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Abstract
In retinitis pigmentosa (RP), various mutations cause rod photoreceptor cell death leading to
increased oxygen levels in the outer retina, progressive oxidative damage to cones, and gradual
loss of cone cell function. We have been exploring the potential of overexpressing components of
the endogenous antioxidant defense system to preserve cone cell function in rd10+/+ mice, a
model of RP. Rd10+/+ mice deficient in superoxide dismutase 1 (SOD1) showed increased levels
of superoxide radicals and carbonyl adducts (a marker of oxidative damage) in the retina, and
more rapid loss of cone function than rd10+/+ mice with normal levels of SOD1. This suggests
that SOD1 is an important component of the antioxidant defense system of cones, but increased
expression of SOD1 in rd10+/+ mice increased oxidative damage and accelerated the loss of cone
function. Co-expression of SOD1 with glutathione peroxidase 4 (Gpx4), which like SOD1 is
localized in the cytoplasm, but not with catalase targeted to the mitochondria, reduced oxidative
damage in the retina and significantly slowed the loss of cone cell function in rd10+/+ mice. Gene
transfer resulting in increased expression of SOD2, but not co-expression of SOD2 and
mitochondrial Gpx4, resulted in high levels of H2O2 in the retina. These data suggest that in order
to provide benefit in RP, over-expression of a SOD must be combined with expression of a
peroxide detoxifying enzyme in the same cellular compartment.
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Introduction
The retina consists of three layers of nuclei, the ganglion cell layer (GCL), near the surface
of the retina adjacent to the vitreous cavity, the inner nuclear layer (INL), which is centrally
located, and the outer nuclear layer (ONL). The GCL and INL receive their oxygen supply
from the retinal circulation, while the ONL receives its oxygen from the choroidal
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circulation. The ONL consists solely of photoreceptor nuclei and those of rods vastly
outnumber those of cones; rods make up 98% of photoreceptors in mice and 92% in
humans, although the percentage varies based upon the position within the retina with a
higher percentage of cones in the posterior versus the anterior retina [1].

Retinitis pigmentosa (RP) is a group of diseases in which one of several different mutations
results in death of rod photoreceptors. As rods die from the pathogenic mutation, oxygen
utilization in the outer retina is reduced, and since choroidal vessels, unlike retinal vessels,
are incapable of autoregulation to decrease blood flow when tissue oxygen levels are
increased, the oxygen level in the outer retina becomes markedly elevated [2, 3]. The high
tissue oxygen levels cause increased accumulation of superoxide radicals from a
combination of run-off from the electron transport chain and activation of NADP(H) oxidase
[4]. The excess superoxide radicals generate other reactive oxygen species (ROS) and react
with NO to generate peroxynitrite [5] leading to progressive oxidative and nitrosative
damage to cones resulting in loss of cone function and eventual cone cell death [6, 7]. In
several models of RP in which rods die from different mutations, exogenous antioxidants
slow cone cell death indicating a potential therapeutic approach in all RP patients despite
tremendous heterogeneity in pathogenic mutations [8]. The loss of rods results in night
blindness, but patients are still able to function well if illumination is adequate. However,
once rods die there is gradual loss of cones accompanied by constriction of visual fields and
eventual blindness. If cone survival could be prevented in patients with RP, blindness could
be averted.

A complementary approach to antioxidant medication is to bolster the endogenous
antioxidant defense system. In most tissues, the first line of defense against oxidative stress
is the superoxide dismutases (SODs), SOD1 in the cytoplasm, SOD2 in mitochondria, and
SOD3 in the extracellular space. SOD1 is an important component of the antioxidant
defense system in the retina because compared to wild type mice, mice deficient in SOD1
are more sensitive to the damaging effects of an intraocular injection of paraquat or
exposure to hyperoxia [9]. Additional protection is provided by the glutathione peroxidases
(Gpxs), catalase, and a variety of other enzymes. The SODs convert superoxide radicals to
H2O2 which is then metabolized by glutathione peroxidases (Gpx) and catalase. Gpx-1 or
“classical” Gpx was the first family member to be described and utilizes glutathione (GSH)
to reduce H2O2 in the cytoplasm [10], but also provides some protection of mitochondrial
membranes from lipid peroxidation [11]; however, the greatest protection from lipid
peroxidation comes from Gpx4, which has cytoplasmic and mitochondrial isoforms [12].
Induced expression of murine cytoplasmic Gpx4 by treatment of IRBP/rtTA-TRE/Gpx4
mice with doxycycline reduces paraquat-induced oxidative damage in the retina [13].
Catalase is a cytosolic enzyme that has greater capacity but lower affinity for peroxides than
Gpx and thereby handles severe oxidative stress. In this study we sought to determine if
SOD1 plays an important role in the antioxidant defense system of retinal cones and whether
overexpression of SOD1 could reduce loss of cone cell function in mice with RP.

