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Purpose: The retina is highly exposed to oxidative stress due to the high level of oxygen consumption in this tissue and
its exposure to light. The main DNA base lesion generated by oxygen free radicals is 8-oxoguanine (8-oxoG). However,
its presence in retinal cells and the mechanisms underlying its repair remain undetermined.
Methods: 8-oxoguanine DNA glycosylase (Ogg1) gene expression and messenger localization in adult mouse ocular
tissues was analyzed by RT–PCR and in situ hybridization. Using immunohistochemistry, we determined the localization
of Ogg1 protein and three base excision repair (BER) enzymes: apurinic/apyrimidic endonuclease (APE1), DNA
polymerase β, and X-ray repair cross-complementation group 1 (XRCC1). Ogg1 and AP-lyase activities in the neuroretina
were obtained using double-stranded oligonucleotides harboring either an 8-oxoG residue or a tetrahydrofuran.
Results: We report here that 8-oxoG is abundant in the retina. Ogg1, the enzyme responsible for the recognition and
excision of the oxidized base, is present in its active form and found mainly in ganglion cells and photoreceptor inner
segments. We show that APE1 and DNA polymerase β, two BER proteins involved in 8-oxoG repair, are also present in
these cells. The cellular distribution of these proteins was similar to that of Ogg1. XRRC1 is present in both inner nuclear
and ganglion cells layers; however, this protein is absent from photoreceptor inner segments.
Conclusions: This is the first study to demonstrate the presence of a functional 8-oxoG BER pathway in retinal neurons.
The study of three BER proteins involved in 8-oxoG elimination demonstrates that XRCC1 localization differs from those
of Ogg1, APE1, and DNA polymerase β. This result suggests that the elimination of 8-oxoG is coordinated through two
pathways, which differ slightly according to the cellular localization of the abnormally oxidized guanine.

There is growing evidence to suggest that endogenously
generated reactive oxygen species (ROS) contribute to aging,
cancer development, and neurodegenerative diseases such as
Alzheimer disease, Parkinson disease, or inherited retinal
dystrophies ( [1]; for review, see [2]). In vivo, free radicals
are generated continuously as oxygen metabolism is required
for normal physiologic processes. Additional harmful free
radical production is also triggered by a variety of
environmental agents, such as ultraviolet (UV), ionizing
radiation, or exposure to chemical oxidants. The excess
production of free radicals is controlled by the antioxidant
defense mechanisms (e.g., superoxide dismutase, glutathione
peroxidases, catalases). However, ROS that escape theses
defenses can diffuse and interact with several cellular
macromolecules, including nucleic acids [3].

The retina is characterized by higher oxygen
consumption and metabolic rates than in other tissues [4-6],
including all other parts of the central nervous system (CNS).
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Photoreceptor cells, in particular, are the cell type that has the
highest rate of oxygen consumption per milligram of tissue in
the whole body of mammalian species. Most of the ATP
produced in retinal neurons, as in all neurons of the CNS, is
generated by the glucose oxidative phosphorylation pathway.
This pathway generates ROS, such as superoxide and
hydrogen peroxide. Furthermore, specific physiologic
characteristics of the retina, such as its exposure to light, UV
radiations and the phagocytosis of photoreceptor outer
segments disks by retinal pigment epithelial cells, contribute
also to an elevated production of ROS in this nervous tissue
[7-10]. As neuronal cells are in a postmitotic state,
accumulation of oxidative damage can significantly disrupt
transcription or activate replication, leading to cellular
dysfunction and apoptosis (for review, see [11]). To date, little
is known about the recognition and repair of oxidative DNA
lesions in retinal cells.

