17.8±1.7 mmHg. 
The IOP was measured every week after laser 
treatment. All treated eyes in the study groups 

had elevated IOP before 12 weeks (P<0.05). 
The mean IOP in the glaucomatous eyes is for 
higher than 21 mmHg, which was significantly 
higher than in the control eyes. However, the 
IOP at or after 12 weeks after laser treatment 
was comparable between injured eyes and con-
tralateral eyes (P>0.05) (Figure 1).

Morphologic and morphometric analyses of 
the retina, optic nerve and RGCs damages af-
ter chronic IOP elevation 

Pathological examination of the retina showed 
the loss of RGCs. The visible alterations were 
the reduction in the ganglion cell layer (GCL) 
and the nerve fiber layer (NFL) thickness (Figure 
2). 

Compared to control group, the retrobulbar 
optic nerve fiber of the injured eyes at different 
time points showed the disorganization of 
nerve fibers. At 4 and 8 weeks after laser treat-
ment (early stage), axonal swellings and disor-
dered fibers in one of the focal region of optic 
nerve were observed (Figure 3B and 3C). The 
degenerative axons increased and involved 
other portions of the optic nerve at 12 weeks 
after laser treatment (Figure 3D). Nearly all 
axons become degenerative and atrophic at 24 
weeks after laser treatment (Figure 3E), indi-

Figure 3. Histological examination of the optic nerve (40×) in control group (A, F) and laser treatment groups with 
(G-J) or without intraocular AAV-SOD2 injection (B-E). At 4 and 8 weeks after laser treatment, axonal swelling and 
disordered fibers in one, focal region of the nerve were observed (B, C). The degenerative axons increased and also 
involved other portions of the optic nerve at 12 weeks after laser treatment (D). Nearly all the axons become de-
generative and atrophic at 24 weeks after laser treatment (E). The axonal swelling and disordered fibers were also 
observed since 12 weeks after laser treatment in the presence of intraocular AAV-SOD2 injection (I), and degenera-
tive axons were found only at 24 weeks after laser treatment in the presence of intraocular AAV-SOD2 injection (J). 
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cating permanent damage to the entire optic 
nerve. Similar findings were not observed until 

long shaped mitochondria were found in the 
ganglion cells (Figure 5C). 

Figure 4. DAPI and Brn-3b Alexafluor594 staining of the retina (A). The num-
ber of Brn3b positive cells (RGCs) was significantly smaller than that of DAPI 
positive cells. Cells positive for DAPI and Brn-3b were counted in the retina 
at 4, 8, 12, and 24 weeks after laser treatment with or without AAV-SOD2 
injection (B). The Brn3b positive RGCs in all laser groups with or whithout 
AAV-SOD2 treatment decreased as compared to control group (C), but com-
pared to laser group without AAV-SOD2 treatment, AAV-SOD2 group shows 
more positive cells (p<0.05).

12 weeks after laser treat-
ment in animals with AAV-
SOD2 treatment (Figure 3I), 
and degenerative axons were 
observed only at 24 weeks in 
AAV-SOD2 group (Figure 3J). 
As compared to laser group, 
the axons in AAV-SOD2 group 
showed less degenerative fi- 
bers at 24 weeks after laser 
treatment. 

To evaluate RGCs death in 
this model, RGCs were count-
ed after staining with Brn3b 
antibody. A total of 12 images 
at 20× were captured from 
the mid-periphery circling the 
optic nerve of each retina and 
the mean density of RGCs 
was calculated. In laser treat-
ment groups, Brn3 positive 
cells decreased as compare 
to control group. The mean 
RGCs density was 218.645± 
2.636 mm-2 in retina after 24 
weeks when the IOP was nor-
mal, whereas it was 622.437± 
44.809 mm-2 in control group 
(Figure 4), showing a signifi-
cant difference between gro- 
ups (P<0.05), which suggests 
that IOP elevation leads to a 
significant loss of RGCs which 
persists even when IOP be- 
comes normal. 