Materials and Methods
Generation of transgenic mice

Mice were treated in accordance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Research and the US National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Mice with targeted disruption
of the sod1 gene (sod1−/−), 129S7-Sod1tmlLeb/J and carrying a β-actin promoter/human
Sod1 transgene (C57BL/6-TgN(SOD1)3Cje/J mice, Sod1(+/−) mice) were purchased from
Jackson Laboratories (Bar Harbor, ME) and crossed with rd10+/+ mice in a C57BL/6
background to obtain Sod1−/−-rd10+/+ mice and Sod1(+/−)-rd10+/+ mice.
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TRE/Gpx4(+/−) mice in a C57BL/6 background [13] were crossed with rd10+/+ mice to
generate TRE/Gpx4(+/−)-rd10+/+ mice. The MCAT plasmid, also known as poCAT, which
contains human Catalase gene with the ornithine transcarbamylase leader sequence (OTC)
at its 5′ end and without the peroxisomal localization signal (PLS) at its 3′ end to provide
mitochondrial targeting, was generously provide by Dr. Peter S. Rabinovitch (University of
Washington, Seattle, WA). The MCAT plasmid was ligated into pTRE2. After sequencing, a
fragment containing TRE, MCAT and a 1.2kb β-globin poly A signal was released from
pTRE2 to provide the TRE/Catalase construct that was used to generate transgenic mice in
the Johns Hopkins University Transgenic Mouse Core Facility. Founder mice were mated
with C57BL/6 mice to generate founder lines. Mice from each line were crossed with mice
from the interphotoreceptor binding protein promoter/reverse tetracycycline transactivator
(IRBP/rtTA) driver line to generate IRBP/rtTA-TRE/Catalase double transgenic mice. Mice
from double transgenic lines were given 2 mg/ml in their drinking water and real time PCR
was done to identify IRBP/rtTA-TRE/Catalase lines with strong, inducible transgene
expression. TRE/Catalase(+/−) mice in a C57BL/6 background were crossed with rd10+/+

mice to generate TRE/Catalase-rd10+/+ mice. Homozygous interphotoreceptor binding
protein promoter/reverse tetracycycline transactivator (IRBP/rtTA) transgenic mice were
crossed with rd10+/+ mice to generate IRBP/rtTA(+/+)-rd10+/+ mice.

Genotyping of mice
Genotyping was done by PCR of tail DNA using the following primers: human Sod1
(forward:5′-CATCAGCCCTAATCCATCTGA-3′, reverse:5′-
CGCGACTAACAATCAAAGTGA-3′); TRE/Gpx4 (forward:5′-
CACGCTGTTTTGACCTCC-3′, reverse:5′-GTCTGGCAACTCCTAA-3′); TRE/Catalase
(forward:5′-TCTGGAGAAGTGCGGAGATT-3′, reverse: 5′-
AGTCAGGGTGGACCTCAGTG-3′), IRBP/rtTA (forward:5′-
GTTTACCGATGCCCTTGGAATTGACGAGT-3′, reverse:5′-
GATGTGGCGAGATGCTCTTGAAGTCTGGTA-3′). To distinguish sod1−/−, sod1+/− and
sod1+/+ mice, a 240-bp fragment was amplified from the wild-type allele with forward, 5′-
TGTTCTCCTCTTCCTCATCTCC-3′ and reverse, 5′-ACCCTTTCCAAATCCTCAGC-3′
and a 123-bp fragment was amplified from the wild type allele with forward, 5′-
TGAACCAGTTGTGTTGTCAAG-3′ and reverse, 5′-TCCATCACTGGTCACTAGCC-3′.
To distinguish homozygous rd10, heterozygous rd10, and wild type mice, the PCR fragment
generated with forward, 5′-CTTTCTATTCTCTGTCAGCAAAGC-3′ and reverse, 5′-
CATGAGTAGGGTAAACATGGTCTG-3 was digested with Cfol [14].