Among the various DNA oxidative lesions [12], 7,8-
dihydro-8-oxoguanine (8-oxoG) is the most abundant
oxidized base generated in vivo by various types of ROS. This
aberrant base is a premutagenic lesion, inducing G-C to T-A
transversions. In mammalian cells, 8-oxoG is specifically
recognized and excised by 8-oxoG DNA glycosylase (Ogg1).
This enzyme initiates the highly conserved base excision
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repair (BER) pathway, the main responsible pathway for
repair of small chemical alterations in DNA. Following the
removal of the oxidized base by Ogg1, the abasic site is
cleaved by an apurinic/apyrimidinic endonuclease (APE1),
leaving a 5′-deoxiribose phosphate residue; this residue is
removed by the AP-lyase activity of DNA polymerase β,
which then also inserts a nucleotide. Finally, DNA Ligase III
seals the repaired DNA strand. Other accessory factors such
as X-ray repair cross-complementation group 1 (XRCC1) are
also involved in this process [13].

In this study, we analyzed the presence, levels and
activity of proteins involved in the BER of 8-oxoG in ocular
tissues and particularly in the retina. We showed that Ogg1,
the enzyme responsible for the recognition and excision of the
8-oxoG, is present at high levels in neuroretina and non-
neuronal cells of the eye and that 8-oxoG DNA-glycosylase
activity can be detected in these cells. We also found that the
BER proteins, involved in the repair of 8-oxoG, were present
in the retina with a cellular distribution similar to that of Ogg1.

METHODS
Animals: Animals used for experiments were handled in strict
accordance with the Association for Research in Vision
Ophthalmology Statement on the Use of Animals in
Ophthalmic and Vision Research. C57BL/6J (Elevage
Janvier, Le Genest-Saint-Isle, France) and Ogg1-deficient
mice (gift from Eliette Touati, Institut Pasteur, Paris, France
with agreement of Arne Klungland, University of Oslo, Oslo,
Norway) [14] were housed in a conventional temperature-
controlled room (21 °C), exposed to a daily 12 h period of
light, and fed ad libitum with a balanced diet determined by
the Jackson laboratory for the C57BL6/J mouse strain. The
experiments were performed on 2-month-old mice.
Tissue samples: All mice were euthanized by cervical
elongation. Brain and eyecups were rapidly removed. The
neuroretina was removed from the eyecup. Tissues were
frozen in liquid nitrogen and stored at −80 °C until further use.
Enucleated eyes from adult mice were immediately fixed in

4% paraformaldehyde (PFA) for 16 h at 4 °C then embedded
in paraffin for in situ hybridization and immunochemistry
experiments. Next 5 μm-thick sagittal sections were cut using
a microtome (HM355, Microm microtec, Francheville,
France).
RNA analysis:

Reverse transcription—Total RNA was extracted using
TRIzol® reagent (Invitrogen, Cergy-Pontoise, France) from
mice adult neuroretina (n=3 for semiquantitative PCR and n=5
for quantitative PCR), forebrain (n=3), cerebellum (n=3),
testis (n=5), and liver (n=5) according to the manufacturer’s
instructions. Next, 1 µl aliquots of RNA were reverse
transcribed, using SuperScriptTM II RNase H- Reverse
Transcriptase (Invitrogen, Cergy-Pontoise, France) in the
presence of oligo(dT)12–18 primer.

Semiquantitative PCR—Two μl of cDNAs from
neuroretina, forebrain, and cerebellum were amplified in a
final volume of 25 μl of a PCR buffer constituted by 2 mM
Tris/HCl and 1.5 mM MgCl2 and containing 0.2 μM of each
primer, 0.2 mM of each dNTP (Promega, Charbonnières-les-
Bains, France) and 0.5 U Taq DNA polymerase (Invitrogen,
Cergy-Pontoise, France). Primers sequences and sizes of the
PCR products obtained are described in Table 1. PCR
amplification products were resolved by electrophoresis in a
1% (w/v) agarose gel and visualized by ethidium bromide
staining under UV light.