Change in mitochondrial mor-
phology of the retina 

In control group, mitochondria 
were close to the nucleus and 
had typical elongated filamen-
tous morphology (Figure 5A). 
In contrast, mitochondria in 
the retinas at 24 weeks after 
laser treatment were shorter 
in length, became round aro- 
und the nucleus, and clus-
tered (Figure 5B). In AAV-
SOD2 group, both round and 
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Activities of antioxidant enzymes and MDA 
content 

A significant decrease in total SOD activity was 
detected in the retina at 4, 8, 12 and 24 weeks 
after laser treatment as compare to control 
group (total SOD activity 26.808±5.9056 U/mg 
prot, 19.1355±2.5848 U/mg prot, 13.8733± 
3.3034 U/mg prot, 9.4085±0.8049 U/mg prot, 
vs 50.7523±6.9422 U/mg prot [35]). The reti-
nal CAT activity at different time points is sh- 
own in Figure 6A and 6B. A significant de- 
crease in CAT activity was observed at 4, 8, 12 
and 24 weeks after laser treatment when com-
pared with control group (57.6754±16.1145 U/
gprot, 21.0517±2.1508 U/gprot, 9.6028± 
1.0665 U/gprot, 6.5236±0.5934 U/gprot, vs 
105.6523±6.2774 U/gprot) (P<0.01) (Figure 
6C). MDA content of the retina at 4, 8, 12 and 
24 weeks after laser treatment is shown in 
Figure 5C. A significant increase in MDA con-
tent was observed at 4, 8, 12 and 24 weeks 

after laser treatment as compared to control 
group (6.9482±0.7993 nmol/mgprot, 9.5244± 
0.5101 nmol/mgprot, 11.8377±0.2930 nmol/
mgprot, 14.0435±0.1982 nmol/mgprot, vs 
2.9966±0.5274 nmol/mgprot) (P<0.01) (Figure 
6C). These findings indicate that antioxidant 
activity reduces significantly and MDA content 
increases markedly in laser treatment groups 
with IOP elevation. The antioxidant activity is 
still lower than in control group and the MDA 
content further increases even the IOP be-
comes normal. 

AAV-SOD2 enhances SOD2 expression and 
attenuates damage to RGCs

The SOD2 protein expression in the retina was 
measured by Western Blot assay at 4 weeks 
after laser treatment (Figure 7). Our results 
showed the MnSOD protein expression in AAV-
SOD2 group was higher than in control group 
(P<0.05), suggesting the successful transfec-
tion (Figure 7). 

Figure 5. TEM of RGCs in control group (A), laser treatment group (24 weeks, B) without AAV-SOD2 therapy and laser 
treatment group with AAV-SOD2 (24 weeks, C). The solid black arrows and white arrows represented mitochondria 
in the perinuclear region, the shape was significantly different among three groups, mitochondria in control group 
showed big and long shape, while mitochondria in laser treatment group displayed round and small shape and clus-
tered together. Both round- and long-shaped mitochondria were found in the RGCs of AAV-SOD2 group. 

Figure 6. Total retinal SOD activity (A), CAT activity (B), and MDA content (C) in the eyes at 4, 8, 12 and 24 weeks 
after laser treatment. There were a significant decrease in SOD activity and CAT activity and a marked increase in 
MDA content at 4, 8, 12 and 24 weeks after laser treatment. (#P<0.05 vs control group). 
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The mean density of Brn3 positive cells in the 
retina of AAV-SOD2 group was significantly 
higher than in laser treatment groups at 4, 8, 
12 and 24 weeks (469.838±2.327, 376.49± 
20.868, 291.011±8.865, 218.645±2.636, 
respectively, vs 507.153±4.217, 465.784±9.77, 
361.707±4.528, 302.098±14.486, respecti- 
vely). (P<0.05), but still lower than in con- 

trol group at different time points (618.026± 
20.98, 613.138±54.446, 630.544±52.524 
and 609.442±43.456) (P<0.05) (Figure 4C). 

In addition, the MDA content was also detected 
in the retina of AAV-SOD2 group. Results 
showed the MDA content reduced dramatically 
when compared with laser treatment groups 
although it was still higher than in control group 
(P<0.05) (Figure 8).

Pathological examination showed mitochondri-
al had long and rod shape, and also round 
shape, as compared to small and round shape 
in the retina of laser treatment group (Figure 
5C). 