Mutant rd10 mice with expressions of each transgene
Rd10+/+ mice (Jackson Labs, Bar Harbor, ME) were used in an elaborate mating scheme to
generate Sod1(+/−)-TRE/Gpx4(+/−)-rd10+/+ mice, Sod1(+/−)-TRE/Catalase(+/−)-rd10+/+

mice and IRBP/rtTA+/+-rd10+/+ mice. Sod1(+/−)-TRE/Gpx4(+/−)-rd10+/+ mice were
crossed with IRBP/rtTA+/+-rd10+/+ mice to generate IRBP/rtTA+/−-rd10+/+ mice that did
not carry either the Sod1 or TRE/Gpx4 transgenes, IRBP/rtTA+/−-rd10+/+ mice that carried
only the Sod1 transgene, IRBP/rtTA+/−-rd10+/+ mice that carried only the TRE/Gpx4
transgene, or IRBP/rtTA+/−-rd10+/+ mice that carried both the Sod1 and TRE/Gpx4
transgenes. Sod1(+/−)-TRE/Catalase(+/−)-rd10+/+ mice were crossed with IRBP/rtTA+/+-
rd10+/+ mice to generate IRBP/rtTA+/−-rd10+/+ mice that did not carry either the Sod1 or
TRE/Catalase transgenes, IRBP/rtTA+/−-rd10+/+ mice that carried only the Sod1 transgene,
IRBP/rtTA+/−-rd10+/+ mice that carried only the TRE/Catalase transgene, or IRBP/rtTA+/−-
rd10+/+ mice that carried both the Sod1 and TRE/Catalase transgenes. Starting at postnatal
day (P) 10, mothers of these mice were given 2 mg/ml of doxycycline in their drinking
water. At P21, the mice were separated from their mother and given drinking water
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containing 2 mg/ml of doxycycline. Transgene product was measured by immunoblots of
retinal homogenates at P25.

Immunoblots
Whole retinas were dissected and placed in 50 μl of lysis buffer (10mM Tris, pH 7.2, 0.5%
Triton X-100, 50 mM NaCl, and 1 mM EDTA) containing a proteinase inhibitor mixture
tablet (Roche, Indianapolis, IN). After 3 freeze/thaw cycles and homogenization, samples
were microfuged at 14,000xg for 5 minutes at 4°C and the protein concentration of the
supernatant was measured using a Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA). For
each sample, 50 μg of protein for the whole retina was resolved by SDS-PAGE and
transferred to a nitrocellulose membrane (Hybond-ECL, Amersham Biosciences,
Piscataway, NJ). Rabbit polyclonal anti-SOD1 (FL-154, 1:1000,Santa Cruz Biotechnology,
Inc.,Santa Cruz, CA) for Sod1−/−-rd10+/+ mice, rabbit polyclonal human specific anti-
SOD1 antibody (1:1000, Chemicon International, Temecula, CA), rabbit polyclonal anti-
Gpx4 antibody (1:1000, Cayman, Ann Arbor, MI), or rabbit polyclonal anti-human Catalase
antibody (1:2000, Athens Research Technology, Athens, GA) were used as primary
antibody. The secondary antibody was a horseradish peroxidase (HRP)-coupled goat anti-
rabbit IgG (1:2000, Cell Signaling, Danvers, MA). Blots were incubated in SuperSignal
Western Pico Lumino/Enhancer solution (Pierce, Rockford, IL) and exposed to X-ray film
(Eastman-Kodak, Rochester, NY). To assess loading levels of protein, membranes were
stripped and incubated with polyclonal rabbit anti-β-actin antibody (1:5000, Cell Signaling,
Danvers, MA) followed by HRP-coupled goat anti-rabbit IgG. A Mitochondrial Isolation Kit
for Tissue (Pierce, Rockford, IL) was used according to the manufacturer’s instructions to
isolate retinal cytosol and mitochondria for Sod1/Catalase-rd10+/+ mice. For each fraction,
20 μg of protein was run in immunoblots using antibodies for specific human SOD1 or
specific human Catalase. A blot was stripped and incubated with mouse monoclonal anti-
COX4 (1:5000, Abcam, Cambridge, MA), which is known to localize to mitochondria
followed by HRP-coupled anti-mouse IgG (1:2000, Cell Signaling, Danvers, MA).

Assessment of superoxide radicals with hydroethidine
As previously described [5,15], in situ production of superoxide radicals was evaluated
using hydroethidine, which in the presence of superoxide radicals is converted to ethidium,
which binds DNA and emits red fluorescence at approximately 600nm. Briefly, mice were
given two 20 mg/kg intraperitoneal injections 30 minutes apart of freshly prepared
hydroethidine (Invitrogen, Carlsbad, CA) and euthanized 18 hours after injection. Eyes were
rapidly removed and 10 μm frozen sections were fixed in 4% paraformaldehyde for 20
minutes at RT, rinsed with PBS and counterstained for 5 minutes at RT with the nuclear dye
Hoechst 33258 (1:10000; Sigma, St. Louis, MO). After rinsing in PBS, slides were mounted
with Aquamount solution and evaluated for fluorescence (excitation: 543nm,
emission>590nm) with a LSM 510 Meta confocal microscope. Images were captured using
the same exposure time for each section.