Quantitative PCR—Real-time PCR was performed
using the 2X Power SYBR-Green PCR Master Mix (Applied
Biosystem, Courtaboeuf, France) on a final volume of 25 µl
containing 50 ng of cDNA (neuroretina, liver, and testis) and
100 nM (Ogg1) or 20 nM (cyclophilin A) of forward and
reverse primers. For determination of the initial relative
quantity of cDNA, samples were amplified with Ogg1 primers
(5′-GAT TGG ACA GTG CCG TAA-3′ and 5′-GGA AGT
GGG AGT CTA CAG-3′) and cyclophilin A primers (5′-TGG
TCA ACC CCA CCG TGT TCT TCG-3′ and 5′-TCC AGC
ATT TGC CAT GGA CAA GA-3′). Cyclophilin A was used
as internal standard [15,16]. The cycling conditions

TABLE 1. DETAILS OF PRIMERS AND SIZES OF THE AMPLIFIED PRODUCTS.

Amplified cDNA Primer sequences (5′-3′)
Size of PCR

products (bp)
Ogg1 F: GATTGGACAGTGCCGTAA 400

R: GGAAGTGGGAGTCTACAG
DNA polymerase β F: CATCAATTTCCTGACTCGAG 693

R: TAGCGCCACTGGATGTAATC
APE1 F: CTAAGGGCTTTCGTCACAGC 446

R: GAGACTTTTAGCGGGCACTG
XRCC1 F: CAGACAGCACACATCTCATC 418

R: ACCCTCCTCAGTTCATCCT
Cyclophilin A F: TGGTCAACCCCACCGTGTTCTTCG 311

R: TCCAGCATTTGCCATGGACAAGA
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comprised 2 min at 50 °C, 10 min polymerase activation at
95 °C and 40 cycles at 95°c for 15 s and 60 °C for 1 min.
Reactions were run on an ABI Prism 7000 real time PCR
machine; melt curves analyses were performed for all genes,
and the specificity as well as integrity of the PCR products
were confirmed by the presence of a single peak. The results
were analyzed with the integrated 7000 system SDS software,
and relative expression of Ogg1 was calculated from the
difference in cycle time of internal controls compared to the
target mRNA. Data are expressed in the graphics as fold-
expression ratio of normalized target gene, plus or minus
standard error of the mean (SEM), according to the software
results.
In situ hybridization: Sense and antisense riboprobes were
synthesized using a PCR-based in situ hybridization technique
as previously described [17,18]. Briefly, PCR was performed
using Ogg1 gene-specific primers encompassing a T7 RNA
polymerase binding site. Purified PCR products were then
used for transcription reactions with T7 forward and reverse
primers and T7 RNA polymerase to generate digoxigenin-
conjugated sense and antisense Ogg1 cRNAs. Sections were
deparaffinized by incubation in xylene and rehydrated
through a graded series of alcohol solutions, and in situ
hybridization was performed [19]. Next, 150 ng of sense or
antisense RNA probes were diluted in 150 μl the mRNA
hybridization milieu (HIS hybridization solution, Dako,
Trappes, France) and incubated with sections overnight at
62 °C in a humidified chamber. After three washes of 30 min
at 60 °C with 1X Stringent Wash Concentrate (Dako), sections
were incubated with 1:500 alkaline phosphatase-coupled anti-
DIG antibody in antibody diluent (Dako) for 1 h at room
temperature, then with substrates BCIP/NBT. Stained tissue
sections were mounted with Aquatex (PolyLabo, Strasbourg,
France).
Immunohistochemistry: Paraffin was removed in xylene and
sections were rehydrated and incubated for 20 min in 1X
citrate buffer in a microwave at 500 W. Endogenous
peroxidase activity was quenched by pretreatment with 3%
H2O2 for 10 min. Sections were then treated with 0.3% Triton
in 1X PBS (137 mM NaCl; 2.7 mM KCl; 4.3 mM Na2HPO4;
1.47 mM KH2PO4; pH 7.4) for 5 min. Sections were incubated
overnight with a primary antibody at +4 °C. Control tissues
were treated in the same way, but without antibody, to confirm
that staining was specific to the antigen tested. The following
antibodies were used in this study: 1:40 mouse anti-8-
oxoguanine antibody (Gentaur, N45.1, Brussels, Belgium),
1:800 rabbit anti-human Ogg1 antibody (Novus Biologicals,
Interchim, Montlucon, France), 1:800 rabbit anti-human
APE1 antibody (provided by Ian Hickson, University of
Oxford, Oxford, UK), 1:4,000 rabbit anti-full length rat
polymerase β antibody (provided provided by Samuel H.
Wilson, National Institutes of Health, Bethesda, MD) and 1:50
monoclonal anti-XRCC1 antibody (clone 33–2–5; Interchim,
Montlucon, France). Negative control immunohistochemical

