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Abstract
Retinitis pigmentosa (RP) is a collection of diseases in which rod photoreceptors die from a variety
of mutations. After rods die, the level of tissue oxygen in the outer retina becomes elevated and there
is progressive oxidative damage to cones that ultimately triggers apoptosis. In this study, we
investigated the hypothesis that NADPH oxidase and/or xanthine oxidase serve as critical
intermediaries between increased tissue oxygen and the generation of excessive reactive oxygen
species that cause oxidative damage to cones. Apocynin, a blocker of NADPH oxidase, but not
allopurinol, a blocker of xanthine oxidase, markedly reduced the superoxide radicals visualized by
hydroethidine in the outer retina in the retinal degeneration-1 (rd1+/+) model of RP. Compared to
rd1+/+ mice treated with vehicle, those treated with apocynin, but not those treated with allopurinol,
had significantly less oxidative damage in the retina measured by ELISA for carbonyl adducts.
Apocynin-treated, but not allopurinol-treated, rd1+/+ mice had preservation of cone cell density,
increased mRNA levels for m- and s-cone opsin, and increased mean photopic b-wave amplitude.
In Q344ter mice, a model of dominant RP in which mutant rhodopsin is expressed, apocynin
treatment preserved photopic electroretinogram b-wave amplitude compared to vehicle-treated
controls. These data indicate that NADPH oxidase, but not xanthine oxidase, plays a critical role in
generation of the oxidative stress that leads to cone cell death in RP and inhibition of NADPH oxidase
provides a new treatment strategy.
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Introduction
Retinitis pigmentosa (RP) is a group of diseases caused by a wide variety of mutations that
compromise rod photoreceptors. Some of the mutations are in genes that are specifically
expressed in rods, such as rhodopsin (Dryja et al. 1990) or rod phosphodiesterase (McLaughlin
et al. 1993). Others are in genes that affect cilia (Koenig 2003). Since cilia are a critical
component of rods and the hair cells of the inner ear, those mutations often lead to loss of vision
and hearing. Some mutations are in genes that are ubiquitously expressed, but for some reason
lead to selective death of rod photoreceptors (Daiger et al. 2007). Defining the mechanism by
which these various mutations cause the death of rods is a major area of research, because one
approach to treatment development is to find ways of countering these mechanisms of cell
death to preserve rods (Sancho-Pelluz et al. 2008). Given the large number of mutations and
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the likelihood that many different mechanisms of rod cell death may be involved, and that
many of them, such as protein misfolding, may be very difficult to reverse, this is a daunting
task.

With loss of rods, patients become unable to see in dim illumination, but retain the ability to
read and drive when lighting is sufficient. These activities are mediated by cone photoreceptors,
which remain intact until most of the rods have died and then they begin to die. The gradual
death of cones causes gradual constriction of visual fields leaving central islands that are
eventually snuffed out. If cones could be preserved, patients would function very well despite
loss of rods.

Recently, our laboratory has demonstrated that oxidative damage is a major contributing factor
to cone cell death after the death of rods has occurred (Shen et al. 2005; Komeima et al.
2006; Komeima et al. 2007). Rods are the most numerous and most metabolically active cell
type in the retina and thus the biggest consumers of oxygen. After rods die, the level of tissue
oxygen in the outer retina becomes markedly elevated (Stone et al. 1999; Yu et al. 2000; Yu
et al. 2004; Padnick-Silver et al. 2006). The increased levels of oxygen result in progressive
oxidative damage to cones in a transgenic pig model of RP (Shen et al. 2005) and in multiple
mouse models, including models of recessive and dominant RP (Komeima et al. 2006;
Komeima et al. 2007) Administration of a cocktail of antioxidants to rd1+/+ mice reduces
markers of oxidative damage in cones, reduces cone cell loss, and preserves the electrical
function of cones, indicating that oxidative damage plays a central role in cone cell death
regardless of the underlying mutation that kills rods.