Then, the expressions of mitochondria-shaping 
proteins OPA1 and Drp-1 were detected to eval-
uate the functions of mitochondria. The two 
major OPA1 isoforms were detected in the reti-
nas of rats (90 kDa, L; 80 kDa; Figure 9). OPA1 
protein expression significantly decreased in 
laser-treated retina as compared to normal reti-
nas (P<0.05). AAV-SOD2-treatment significantly 
increased OPA1 protein expression in laser-
treated retina at 4 weeks as compared to con-
trol group, but it decreased at 12 and 24 weeks 
after laser treatment as compared to control 
group (P<0.05, Figure 9A-C). As shown in Figure 
10, the Drp1 protein expression in the retina 
was significantly elevated after laser treatment 
as compared to control group, while AAV-SOD2 
treatment decreased Drp1 protein expression 
at 4 and 8 weeks after laser treatment (P<0.05). 
q-PCR was employed to detect the mRNA 
expressions of for OPA1 and Drp-1 in the retina 
at 4, 12, and 24 weeks after laser treatment. 
Results showed OPA1 mRNA expression de- 
creased at different time points, even though 
IOP returned to normal, and it was still signifi-
cantly lower at 24 weeks after laser treatment 
as compared to control group (*P<0.05); After 
AAV-SOD2 treatment, OPA1 mRNA expression 
peaked at 4 weeks, and then decreased at 24 
weeks, as compared to control group (*P<0.05). 
Drp1 mRNA expression in laser treatment gro- 
ups increased significantly at 4, 12 and 24 
weeks after laser treatment, as compared to 
control group (*P<0.05); AAV-SOD2 dramati-
cally decreased Drp1 mRNA expression at 4 
and 12 weeks after laser treatment (*P<0.05), 
but it was still higher than control group at 24 
weeks after laser treatment (*P<0.05).

Figure 7. SOD2 expression in the retina of rats receiv-
ing AAV-SOD2 treatment. AAV-SOD2 or AAV-GFP was 
injected in one eye of each animal 21 days before 
chronic IOP elevation. The eyes were collected at 4, 
8, 12 and 24 weeks after chronic IOP elevation, and 
SOD2 protein expression was detected by Western 
blot assay. Results showed the SOD2 expression sig-
nificantly increased in AAV-SOD2 group as compared 
to control group (*P<0.05). 

Figure 8. MDA content reduces significantly when 
compared with laser treatment groups although it 
was still higher than in control group.
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Figure 9. OPA1 expression in the retina with or without AAV-SOD2 injection at 4, 12, and 24 weeks after laser treat-
ment (Western blot assay: A-C; real-time PCR: D). As compared to control group (CTR), the expressions of L and S 
isoforms of OPA1 decreased in laser group and AAV-SOD treatment group at 4, 12 and 24 weeks after laser treat-
ment, while OPA1 protein expression in AAV-SOD2 group increased significantly at 4 weeks after laser treatment, 
but decreased at 12 and 24 weeks after laser treatment (*P<0.05). As compared to control group, OPA1 mRNA 
expression in laser group remained unchanged at 4 weeks after laser treatment (P>0.05), but decreased at 12 and 
24 weeks after laser treatment; on the contrary, OPA1 mRNA expression in AAV-SOD2 group increased markedly at 
4 weeks after laser treatment (*P<0.01). 

Figure 10. Drp1 expression in the retina with or without AAV-SOD2 injection at 4, 12, and 24 weeks after laser treat-
ment (Western blot assay: A-C; real-time PCR: D). As compared to control group (CTR). The Drp1 protein expression 
increased in laser group at 4, 12 and 24 weeks after laser treatment, while Drp1 protein expression in AAV-SOD2 
group decreased dramatically at 4 and 8 weeks after laser treatment, but increased significantly at 24 weeks after 
laser treatment (*P<0.05). As compared to control group, Drp1 mRNA expression in laser group increased signifi-
cantly at 4, 12 and 24 weeks after laser treatment (*P<0.05); on the contrary, Drp1 mRNA expression in AAV-SOD2 
group decreased markedly at 4 and 12 weeks after laser treatment (*P<0.05), but dramatically increased at 24 
weeks after laser treatment (*P<0.05).
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Discussion

In the present study, our results showed chron-
ic IOP elevation (about 12 weeks) triggered oxi-
dative stress and caused mitochondrial dys-
function of the rat retina, accompanied by 
RGCs death. Even when IOP returned to normal 
at 24 weeks, the oxidative stress and RGC 
death were still observed in the retina. More- 
over, intravitreous injection of AAV-SOD2 signifi-
cantly inhibited RGC death secondary to chron-
ic IOP elevation by enhancing anti-oxidative 
enzyme expression/activity and reducing lipid 
peroxidation. These findings suggest that anti-
oxidants can protect retinal cells, particularly 
RGCs, against IOP elevation induced damage to 
the glaucomatous retina.