experiments were systematically performed with the
exclusive omission of each primary antibody. For
immunostaining of 8-oxoG in DNA, ribonucleic acids were
removed from sections with 20 µg/ml Rnase solution
(Invitrogen) and tissue DNA was denatured in 2N HCl for 5
min. Sections were then incubated with the primary antibody
and labeled using a detection kit (ChemMate; Dako) with
biotinylated secondary antibody and diaminobenzidine
(DAB) as the substrate. After DAB staining, tissue sections
were counterstained with methyl green solution and mounted
with Eukitt (PolyLabo).
Determination of Ogg1 and AP-lyase activities in the
neuroretina: Proteins were extracted from neuroretina by
sonication (8×1 s pulses) in lysis buffer containing 250 mM
NaCl, 20 mM Tris-HCl, 1 mM EDTA (pH 8) supplemented
with protease inhibitors (0.8 µg/ml aprotinin, 0.8 µg/ml
antipain, and 0.8 µg/ml leupeptin). This was followed by
centrifugation (85000x g for 30 min at 4 °C). 8-oxoG DNA
glycosylase assays were performed as previously described
[20]. Briefly, 5 µg protein was incubated for 60 min with a
34-mer oligonucleotide (50 fmol) containing a [γ32P]-
radiolabeled 8-oxoG:C duplex. Reactions were stopped by
addition of NaOH to a final concentration of 0.1 M and
incubation for 15 min at 37 °C to cleave the abasic sites.
Products were resolved by denaturating 7M urea-20% PAGE
and gels were scanned in a storm PhosphoImager.

For APE1 activity reactions, a 34 mer
oligodeoxynucleotide containing a THF was labeled at the 5′
end using [γ-32P]ATP (3,000 Ci/mmol; Amersham) and T4
polynucleotide kinase (New England Biolabs, Saint Quentin
Yvelines, France). The 32P-labeled strand was hybridized with
a complementary sequence. In a standard reaction (16 µl of
final volume), 50 fmol of the duplex oligonucleotide were
incubated with 10 ng of the protein extract for 30 min at 37 °C
in a buffer containing 25 mM Tris-HCl, 1 mM MgCl2 and
0.4 mg/ml BSA at a pH 8. Reactions were stopped with 6 µl
of formamide dye and heated for 5 min at 95 °C. Products
were resolved by denaturating 7M urea-20% PAGE and gels
were scanned in a storm PhosphoImager.
Statistical analysis: Statistical analysis was performed using
ANOVA and standard Student two-tailed t-test (ANOVA,
Statview software program, version 5) to detect significant
intergroup differences. Values are means±SEM, and p<0.05
was considered statistically significant.

RESULTS
Presence of 8-oxoG in the DNA of mouse retinal cells: The
relative steady-state level of 8-oxoG in retinal cells was
determined by immunohistochemistry using the anti-8-oxoG
monoclonal antibody N45.1, which is highly specific. Indeed,
its labeling specificity has been previously established in
various tissues [21-24]. Liver, an organ with a low cell
proliferation rate, was used as control. The presence of stable
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8-oxoG residues in the genome of wild-type mouse liver and
their increased frequency in the liver of Ogg1-deficient mice
has been previously demonstrated and reported [14]. Using
immunohistochemistry, we confirmed that 8-oxoG was
formed in basal conditions in several hepatocytes (Figure 1A).
We observed a stronger signal in Ogg1 null mice liver tissue
sections (Figure 1B), confirming the accumulation of 8-oxoG
in the liver of deficient mice and the specificity of the
antibody. No 8-oxoG immunostaining was observed in the
appropriate control experiments (Figure 1D). We
demonstrated that 8-oxoG was abundant under basal
conditions in the various retinal layers: ganglion cell layer