An important unanswered question is how does elevation of tissue oxygen in the outer retina
lead to progressive oxidative damage in cones? Under normal conditions, mitochondria are
one source of reactive oxygen species (ROS), because the highly reducing environment in
mitochondria makes it possible for molecules such as flavoproteins, iron-sulfur clusters, or
ubisemiquinone to transfer one electron to oxygen and hence generate superoxide radicals
(Turrens 2003). The rate of superoxide radical production by the electron transport chain is
controlled by mass action and increases when electron flow slows down causing a relative
increase in the number of electron donors or when the concentration of oxygen is increased
(Turrens et al. 1982). In addition to this accidental generation of ROS which is magnified by
hyperoxia, there are systems that deliberately produce ROS. One such system is the NADPH
oxidase (Nox) system. The Nox of phagocytes (Phox) was the first to be characterized and is
a critical component of the innate immunity system, because it generates ROS that help to kill
invading microbes (Babior et al. 2002). It is a complex enzyme consisting of a catalytic subunit,
gp91phox (also know as Nox2), the regulatory subunits p22phox, p47phox, p67 phox, and the
small GTPase RAC (Lambeth et al. 2007). Subsequently homologues of Nox2 were identified
(Nox1, 3, 4, and 5, and dual oxidases (Duox) 1 and 2 and were found to be expressed in a
variety of non-phagocytic cells. Members of the Nox family of enzymes generate superoxide
radicals by one electron-reduction of molecular oxygen by NADPH(Isogai et al. 1995). The
p22phox subunit has been demonstrated to be present in whole retina by Western blot and by
in situ hybridiazation, its mRNA has been identified in essentially all cells in the retina
including photoreceptor inner segments, although constitutive levels are highest in ganglion
cells and retinal pigmented epithelial cells(Li et al. 2008). Since oxygen is a substrate,
hyperoxia should cause increased production of superoxide radicals by Nox enzymes, but
whether this occurs in the outer retina is unknown.

The major function of xanthine oxidase is in the two terminal reactions of the purine
degradation pathway, the conversion of hypoxanthine to xanthine and the conversion of
xanthine to uric acid. (Hille and Nishino 1995) These reactions generate reduced xanthine
oxidase and its reoxidation generates two superoxide and two H2O2 radicals. (Hille and Massey
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1981) Levels of xanthine oxidase are highest in liver, but it is also present in capillary
endothelial cells and heart. (Jarasch et al. 1981; Bruder et al. 1983; Linder et al. 1999) Its
presence in endothelial cells means xanthine oxidase is present in all tissues and thus is a
ubiquitous source of ROS. It has been implicated in ischemia-reperfusion injury, vascular
diseases including atherosclerosis, and heart failure. (Chambers et al. 1985; Brown et al.
1988; Terada et al. 1992; Cappola et al. 2001; Patetsios et al. 2001) In this study, we tested the
hypothesis that NADPH oxidase and/or xanthine oxidase contribute to oxidative damage and
cone cell death in models of RP.

Materials and Methods
Treatment with inhihibitors of NADPH Oxidase or Xanthine Oxidase

Mice were treated in accordance with the recommendations of the Association for Research
in Vision and Ophthalmology. Litters of homozygous rd1+/+ mice or heterozygous Q344ter
transgenic mice were separated into two groups. Mice in one group were given daily
intraperitoneal injection of 10 mg/kg of apocynin, a Nox inhibitor, or 100 mg/kg of allopurinol,
a xanthine oxidase inhibitor. These doses were selected based upon previous studies that had
demonstrated their effectiveness.(Augustin et al. 1994; Al-Shabrawey et al. 2005; Saito et al.
2007) All drugs were obtained from Sigma Aldrich (Saint Louis, MO). Apocynin was dissolved
in warm phosphate-buffered saline (PBS) and allopurinol was dissolved in 1M NaOH in
distilled water followed by titration to pH10 by 1M HCl. The control group for apocynin-
treated mice was given injections of PBS and the control group for allopurinol-treated mice
was given injections of pH10 vehicle.