Glaucoma is a chronic disease, and thus chron-
ic IOP elevation animal model was established 
to mimic such condition in humans. A lot of 
methods have been used to establish the rat 
glaucoma model and each has its advantages 
and disadvantages. In this study, laser burns 
were employed to elevate IOP. This method may 
maintain the IOP elevation for a long time with-
out invasive procedures. However, at 12 weeks, 
the IOP dropped to normal, which is similar to 
the time course found in previous studies [30]. 
Our results showed that chronic IOP elevation 
resulted in decrease in the anti-oxidative ca- 
pacity and increase in lipid peroxidation, lead-
ing to the imbalance between anti-oxidation 
and oxidation. Lipid peroxidation products may 
affect a lot of molecules involved in essential 
signal transduction pathways, which is involved 
in the pathogenesis of some neurodegenera-
tive diseases and various types of inflammation 
[38]. Moreover, in the present study, Brn3 posi-
tive cells decreased, even when IOP returned to 
normal at 12 weeks after laser treatment. It 
seems some memories to these cells under 
abnormal conditions: once IOP elevates, the 
damage to the neuronal cells in the retina will 
not stop regardless whether IOP recovers or 
not. These findings suggest a ‘metabolic mem-
ory phenomenon’ of the prior high IOP exposure 
and have demonstrated the importance of 
early IOP control in the progression of glauco- 
ma.

In addition, the IOP elevation triggered oxida-
tive stress in the retina, which is also seen in 
previous studies [11, 39]. The mitochondria are 
the main source of reactive oxygen species 

(ROS) [15], in which the oxidative phosphoryla-
tion may result in electron leak, providing con-
tinuous formation of ROS, which can directly 
damage the mitochondria and other intracellu-
lar organelles [19]. Thus, we further investigat-
ed the relationship between IOP elevation and 
mitochondrial function. TEM showed mitochon-
dria became round and smaller, suggesting 
that mitochondria are becoming more frag-
mented during and after IOP elevation. Then, 
the expressions of proteins related to the mito-
chondrial fusion and fission were detected in 
the retina. As compared to control group, OPA1 
protein expression decreased, while the mean 
Drp1 protein expression increased in laser 
treatment groups. The balance between mito-
chondrial fusion and fission and its structure 
play a key role in the cell death. Thus, we spec-
ulate that the decrease in Brn3 positive cells 
following chronic IOP elevation may be related 
to the change in mitochondrial function charac-
terized by the decreased OPA1 expression and 
increased Drp1 expression. 

Growing evidence suggests that increased IOP 
may trigger oxidative stress in the retina, indi-
cating that anti-oxidative therapy may be help-
ful for the prevention of neuronal degeneration 
in the retina [8]. Our results showed that intra-
ocular injection of AAV-SOD2 dramatically ele-
vated the expressions and activities of SOD2 
and CAT and increased Brn3 positive cells in 
the retina after laser treatment. It means AAV 
mediated SOD2 therapy may protect the retinal 
cells from IOP elevation induced injury. Of note, 
MDA content did not return to normal even 
after AAV-SOD2 treatment and was still higher 
than in control group. This means AAV-SOD2 
can not completely eliminate the oxidative 
stress and the protective effects of AAV-SOD2 
can not maintain for a long time.

However, how mitochondrial fission happens 
during IOP elevation. There is evidence showing 
that Ca2+ may stimulate the oxidative phos-
phorylation and increase the electron transport 
chain activity, which elevate the ATP synthesis 
and cause mitochondrial dysfunction, resulting 
in cell apoptosis [40]. The specific mechanism 
is still unclear and required to be further 
studied.

Conclusions

In Conclusion, our results show that the chronic 
IOP elevation may cause abnormal morphology 
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and dysfunction of the mitochondria in the reti-
nal cells, which may be related to the change in 
the expression of proteins, associated with 
mitochondrial function and may cause the 
death of retinal cells. Moreover, AAV mediated 
SOD2 gene therapy may protect the retinal 
cells against chronic IOP elevation induced inju-
ry, which provides a promising strategy for the 
glaucoma therapy.
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