(GCL), inner nuclear layer (INL), outer nuclear layer (ONL),
photoreceptor inner segments (IS; Figure 1C). Nevertheless,
our result showed that relative labeling differed from cell to
cell in the inner and outer retinal cell layers. In addition, we
also observed a specific immunolabeling in the retinal
pigment epithelium (RPE; Figure 1C).

Ogg1 mRNA is produced in mouse retina: Using
semiquantitative RT–PCR analyses, we determined the
expression of Ogg1 mRNA in the adult mouse neuroretina.
(Figure 2A). The housekeeping gene, cyclophilin A, was used
as a common internal standard (311 bp product). RT–PCR was
also performed on mRNA extracted from mouse cerebellum

Figure 1. Immunohistological detection
of 8-oxoguanine in the mouse retina.
Immunostaining using an antibody
raised against 8-oxoguanine (8-oxoG)
was detected in liver of wild-type (A)
and Ogg1-deficient mice (B), and in
C57BL/6J mouse retina (C). A stronger
signal was detected in liver of Ogg1-
deficient mice as compared to wild-type
mice. This confirmed the accumulation
of the modified base. 8-oxoG was
present in all retinal nuclear layers, in
photoreceptor inner segments (IS), and
in retinal pigment epithelium (RPE;
arrow). The 8-oxoG labeling appears in
brown. No signal was detected when the
specific anti-8-oxoG antibody was
omitted (D). Scale bar equals 50 µm in A
and B, 25 μm in C, and 60 µm in D.
Abbreviations: ganglion cell layer
(GCL); inner nuclear layer (INL); outer
nuclear layer (ONL).
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and forebrain neuronal tissues in which Ogg1 gene expression
has previously been described [25]. RT–PCR with mouse
neuroretina RNA yielded an expected 400 bp product similar
to that amplified from cerebellum and forebrain, and it seemed
that there was no difference in Ogg1 mRNA levels between
the three postmitotic tissues studied. Using quantitative RT–
PCR analyses, we detected significantly higher level of Ogg1
mRNA expression in testis than in the liver, as previously
described [26,27], and the neuroretina (Figure 2B). In
addition, we showed that the amounts of Ogg1 mRNA were
similar in neuroretina and liver (p=0.557).

We performed in situ hybridization on paraffin-
embedded sections of adult C57BL/6 mouse eyes to determine
the tissue distribution of Ogg1 transcripts. No signal was
observed in the retina using the Ogg1 sense probe (Figure 3B).
A strong Ogg1 mRNA signal was detected in several cell
layers of the neuroretina: GCL, INL, ONL, and IS (Figure
3A,C,D). No labeling was observed in the inner and outer
plexiform layers. Ogg1 mRNA was also present in RPE cells.
These cells, like the neuroretina, are derived from the
prosencephalon. Ogg1 transcripts were also detected in other
ocular cells derived from the nervous system such as choroidal

cells (melanocytes derived from the neural crest, unlike RPE
cells derived from the CNS), and ciliary body epithelial cells
(pigmented and nonpigmented, Figure 3E). In non-neuronal
cells, Ogg1 transcripts were present in corneal epithelial (Cep)
and endothelial cells (Cen) as well as in keratocytes of the
corneal stroma (Figure 3F).
Ogg1 protein is abundantly produced in mouse retina: The
presence of Ogg1 protein in the eye was studied by
immunohistochemistry using a polyclonal antibody raised
against human Ogg1. Its specificity has been confirmed in
previous studies performed in various tissues by western
blotting [28-31]. In addition, we did not detected any signal
in sections treated without primary antibody (Figure 4G). The
strongest Ogg1 immunolabeling in mouse retina was only
detected in the GCL and the IS (Figure 4A-C). We also
observed Ogg1 immunolabeling in the two retina plexiform
layers (OPL and IPL) containing nerve cell processes and
synapses (Figure 4A-C). As was the case for Ogg1 mRNA
(Figure 3), Ogg1 protein was present in non-neuronal tissues:
the corneal epithelial cells (Figure 4E), the lens equatorial
epithelial cells of the germinative zone, the lens anterior