Assessment of superoxide radicals with hydroethidine
The in situ production of superoxide radicals was evaluated using hydroethidine as previously
described (Behrens et al. 2008; Komeima et al. 2008). In the presence of superoxide radicals,
hydroethidine is converted to ethidium, which binds DNA and emits red fluorescence at
approximately 600nm. Briefly, mice were given two 20 mg/kg intraperitoneal injections of
freshly prepared hydroethidine (Invitrogen, Carlsbad, CA) 30 minutes apart and euthanized 18
hours after injection. Eyes were rapidly removed and 10 µm frozen sections were fixed in 4%
paraformaldehyde for 20 minutes at room temperature, rinsed with PBS, and counterstained
for 5 minutes at room temperature with the nuclear dye Hoechst 33258 (1:10000; Sigma, St.
Louis, MO). After rinsing in PBS, slides were examined by fluorescence microscopy
(excitation: 543nm, emission>590nm) with a Zeiss LSM 510 META confocal microscope
using a Zeiss Plan-Apochromat 20x/0.75NA objective lens (Carl Zeiss, Oberkochen,
Germany). All images were acquired in the frame scan mode with the same exposure time.
The excitation wavelength was set at 405 nm for visualization of Hoechst.

ELISA for protein carbonyl content
Retinas were homogenized in lysis buffer and centrifuged at 16,000 × 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 (Komeima et al. 2006; Lu et al. 2008).

Measurement of cone cell density
Cone density was measured as previously described (Komeima et al. 2006). Briefly, each
mouse was euthanized, and eyes were removed and fixed in 4% paraformaldehyde overnight
at 4°C. After washing with PBS, the cornea, iris, and lens were removed. A small triangular
cut was made at 12:00 for orientation and after 4 radial cuts equidistant around the
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circumference, the entire retina was carefully dissected from the eye cup and any adherent
retinal pigmented epithelium (RPE) was removed. Retinas were placed in PBS containing 0.1%
Tween 20 (Promega Corporation, Madison, WI) for 30 minutes at room temperature, incubated
for 1 hour at room temperature in 1:100 rhodamine-conjugated peanut agglutinin (PNA; Vector
Laboratories, Burlingame, CA) in PBS containing 0.1% Tween 20. The retinas were rinsed 3
times for 10 minutes in PBS containing 0.1% Tween 20, given a final rinse in PBS and flat-
mounted. The retinas were examined with a Zeiss LSM 510 META confocal microscope with
a Zeiss Plan-Apochromat 10×/0.17NA objective lens for low magnification or 20×/0.75NA
objective lens for high magnification using an excitation wavelength of 543 nm to detect
rhodamine fluorescence. Images were acquired in the frame scan mode. High magnification
images for cone cells were taken within four 230 µm × 230 µm squares located 0.5 mm superior,
inferior, temporal and nasal to the center of the optic nerve. The investigator was masked with
respect to experimental group.

Measurement of mRNA levels in the retina by real-time RT-PCR
Starting at P11, rd1+/+ mice received daily intraperitoneal injections of vehicle or vehicle
containing 10 mg/kg apocynin, or vehicle containing 100 mg/kg allopurinol. Mice were
euthanized at P25 and eyes were removed. Retinas were dissected and total retinal RNA was
isolated using RNeasy kits (QIAGEN Inc., Chatsworth, CA). After treatment with DNase I
(Invitrogen, Calsbad, CA), 1 µg of RNA was incubated with SuperScript III reverse
transcriptase (Invitrogen) and 5 µM oligo-d(T) primer (Invitrogen). Samples of cDNA were
aliquoted and stored at −80 °C. Real-time polymerase chain reaction was performed using a
Light Cycler rapid thermal cycler system (Roche Applied Bioscience). Cyclophilin A was used
as a control for normalization. Primers specific for m-cone opsin (forward: 5’-TCA TTT CCT
GGG AGA GAT GG-3’ and reverse: 5’-AGG CCA TAA GGC CAG TAC CT-3’), s-cone
opsin (forward: 5’-GCC TCA GTA CCA CCT TGC TC-3’ and reverse: 5’-CTG GCG ATG
AAG ACT GTG AA-3’), and cyclophilin A (forward: 5’-CAG ACG CCA CTG TCG CTT
T-3’ and reverse: 5’-TGT CTT TGG AAC TTT GTC TGC AA-3’) were used. Standard curves
generated with purified cDNA were used to calculate copy number according to the Roche
absolute quantification technique manual.

Recording of electroretinograms (ERGs)
An Espion ERG Diagnosys machine (Diagnosys LLL, Littleton, MA) was used to record ERGs
as previously described (Okoye et al. 2003; Komeima et al. 2006; Komeima et al. 2007; Ueno
et al. 2008). 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 of 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 background of 10 cd/m2. Sixty photopic measurements were taken and the
average value was recorded.