ELISA for protein carbonyl content
Retinas were homogenized in lysis buffer and centrifuged at 16,000 x g for 5 minutes at 4°C
and the protein concentration of the supernatant was measured using a Bio-Rad Protein
Assay Kit (Bio-Rad, Hercules, CA). Samples were adjusted to 4 mg/ml by dilution with
Tris-buffered saline, pH 7.4 (TBS), and protein carbonyl content was determined by ELISA
as previously described [7, 14].
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Viral vectors
Self complementary hybrid AAV vectors in which a truncated chicken beta actin promoter
was used to drive expression of SOD2 (scBNP2.5CBhSod2) or mitochondrial Gpx4
(scBNP2.5CBhmitoGpx4) were prepared. C57BL/6 mice were given a subretinal injection
of 2.43 × 109 vp of scBNP2.5CBhSod2, 2.43 × 109 vp of scBNP2.5CBhSod2 + 2.43 × 109

vp of scBNP2.5CBhmitoGpx4 or vehicle (PBS). After 4 weeks the mice were euthanized,
retinas were dissected, and H2O2 levels were measured in retinal homogenates.

Measurement of H2O2 levels
Hydrogen peroxide was measured by Amplex Red Hydrogen Peroxide Assay kit
(Invitrogen, Carlsbad, CA) using the instructions of the manufacturer. Briefly, retinas were
dissected, placed in lysis buffer (10 mM Tris-HCl, pH 7.2, 0.5% Triton X-100, 50 mM
NaCl, 1 mM EDTA, with proteinase inhibitor cocktail, Roche, Indianapolis, IN), and freeze-
thawed and vortexed three times. After centrifugation, supernatants were diluted with
reaction buffer. Each sample was loaded to a 96-well plate well containing 50 μl of reaction
buffer with 0.2 units horseradish peroxidase and 0.1 mM Amplex Red reagent. The reaction
was incubated for 30 minutes in dark and the absorption was measured at 560 nm. The
concentration of hydrogen peroxide in each sample was calculated from a standard curve
generated using a stock solution of hydrogen peroxide.

Recording of electroretinograms (ERGs)
An Espion ERG Diagnosys machine (Diagnosys LLC, Littleton, MA) was used to record
ERGs as previously described [7, 8, 16, 17]. The mice were anesthetized with an
intraperitoneal injection of ketamine hydrochloride (100mg/kg body weight) and xylazine
(5mg/kg body weight). Pupils were dilated with Midrin P containing 0.5% tropicamide and
0.5% phenylephrine, hydrochloride (Santen Pharmaceutical Co., Osaka, Japan). The mice
were placed on a pad heated to 39°C and platinum loop electrodes were placed on each
cornea after application of Gonioscopic prism solution (Alcon Labs, Fort Worth, TX). A
reference electrode was placed subcutaneously in the anterior scalp between the eyes and a
ground electrode was inserted into the tail. The head of the mouse was held in a standardized
position in a ganzfeld bowl illuminator that ensured equal illumination of the eyes.
Recordings for both eyes were made simultaneously with electrical impedance balanced.
Low background photopic ERGs were recorded at 1.48 log cd-s/m2 under a 10 cd/m2

background. Sixty photopic measurements were taken and the average value was recorded.

Statistical analysis
Statistical comparisons were done using Tukey-Kramer’s test for multiple comparisons and
unpaired Student’s t-test for two comparisons. Differences test for multiple comparisons
were judged statistically significant at P<0.05 or P<0.01.