Figure 2. Ogg1 messenger in mouse
retina, forebrain and cerebellum with
associated densitometric analysis of the
PCR bands. A shows relative amount of
8-oxoguanine glycosylase (Ogg1)
mRNA in the mouse retina, forebrain
(brain) and cerebellum (Cereb). To
determine the expression of Ogg1
mRNA in adult C57BL/6J mouse
neuroretinal cells (n=3), forebrain
(n=3), and cereb (n=3), we performed
semiquantitative RT–PCR using
specific primers for mouse Ogg1
mRNA and cyclophilin A mRNA
(Cyclo). Cyclo mRNA was used as an
internal control. The 400 bp band
corresponds to Ogg1 PCR products and
the 311 bp band corresponds to
cyclophilin A PCR products. B
represents comparison of the Ogg1
mRNA expression in neuroretina, liver,
and testis. Quantitative RT–PCR was
performed to determine the relative
levels of Ogg1 mRNA in adult C57BL/
6 mouse neuroretina (n=5), liver (n=5),
and testis (n=5), Cyclo mRNA was used
as an internal standard for
normalization. Significant, higher levels
of Ogg1 mRNA expression were
observed in testis as compared to those
obtained in the liver and the neuroretina.
Values are means±SEM.
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epithelium, and early differentiating lens fiber cells (Figure
4F).

Examination of higher magnification images revealed
that the INL, the ONL, and the RPE were also stained (Figure
4B,C and Figure 5A-C). These images allowed us to
determine the intracellular localization of Ogg1 protein in
retinal cells. In photoreceptor cells, Ogg1 labeling was
concentrated only in the IS and cytoplasm (mainly around the
nuclear periphery; Figure 5A,B). No signal was detected in

photoreceptor cell nuclei. By contrast, Ogg1 protein was
mainly present in the cytoplasm in INL and ganglion cells
(Figure 5C,D) but we observed some Ogg1 immunoreactivity
localized in the nuclei of those cells. Identical intracellular
localizations of Ogg1 protein in neuroretina were observed
with sections not counterstained with a green methyl solution
(data not shown). These data confirmed the results of the in
situ hybridization analysis and demonstrated that high Ogg1

Figure 3. Distribution of Ogg1 transcript
in the mouse adult eye. In situ
hybridization signals of 8-oxoguanine
glycosylase (Ogg1) mRNA were
detected in neuroretina (A, C, and D),
ciliary body (E), and cornea (F) using a
specific antisense digoxigenin-labeled
riboprobe. Labeled Ogg1 mRNA
appears as purple precipitates. No signal
was detected with a control sense probe
(B). Ogg1 mRNA was present in all
retinal nuclear layers, in photoreceptor
inner segments (IS), and in retinal
pigment epithelium (RPE). Ogg1
mRNA was also detected in non-
neuronal cells: corneal epithelial (Cep)
and endothelial cells (Cep), keratocytes
of the corneal stroma, pigmentary
epithelium (PCE), and nonpigmentary
ciliary epithelium (NPCE). C and D
represent a high magnification of the
inner portion of the neuroretina, the
retinal pigment epithelium (RPE), and
the choroid (Ch), respectively. Scale bar
equals 70 μm in A, B, E, and F, and 25
µm in C and D. Abbreviations: ganglion
cell layer (GCL); inner nuclear layer
(INL); outer nuclear layer (ONL).

Molecular Vision 2009; 15:1139-1152 <http://www.molvis.org/molvis/v15/a121> © 2009 Molecular Vision

1144

http://www.molvis.org/molvis/v15/a121


levels are produced in neural and non-neural cells of the
mouse eye.