Statistical analysis
Statistical comparisons were done using unpaired Student’s t-test or Welch’s t-test for two
comparisons.
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Results
Nox enzymes contribute to accumulation of superoxide radicals in the retinas of rd1+/+ mice

Rd1+/+ mice are homozygous for a nonsense mutation in exon 7 of the Pde6b gene, which
completely disrupts production of the β subunit of rod phosphodiesterase (Carter-Dawson et
al. 1978). The rods develop, but then undergo rapid degeneration between postnatal day (P)
12 and P21. Mutations in the Pde6b gene also cause RP in humans (McLaughlin et al. 1993).
Therefore, rd1+/+ mice provide a model of rapidly progressive recessive RP.

Injection of hydroethidine provides a sensitive indicator of superoxide radicals because in their
presence it is converted to ethidium which binds DNA and fluoresces. At P14, wild type mice
showed no fluorescence in the retina 18 hours after injection of hydroethidine (Figure 1A–C).
At P14, many of the rods in the retinas of rd1+/+ mice have already degenerated and there was
strong fluorescence in the outer retina after injection of hydroethidine (Figure 1D–F).
Compared to rd1+/+ mice treated with vehicle which had prominent fluorescence in the outer
retina (Figure 1G–I) like that seen in untreated rd1+/+ mice, those treated with 10 mg/kg of
apocynin had much less fluorescence (Figure 1J–L) similar to that seen in rd1+/+ mice that
were not injected with hydroethidine (Figure 1M–O). This demonstrates that one or more Nox
enzyme contributes to the accumulation of superoxide radicals that occurs in the outer retina
of rd1+/+ mice as rods degenerate.

Nox enzymes contribute to oxidative damage in the retinas of rd1+/+ mice
To determine if the reduction of superoxide radicals in apocynin-treated rd1+/+ mice resulted
in reduced oxidative damage, we used ELISAs for carbonyl adducts on proteins, which provide
a quantitative assessment. The carbonyl content per mg protein in the retina was significantly
less in apocynin-treated P25 rd1+/+ mice compared to those treated with vehicle (Figure 2).

Blocking Nox promotes cone survival and function in the retinas of rd1+/+ mice
Rd1+/+ mice were treated with daily injections of vehicle or vehicle containing 10mg/kg
apocynin between P11 and P25 and then euthanized. Whole mounts of retinas stained with
rhodamine-labeled PNA, which selectively stains the matrix sheath around cone inner and outer
segments, showed that compared to mice treated with vehicle, those treated with apocynin had
greater cone density that was particularly dramatic in the superior nasal quadrant of the retina
(Figure 3A), but was readily discernible in all four quadrants (Figure 3B). The level of mRNA
for m-cone and s-cone opsin was measured by real time PCR and was significantly greater in
apocynin-treated rd1+/+ mice compared to vehicle treated rd1+/+ mice (Figure 3C). This
provides another objective measure of cone survival, but also indicates that an important
function, transcription, was maintained by blocking Nox. Photopic ERGs provide a more direct
measure of cone function, and compared to vehicle-treated rd1+/+ mice, those treated with
apocynin had significantly greater photopic b-wave amplitude at P25 (Figure 4). Thus,
blockade of Nox maintained cone viability and function in rd1+/+ mice.

Blockade of Nox preserves cone function in Q344ter transgenic mice
Transgenic mice that express truncated rhodopsin due to a mutation resulting in a stop codon
at position 344, referred to as Q344ter mice, develop degeneration of rod photoreceptors
starting about P10 and completed by about P21 (Sung et al. 1994). This same mutation has
been identified in patients with dominant RP (Sung et al. 1991). Therefore, Q344ter mice
provide a model of rapidly progressive dominant RP. Starting at P11, Q344ter transgenic mice
were given daily intraperitoneal injections of vehicle or vehicle containing 10 mg/kg of
apocynin. Low background photopic ERGs were done at P20 and P25. Photopic b-waves were
quite good in both groups at P20 (Figure 5, left panel), but at P25, apocynin-treated mice had
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significantly higher photopic b-wave amplitude than vehicle-treated mice (Figure 5, right
panel). This indicates that in a second model of RP, this one a model of dominant RP, blockade
of Nox slows the loss of cone cell function.