Results
Deficiency of superoxide dismutase 1 (SOD1) increases superoxide radicals and oxidative
damage in the retinas of rd10+/+ mice and accelerates loss of cone function

Rd10+/+ mice are homozygous for a mutation in rod phosphodiesterase that causes death of
rod photoreceptors between P18 and P35 followed by gradual death of cones from oxidative
damage [8, 18]. To determine the effect of deficiency of SOD1 in rd10+/+ mice, a mating
scheme (Figure 1A) was devised to generate rd10+/+ mice wild type at the Sod1 allele
(Sod1+/+-rd10+/+ mice), Sod1+/−-rd10+/+ mice, and rd10+/+ mice deficient in SOD1
(Sod1−/−-rd10+/+ mice). Immunoblots confirmed Sod1−/−-rd10+/+ mice lacked SOD1
(Figure 1B). Hydroethidine allows visualization of superoxide radicals because in their
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presence it is converted to ethidium which binds DNA and fluoresces [19]. Eighteen hours
after intravenous injection of hydroethidine, there was minimal fluorescence in the retinas of
wild type mice (Figure 1C, top row), moderate fluorescence primarily in the remaining outer
nuclear layer of the retinas of Sod1+/+-rd10+/+ mice (second row), and strong fluorescence
in the retinas of Sod1−/−-rd10+/+ mice (third row). Without injection of hydroethidine,
Sod1+/+-rd10+/+ mice showed no fluorescence (Figure 1C, bottom row). At P40, levels of
carbonyl adducts on proteins were significantly higher in the retinas of Sod1−/−-rd10+/+

mice compared to Sod1+/+-rd10+/+ mice (Figure 2A). Low background photopic ERGs at
P40 showed substantially better waveforms and significantly higher mean photopic b-wave
amplitude for Sod1+/+-rd10+/+ mice compared to Sod1−/−-rd10+/+ mice (Figure 2B).

Co-expression of SOD1 and cytoplasmic Gpx4 in photoreceptors significantly reduces
retinal carbonyl content and improves cone function in rd10+/+ mice

To test the effects of overexpression of SOD1 and Gpx4 on the oxidative damage that occurs
in cones of rd10+/+ mice, a crossing scheme was used to generate 4 groups of offspring,
null-rd10, Sod1-rd10, Gpx4-rd10, and Sod1/Gpx4-rd10 mice (Figure 3A). Immunoblots of
retinal homogenates showed strong expression of human SOD1 in Sod1-rd10 and Sod1/
Gpx4-rd10 mice (Figure 3B). Background levels of murine Gpx4 were seen in all mice, but
when Gpx4-rd10+/+ or Sod1/Gpx4-rd10+/+ mice were treated with doxycycline, they
showed a substantial increase in Gpx4. In doxycycline-treated P40 mice, protein carbonyl
content was significantly greater in Sod1-rd10 mice compared to null-rd10 or Sod1/Gpx4-
rd10 mice and was significantly less in Sod1/Gpx4-rd10 mice compared to null-rd10, Sod1-
rd10 or Gpx4-rd10 mice (Figure 3C). Low background photopic ERGs showed mean
photopic b-wave amplitudes that were significantly higher in Sod1/Gpx4-rd10 mice
compared to null-rd10, Sod1-rd10, or Gpx4-rd10 mice, and significantly lower in Sod1-rd10
mice than in null-rd10 mice (Figure 3D).

Co-expression of SOD1 and mitochondrial-targeted Catalase in photoreceptors does not
preserve cone cell function in rd10+/+ mice

Increased expression of SOD2 increases oxidative stress and promotes cone cell death in
rd10+/+ mice, but when SOD2 is co-expressed with Catalase that is targeted to
mitochondria, cone function is improved compared to rd10+/+ mice with wild type levels of
SOD2 and Catalase [20]. We sought to determine if Catalase targeted to mitochondria
reversed the damaging effects of over-expression of SOD1. A mating scheme was designed
to generate 4 groups of offspring, null-rd10, Sod1-rd10, Catalase-rd10, and Sod1/Catalase-
rd10 mice (Figure 4A). Immunoblots of retinal homogenates showed strong expression of
human SOD1 in Sod1-rd10 and Sod1/Catalase-rd10 and strong expression of Catalase in
doxycycline-treated Catalase-rd10 and Sod1/Catalase-rd10 mice (Figure 4B). Immunoblots
of cytosolic and mitochondrial fractions of retinal homogenates showed that only the
cytosolic fraction showed a substantial increase in SOD1 and only the mitochondrial
fraction showed a substantial increase in Catalase and COX4, which is known to localize to
mitochondria. Low background photopic ERGs at P40 showed a significant reduction in
mean photopic b-wave amplitude in Sod1-rd10 mice and Sod1/Catalase-rd10 mice
compared to null-rd10 mice (Figure 4C).