Other BER proteins are present in the mouse retina: When
initiated by Ogg1, the base excision repair of 8-oxoG involves
a highly coordinated process mediated by several proteins
[20]. Using both RT–PCR and immunohistochemistry, we

determined whether APE1, DNA polymerase β, and XRCC1,
all of which are involved in BER, were present in mouse
neuroretina. Amplification of APE1 (446 bp), DNA
polymerase β (693 bp), and XRCC1 (418 bp), through the use
of specific primers, confirmed the expression of these genes
in the mouse retina (Figure 6A).

Figure 4. Immunohistochemical
localization of Ogg1 in the adult mouse
eye. Using an antibody raised against
human 8-oxoguanine DNA glycosylase,
immunostaining is detected in in
neuroretina (A),ciliary body (D), cornea
(E), and lens (F). The Ogg1 staining
appears in brown, and sections were
counterstained with methyl green
solution. No signal was detected when
the specific anti-Ogg1 antibody was
omitted (G). Ogg1 protein was mainly
present in the ganglion cell layer (GCL),
in photoreceptor inner segments (IS),
and in the outer (OPL) and inner
plexiform layers (IPL). B and C show a
high magnification of the inner and the
outer portions of retina, respectively.
Ogg1 protein was also detected in non-
neuronal cells: corneal epithelium
(Cep), pigmentary epithelium (PCE)
and nonpigmentary ciliary epithelium
(NPCE), lens epithelium (Le), lens
transition zone (Tz), and lens fibers (Lf).
Scale bar equals 50 μm in A, D,and G,
20 μm in B, C, and E, and 45 µm in F.
Abbreviations: corneal stroma (Cs);
inner nuclear layer (INL); outer nuclear
layer (ONL); retinal pigment epithelium
(RPE).

Molecular Vision 2009; 15:1139-1152 <http://www.molvis.org/molvis/v15/a121> © 2009 Molecular Vision

1145

http://www.molvis.org/molvis/v15/a121


Using an antibody raised against human APE1, we
detected this protein in GCL, INL, IS, IPL, and OPL (Figure
6B). Weaker staining was also present in the ONL. Similarly,
DNA polymerase β was present in the GCL, the inner nuclear
cell layer (mostly localized in the deep inner part of this layer),
the IS, and the plexiform layers (Figure 6C). Surprisingly,
light staining was found for XRCC1 (Figure 6D). Indeed, this
protein was only detected in ganglion and INL. Some cells
seemed to show immunostaining in the photoreceptor cell
nuclear layer, but we did not detect any staining in the IS.
Table 2 summarizes the results obtained in the
immunohistochemistry experiments with the anti-8-oxoG, -
Ogg1, -APE1, DNA polymerase β, and -XRCC1 antibodies
and presented in Figure 1, Figure 4, Figure 5, and Figure 6.

8-oxoG DNA glycosylase and AP-endonuclease activity
detected in mouse neuroretina: We determined whether the
mRNA and protein expression detected were associated with
enzymatic activity in the retinal tissues. This we did by testing
the capacity of cell extracts to excise an 8-oxoG or cleave an
AP site analog through the use of double-stranded
oligonucleotides harboring either an 8-oxoG residue or a
tetrahydrofuran. Four independent cell extracts obtained from
adult mouse neuroretina showed 8-oxoG-specific DNA
glycosylase activity, as revealed by the detection of the
cleaved oligonucleotide (Figure 7A). Similarly, when the
same extracts were incubated in the presence of a DNA
substrate carrying an AP site analog, they were able to
efficiently cleave the DNA at the lesion (Figure 7B). These

results demonstrated that the neuroretina is proficient for the
initial steps of the BER of 8-oxoG and abasic sites.