Blockade of xanthine oxidase has no effect on cone survival or function in rd1+/+ mice
Xanthine oxidase, like Nox, is an endogenous generator of reactive oxygen species. To
determine if xanthine oxidase contributes to oxidative damage in the retinas of rd1+/+ mice,
we used allopurinol, which blocks xanthine oxidase. Starting at P11, rd1+/+ mice were given
daily intraperitoneal injections of vehicle or vehicle containing 100mg/kg allopurinol. At P14,
both vehicle-treated and allopurinol-treated rd1+/+ mice showed strong fluorescence in the
remaining outer nuclear layer of the retina 18 hours after intraperitoneal injection of
hydroethidine (Figure 6A), indicating that there was a substantial amount of superoxide
radicals present in both. At P25, protein carbonyl content measured by ELISA was not
significantly different in the retinas of allopurinol-treated rd1+/+ mice compared to vehicle-
treated rd1+/+ mice (Figure 6B). Fluorescent confocal images of peanut agglutinin (PNA)-
stained retinal flat mounts showed similar appearances of cone density in all 4 quadrants of
the retina (Figure 6C), and the relative expression level of m-cone and s-cone opsin mRNA
per retina was not significantly different (Figure 6D). At P17, photopic ERG b-wave amplitudes
were equally reduced in both groups (Figure 6E).

Discussion
In RP, once rods die from the pathogenic mutation, cones undergo progressive oxidative
damage and scavenging of ROS with antioxidants promotes cone survival and function
(Komeima et al. 2006; Komeima et al. 2007). The death of rods causes hyperoxia in the outer
retina (Yu et al. 2000; Yu et al. 2004; Padnick-Silver et al. 2006) and hyperoxia causes
photoreceptor cell death (Noell 1955; Yamada et al. 1999; Yamada et al. 2001; Wellard et al.
2005; Natoli et al. 2008). While it seems self-evident that increased tissue levels of oxygen
would promote oxidative damage, it is not clear exactly how ROS are generated from excessive
O2 in the retina. In this study, we explored whether two enzyme systems known to generate
superoxide radicals are involved. We found that blockade of Nox reduced superoxide radicals
in the outer retina of rd1+/+ mice as rods degenerated, reduced oxidative damage indicated by
less carbonyl adducts on proteins, and promoted cone survival and function. Both m- and s-
cone survival was improved as demonstrated by increased mRNA for m- and s-cone opsins in
apocynin-treated mice. The rapidity of the rod degeneration in rd1+/+ mice leads to early onset
and rapid progression of cone damage, consisting of loss of cone outer and inner segments
followed later by cell death. Inner and outer segments are needed for cones to generate electrical
activity from exposure to light, the basis of the ERG. The rapid loss of cone outer and inner
segments in rd1+/+ mice makes it extremely difficult to have any impact at all on ERGs in this
model, and therefore our most impressive finding is the significant preservation at P25 of
photopic b-wave amplitude achieved by blockade of Nox. This was also found to occur in
Q344ter mice, a model of dominant RP which also has a very rapid rate of degeneration. These
findings indicate that one or more Nox enzymes play a critical role in the conversion of excess
O2 in the retina into ROS that contributes to cone cell death in RP and hence blockade of Nox
is an important new treatment strategy for RP.

The implication of Nox enzymes in cone cell death in RP is consistent with its role in other
neurodegenerative diseases. The ROS generated by Nox and Duox enzymes function in cell
signaling and other cellular activities, but just as hyperoxia in the outer retina can induce them
to produce excessive amounts of ROS and contribute to tissue damage, other pathologic states
can do likewise. Microglia have high levels of Nox2 which is increased in areas of brain
inflammation and has been implicated in Alzheimer’s Disease, Parkinson’s Disease, and
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amyotrophic lateral sclerosis (Sankarapandi et al. 1998; Bianca et al. 1999; Green et al.
2001; Wyss-Coray and Mucke 2002; Wilkinson and Landreth 2006; Wu et al. 2006). Neurons
and capillaries in brain express high levels of Nox4 which is upregulated by ischemia and may
contribute to damage in stroke (Vallet et al. 2005).