Increased expression of SOD2, but not SOD2 + mitochondrial Gpx4 increases H2O2 in the
retina

C57BL/6 mice were given a subretinal injection of 2.43 × 109 viral particles (vp) of a self
complementary hybrid adeno-associated viral vector that expresses SOD2 in one eye or a
subretinal injection of 2.43 × 109 vp of each of two vectors, one that expresses SOD2 and
one that expresses mitochondrial Gpx4. Separate mice were given a subretinal injection of
vehicle (PBS). After 4 weeks, H2O2 level was measured in retinal homogenates and was
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significantly higher in retinas from eyes overexpressing SOD2 compared to those
overexpression both SOD2 and mitochondrial Gpx4 or controls with normal expression
levels (Figure 5).

Discussion
In this study, we have shown that SOD1 is an important component of the antioxidant
defense system in cone photoreceptors, because compared to mice with RP that have normal
levels of SOD1, those with RP that are deficient in SOD1 show increased oxidative damage
and accelerated loss of cone cell function. It follows that increased expression of this
component of the antioxidant defense system might provide benefit in RP; however, this
was not the case. Instead mice with RP and overexpression of SOD1 also showed increased
oxidative damage and more rapid loss of cone function. This situation was changed when
SOD1 was co-expressed with Gpx4; oxidative damage was reduced and cone function was
preserved compared to RP mice with unaltered expression of SOD1 and Gpx4. In contrast,
co-expression of SOD1 with catalase targeted to mitochondria accelerated loss of cone
function in mice with RP. These data indicate that despite its role as a critical member of the
antioxidant defense system, overexpression of SOD1 is deleterious unless it is accompanied
by increased expression of a peroxide detoxifying enzyme that is expressed in the same
cellular compartment.

These data complement and extend a previous study in which we found that overexpression
of SOD2 accelerated cone cell damage in mice with RP, but when co-expressed with
catalase targeted to the mitochondria, there was strong protection of cones [20]. Increased
expression of Gpx4 or mitochondrial catalase alone, was not helpful, but did not accelerate
loss of cone function. Thus, it is important to target the SOD system, but it must be
combined with increased expression of an enzyme that works in tandem and is in close
proximity.

The consequences of overexpression of SOD1 or 2 are not the same in all settings. In
Drosophila, if genetic background is identical, flies with increased expression of SOD1 or
SOD2 have greater lifespan than those with normal levels [21, 22]. In diabetic mice,
overexpression of SOD2 protects from hyperglycemia-induced retinal damage [23] and
overexpression of SOD1 reduces kidney damage [24, 25]. Increased levels of SOD2 reduce
memory loss in a mouse model of Alzheimer’s disease [26]. Conversely, in a mouse model
of ataxia-telangiectasia, overexpression of SOD1 aggrevates the phenotype [27] and in fat-
fed mice, increased levels of SOD1 exacerbate atherosclerosis [28]. The Sod1 gene is
located on chromosome 21 resulting in overexpression of SOD1 in Down’s syndrome and
there is substantial evidence that this increases oxidative stress and contributes to the
pathogenesis of the disease (for review, see [29]). Thus, the consequences of increased
SOD1 or SOD2 activity seem to vary depending upon the tissue and the disease process.

One possible explanation as to why different tissues react differently to overexpression of
SOD1 or 2 may be that they differ in their ability to increase activity of endogenous
peroxide detoxifying activity. Increased levels of SOD2 in the retina resulted in high levels
of hydrogen peroxide, but levels were normal when SOD2 and mitochondrial Gpx4 were co-
expressed. These data suggest that modulation of endogenous peroxide detoxifying enzymes
in the retina is either limited or slow, and if levels of an SOD are altered it is prudent to also
alter levels of a peroxide detoxifying enzyme in the same cellular compartment. In other
tissues, there may be more modulation or greater tolerance for temporary imbalance that is
ultimately compensated. It is possible that effects in the retina are influenced by the low
percentage of cones and their rapid degeneration in mice with primary rod cell
degenerations. The severity and rapidity of the oxidative damage may preclude any
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modulation of peroxide detoxifying enzymes to handle the increased peroxide load caused
by an increase in SOD. Since pigs and humans have a substantially higher percentage of
cones and much slower degeneration of cones in the setting of RP compared to rodents, it is
possible that there would be sufficient time for modulation of peroxide detoxifying enzymes
to re-establish balance leading to an overall enhancement of the antioxidant defense system.
This hypothesis should be tested in pigs before gene transfer of an SOD alone is considered
for patients with RP.