Xanthine oxidase is another enzyme that generates ROS that has been implicated in oxidative
damage in many tissues. (Chambers et al. 1985; Brown et al. 1988; Terada et al. 1992; Cappola
et al. 2001; Patetsios et al. 2001) In rd1+/+ mice in which xanthine oxidase was blocked, high
levels of superoxide radicals were still present in the outer retina and there was no beneficial
effect on maintenance of cone survival or function. This indicates that xanthine oxidase does
not contribute to generation of superoxide radicals when there is hyperoxia in the retina and is
not a good target for therapeutic intervention in RP. In retrospect, this seems reasonable because
the major source of xanthine oxidase in most tissue is vascular endothelium and the outer retina
is avascular. In addition, the Xanthine oxidase promoter has a hypoxia response element and
as a result it is upregulated by hypoxia and down-regulated by hyperoxia, (Terada et al.
1988) and thus even if it is present in the outer retina it would be down-regulated in the setting
of RP.

The high level of oxygen in the outer retina that occurs as rods degenerate may activate Nox
enzymes in the endogenous cells of the outer retina, cones and remaining rods, but may also
activate the high levels of Nox2 in microglia, which have been demonstrated to migrate into
the outer retina in RP (Thanos 1992; Gupta et al. 2003). The resulting increase in superoxide
radicals can cause oxidative damage directly or indirectly through generation of even more
damaging radicals. Nitric oxide (NO), which is present in high levels in the outer retina, rapidly
reacts with superoxide radicals to form highly reactive and damaging peroxynitrite radicals.
This is an important amplification step, because reduction of NO levels by inhibitors of NO
synthase helps to preserve cone structure and function in models of RP.(Komeima et al.
2008) Ultimately a combination of agents including inhibitors of Nox and NOS along with
antioxidants that directly scavenge ROS should be considered to test whether protection from
oxidative damage can help maintain cone function in patients with RP.

In conclusion, our data suggest that Nox enzymes are key therapeutic targets in RP and that
drugs that block Nox could be used to complement the use of antioxidants that directly scavenge
ROS and NOS inhibitors that reduce a substrate for a particularly damaging ROS.