Another important question raised by our studies is what is the relative value in RP of
enhancing the antioxidant capacity in the mitochondrial compartment compared to the
cytoplasmic compartment? Our data (present study and [20]) suggest that protection in
either compartment provides benefit, but would there be further benefit to simultaneously
enhancing protection in both compartments? Thus, our studies have shown that gene transfer
to enhance the endogenous antioxidant defense system is a potentially useful strategy, but
additional studies are needed to determine the importance of targeting multiple cellular
compartments and to determine the capacity of the endogenous system to compensate for
imbalances before this strategy can be translated into a treatment for patients with RP.
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Figure 1. Deficiency of superoxide dismutase 1 (SOD1) increases superoxide radicals in the
retinas of rd10+/+ mice
(A) Heterozygous Sod1 knockout mice that carried two mutant rd10 alleles (Sod1+/−-
rd10+/+ mice) were crossed to generate rd10+/+ mice wild type at the Sod1 allele (Sod1+/+-
rd10+/+ mice), Sod1+/−-rd10+/+ mice, and rd10+/+ mice deficient in SOD1 (Sod1−/−-
rd10+/+ mice).
(B) Immunoblots of retinal homogenates from postnatal day (P) 25 Sod1+/+-rd10+/+ and
Sod1−/−-rd10+/+ mice showed a strong band for SOD1 in the former and no detectable band
for SOD1 in the latter. Stripping and reprobing the blots with an antibody directed against β-
actin showed that loading was equivalent.
(C) At P25, wild type mice (n=4), Sod1+/+-rd10+/+ mice (n=4), and Sod1−/−-rd10+/+ mice
(n=4) were given two intraperitoneal injections of 20 mg/kg of hydroethidine and after 18
hours they were euthanized and ocular sections were examined by confocal microscopy.
There was minimal fluorescence in the retinas of wild type mice (top row), moderate
fluorescence primarily in the remaining outer nuclear layer of the retinas of Sod1+/+-
rd10+/+ mice (second row), and strong fluorescence in the retinas of Sod1−/−-rd10+/+ mice
(third row). Without injection of hydroethidine, Sod1+/+-rd10+/+ mice showed no
fluorescence (bottom row). Scale bar=50 μm
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Figure 2. Deficiency of superoxide dismutase 1 (SOD1) significantly increases protein carbonyl
content and accelerates loss of retinal function of postnatal day (P) 40 rd10+/+mice
At postnatal day (P) 40, Sod1+/+-rd10+/+ mice and Sod1−/−-rd10+/+ mice had low
background photopic ERGs as described in Methods and were then euthanized and protein
carbonyl content in retinal homogenates was measured by ELISA.
(A) The mean (±SEM) carbonyl content per mg retinal protein was significantly greater in
Sod1−/−-rd10+/+ mice compared to Sod1+/+-rd10+/+ mice (*p<0.05 by unpaired Student’s
t-test).
(B) Representative waveforms are shown for each group and illustrate a substantially better
waveform for Sod1+/+-rd10+/+ mice compared to Sod1−/−-rd10+/+ mice. The bars show
mean (± SEM) photopic b-wave amplitude, which was significantly higher for Sod1+/+-
rd10+/+ mice compared to Sod1−/−-rd10+/+ mice (*p<0.005 by unpaired Student’s t-test).
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Figure 3. Co-expression of SOD1 and cytoplasmic Gpx4 in photoreceptors significantly reduces
carbonyl content and improves cone function at postnatal day (P) 40 in rd10+/+ mice
(A) Transgenic mice carrying a β-actin promoter/human Sod1 transgene or murine
cytoplasmic Gpx4 coupled to the tetracycline response element (TRE) were crossed with
rd10+/+ mice. Multiple crosses were done to generate Sod1(+/−)-TRE/Gpx4(+/−)-rd10+/+