Abbreviations

RP Retinitis pigmentosa

ERG electroretinogram

ROS reactive oxygen species

Nox NADPH oxidase

Phox Nox of phagocytes

Duox dual oxidases

PBS phosphate-buffered saline

PNA peanut agglutinin

NO Nitric oxide

P postnatal day
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Figure 1. Apocynin, an inhibitor of NADPH oxidase, reduces superoxide radicals in the retinas of
rd1+/+ mice
Rd1+/+ mice were given daily intraperitoneal injections of vehicle or vehicle containing 10mg/
kg apocynin between postnatal day (P) 11 and P14. At P14, wild type mice, untreated rd1 mice
or those treated with vehicle or apocynin (n=4 for each) were given two intraperitoneal
injections of 20 mg/kg hydroethidine thirty minutes apart and after 18 hours they were
euthanized and ocular sections were examined by confocal microscopy as described in
Methods. There was minimal fluorescence in the retinas of wild type mice (A–C), strong
fluorescence primarily in the remaining outer nuclear layer of the retinas of rd1 mice (D–F)
and vehicle treated rd1+/+ mice (G–I), and minimal fluorescence in the retinas of apocynin
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treated rd1+/+ mice (J–L) or rd1+/+ mice that were not injected with hydroethidine (M–O). This
demonstrates that NADPH contributes to the accumulation of superoxide radicals that occurs
in the outer retina of rd1+/+ mice after rods have degenerated. Scale bar=50 µm
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Figure 2. Apocynin significantly reduces carbonyl content in the retinas of postnatal day (P) 25
rd1+/+ mice
Starting at P11, rd1+/+ mice were given daily intraperitoneal injections of vehicle or vehicle
containing apocynin. Mice were euthanized at P25 and protein carbonyl content was measured
by ELISA of retinal homogenates as described in Methods. The mean (±SEM) carbonyl content
per mg retinal protein was significantly greater in vehicle-treated rd1+/+ mice compared to
those treated with apocynin (*p<0.001 by unpaired Student’s t-test).
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Figure 3. Apocynin promotes cone survival in rd1+/+ mice
Starting at P11, rd1+/+ mice were given daily intraperitoneal injections of vehicle or vehicle
containing apocynin. Mice were euthanized at P25 and retinas were used for real time RT-PCR
or stained with peanut agglutinin (PNA) and whole mounted as described in Methods.
(A) Low magnification images of the superonasal quadrant of the retina show a higher density
of cones in apocynin-treated rd1+/+ mice compared with vehicle treated rd1+/+ mice. The optic
nerve is in the lower left hand corner of the images. Scale bar 200µm.
(B) High magnification images of 0.0529 mm2 bins 0.5 mm superior, inferior, temporal, and
nasal to the optic nerve show a higher density of cones in all 4 retinal quadrants of apocynin-
treated rd1+/+ mice compared to vehicle-treated rd1 mice. Scale bar 50µm.
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(C) The level or mRNA for m-cone and s-cone opsins was significantly greater in apocynin-
treated rd1+/+ mice compared to vehicle treated rd1+/+ mice (*p<0.05 by unpaired Welch’s t-
test for m-cone opsin, **p<0.001 by unpaired Student’s t-test for s-cone opsin).
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Figure 4. Apocynin promotes cone cell function in rd1+/+ mice
Starting at P11, rd1+/+ mice were given daily intraperitoneal injections of vehicle or vehicle
containing 10 mg/kg apocynin. Low background photopic ERGs were done as described in
Methods at P17. Representative waveforms are shown for each group and illustrate a
substantially better waveform for apocynin-treated rd1+/+ mice compared to vehicle-treated
rd1+/+ mice. The bars show mean (± SEM) photopic b-wave amplitude, which was significantly
higher for apocynin-treated rd1+/+ mice compared to vehicle treated rd1+/+ mice
(*p<5.0×10−4 by unpaired Student’s t-test).
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Figure 5. Apocynin promotes cone cell function in Q344ter transgenic mice
Starting at P11, Q344ter transgenic mice were given daily intraperitoneal injections of vehicle
or vehicle containing 10 mg/kg apocynin. Low background photopic ERGs were done at P20
and P25. Representative waveforms are shown for each group and illustrate a substantially
better waveform in apocynin-treated Q344ter transgenic mice compared to vehicle-treated
Q344ter mice at P25. The bars show mean (± SEM) photopic b-wave amplitude, which showed
no significant difference between apocynin-treated and vehicle-treated Q344ter transgenic
mice at P20 (P=0.49 by unpaired Student’s t-test), but a significantly higher b-wave amplitude
apocynin-treated mice at P25 (*p<0.05 by unpaired Welch’s t-test).

Usui et al. Page 20

J Neurochem. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. The xanthine oxidase Inhibitor, allopurinol, does not reduce cone cell death in rd1+/+ mice
Starting at P11, rd1+/+ mice in a C57BL/6 background were given daily intraperitoneal
injections of vehicle or vehicle containing 100 mg/kg allopurinol.
(A) At P14, vehicle-treated and allopurinol treated rd1+/+ mice both showed strong
fluorescence in the remaining outer nuclear layer of the retina 18 hours after intraperitoneal
injection of hydroethidine. Scale bar=50 µm.
(B) At P25, protein carbonyl content measured by ELISA was not significantly different in the
retinas of allopurinol-treated rd1+/+ mice compared to vehicle- treated rd1+/+ mice (P=0.65 by
unpaired Student’s t-test).
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(C) At P25, fluorescence confocal images of peanut agglutinin (PNA)-stained retinal flat
mounts showed no difference in cone cell density in 0.0529 mm2 bins 0.5 mm superior, inferior,
temporal and nasal to the center of the optic nerve for allopurinol-treated compared to vehicle-
treated rd1+/+ mice. Scale bar=50 µm.
(D) At P25, the relative expression level of m-cone and s-cone opsin mRNA per retina was not
significantly different in allopurinol-treated versus vehicle-treated rd1+/+ mice (P=0.33 by
unpaired Welch’s t-test for m-cone, P=0.98 by unpaired Student’s t-test for s-cone).
(E) At P17, waveforms of low background photopic ERGs appeared the same for allopurinol-
and vehicle-treated rd1+/+ mice and there was no significant difference in mean (± SEM) b-
wave amplitude (P= 0.12 by unpaired Welch’s t-test).
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