mice and homozygous interphotoreceptor retinol binding protein promoter/reverse
tetracycline transactivator-rd10+/+ mice (IRBP/rtTA(+/+)-rd10+/+ mice). These two types
of mice were crossed to yield 4 groups of offspring, null-rd10, Sod1-rd10, Gpx4-rd10, and
Sod1/Gpx4-rd10 mice for which the genotypes are shown.
(B) Null-rd10, Sod1-rd10, Gpx4-rd10, Sod1/Gpx4-rd10 mice were given normal drinking
water or water supplemented with 2 mg/ml of doxycycline between postnatal day (P) 10 and
P25. Immunoblots of retinal homogenates showed strong expression of human SOD1 in
Sod1-rd10 and Sod1/Gpx4-rd10 mice treated with and without doxycycline. Background
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levels of murine Gpx4 were seen in all mice, but when treated with doxycycline, only Gpx4-
rd10+/+ and Sod1/Gpx4-rd10+/+ mice showed a substantial increase in Gpx4. Stripping and
reprobing of blots with an antibody directed against β-actin showed that loading was
equivalent.
(C) Starting at P10, the mothers of null-rd10, Sod1-rd10, Gpx4-rd10+/+ and Sod1/Gpx4-
rd10 mice and after weaning, the mice themselves were given 2 mg/kg of doxycycline in
their drinking water. At P40, protein carbonyl content was measured in retinal homogenates
by ELISA and the mean (±SEM) carbonyl content per mg retinal protein was significantly
greater in Sod1-rd10 mice compared to null-rd10 or Sod1/Gpx4-rd10 mice. Protein carbonyl
content was significantly less in Sod1/Gpx4-rd10 mice compared to null-rd10, Sod1-rd10 or
Gpx4-rd10 mice.
(D) Low background photopic ERGs were done at P40 in doxycycline-treated null-rd10,
Sod1-rd10, Gpx4-rd10 and Sod1/Gpx4-rd10 mice and representative waveforms were
substantially better in Sod1/Gpx4-rd10 mice compared to null-rd10, Sod1-rd10, or Gpx4-
rd10 mice. The bars show mean (± SEM) photopic b-wave amplitude, which was
significantly higher for Sod1/Gpx4-rd10 mice compared to the other 3 types of mice, and
was significantly lower for Sod1-rd10 mice compared to null-rd10 mice.
*p<0.05, **p<0.01 by Tukey-Kramer test
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Figure 4. Co-expression of SOD1 and mitochondrial Catalase in photoreceptors does not
preserve cone cell function at postnatal day (P) 40 in rd10+/+ mice
(A) Transgenic mice carrying a β-actin promoter/human Sod1 transgene or human Catalase
targeted to mitochondria coupled to the tetracycline response element (TRE) were crossed
with rd10+/+ mice. Multiple crosses were done to generate Sod1(+/−)-TRE/Catalase(+/−)-
rd10+/+ mice and homozygous interphotoreceptor retinol binding protein promoter/reverse
tetracycline transactivator-rd10+/+ mice (IRBP/rtTA(+/+)-rd10+/+ mice). These two types
of mice were crossed to yield 4 groups of offspring, null-rd10, Sod1-rd10, Catalase-rd10,
and Sod1/Catalase-rd10 mice for which the genotypes are shown.
(B) Null-rd10, Sod1-rd10, Catalase-rd10, Sod1/Catalase-rd10 mice were given normal
drinking water or water supplemented with 2 mg/ml of doxycycline between postnatal day
(P) 10 and P25. Immunoblots of retinal homogenates showed strong expression of human
SOD1 in Sod1-rd10 and Sod1/Catalase-rd10 mice treated with and without doxycycline.
Catalase-rd10 and Sod1/Catalase-rd10 showed strong bands for Catalase when treated with
doxycycline. Stripping and reprobing of blots with an antibody directed against β-actin
showed that loading was equivalent. In immunoblots of cytosolic and mitochondrial
fractions of retinal homogenates, only the cytosolic fraction showed a substantial increase in
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SOD1 and only mitochondrial fraction showed a substantial increase in Catalase and COX4,
which is known to localize to mitochondria.
(C) Low background photopic ERGs were done at P40 and representative waveforms were
substantially better in null-rd10 mice compared to Sod1-rd10 or Sod1/Catalase-rd10 mice.
The mean (± SEM) photopic b-wave amplitude was significantly lower for Sod1-rd10 mice
and Sod1/Catalase-rd10 mice compared to null-rd10 mice (*p<0.05, **p<0.01 by Tukey-
Kramer test).
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Figure 5. Retinas with high expression of SOD2 have signficiantly higher Levels of H2O2 than
retinas with high expression of SOD2 + mitochondrial Gpx4 or those with normal expression
levels
C57BL/6 mice were given a subretinal injection of 2.43 × 109 viral particles of
scBNP2.5CBhSod2 in one eye and 2.43 × 109 vp of scBNP2.5CBhSod2 + 2.43 × 109 vp of
scBNP2.5CBhmitoGpx4 in the other eye and separate mice were given a subretinal injection
of vehicle (PBS). After 4 weeks the mice were euthanized, the retinas were dissected, and
H2O2 was measured in retinal homogenates as described in Methods. The mean level of
H2O2 (n=5 in each group) was significantly higher by unpaired t-test in retinas from eyes
given a subretinal injection of scBNP2.5CBhSod2 compared to those given a subretinal
injection of scBNP2.5CBhSod2 + scBNP2.5CBhmitoGpx4.
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