DISCUSSION
In this study, we found that Ogg1 is abundant in ganglion cells,
in the INL, including amacrine, bipolar, horizontal cells, and
Müller cell nuclei, as well as in the inner segments of
photoreceptor cells. The adult mouse retinal Ogg1 distribution
observed is consistent with the sites of production of 8-oxoG.
These results support the recent data of Wang et al. [31,32].
Most important, our study is the first to demonstrate the
expression and cellular localization of APE1, DNA
polymerase β, and XRCC1 in the mouse retina and thus
provides further evidence to support the existence of a
functional BER pathway in this tissue.

Our findings suggest that 8-oxoG in retinal neuronal
DNA is likely to be recognized by Ogg1. Indeed, we
demonstrated that high levels of Ogg1 mRNA and protein are
detected in all neuronal cell populations and RPE cells. This
is consistent with the distribution of this glycosylase in the
mouse CNS [25,33] and might reflect a link between Ogg1
and maintenance of cellular integrity in neuronal cells. The
abundant production of this DNA glycosylase highlights the
importance of recognition of 8-oxoG in postmitotic tissues in
the eye, in particular neuroretina and RPE, both characterized
by a high level of cellular activity. Indeed, photoreceptor cells
continuously produce high levels of ROS, which are
byproducts of the various functions of these cells throughout

Figure 5. Cellular distribution of Ogg1
protein in the retinal cells. Using an
antibody raised against human 8-
oxoguanine DNA glycosylase,
immunostaining is detected in
photoreceptor inner segments (A), outer
nuclear layer (ONL, B), inner nuclear
layer (INL, C) and ganglion cell layer
(GCL, D). Ogg1 immunoreactivity was
detected both in the cytoplasmic and
nuclear compartments of the
immunolabeled cells of GCL and INL.
The staining seemed only cytoplasmic
in photoreceptor cells, which also
displayed a strong labeling in the inner
segments (IS). Scale bar equals 20 μm in
A, and 8 µm in B, C, and D.
Abbreviations:, inner plexiform layer
(IPL); outer segment (OS); outer
plexiform layer (OPL); retinal pigment
epithelium (RPE).
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their lifespan. RPE cells are critical for the maintenance of
retinal homeostasis; they are involved in regeneration of the
visual pigments, regulation of visual transduction, transport
of retinoids and nutrients to the photoreceptor cells, and
phagocytosis of the oldest synthesized photoreceptor outer
segments (POS; for review, see [34]). The role of RPE cells
in the absorption of stray light further exposes these cells to
additional oxidative stress induced by light. As recently
described, our study confirms both the recently reported
presence of 8-oxoG and the expression of Ogg1 in RPE cells
[31].

In neurodegenerative disorders affecting the brain and
retina, mitochondrial DNA damage induced by oxidative
stress is a major factor leading to neuronal dysfunction and
death. The mitochondrial electron transport chain is a primary
source of ROS in cells and, in the brain, 8-oxoG production
is 10 to 15 times higher in mitochondrial DNA than in nuclear
DNA [35-38]. The role of Ogg1 gene product in the prevention
of 8-oxoG was demonstrated by the substantial accumulation
of oxidized guanine in the mitochondrial DNA in Ogg1-
deficient mice [39]. In this study, we showed that Ogg1 is

abundant in IS, well known to be major sites of mitochondria
localization in photoreceptor cells. We also detected Ogg1 in
the plexiform layers, where it might correspond to a pool of
Ogg1 protein transported to neuronal axon terminals. These
neuronal structures have also a rich content of mitochondria.
Our results highlight the involvement of Ogg1 in
mitochondrial DNA repair in mouse retinal cells. This is
consistent with previous findings showing the accumulation
of 8-oxoG in IS and synaptic terminals and subsequent
upregulation of Ogg1 6 h after induction of oxidative stress
by bright light [40]. In RPE cells, Wang et al. [31] also
described greater levels of 8-oxoG in mitochondrial DNA
than in nuclear DNA. In addition, the increase of
mitochondrial damage in RRE cells from old rodents seemed
related to a decrease of DNA repair capabilities. This
correlation suggests a potential link between repair of
oxidative DNA damage and the development of age-related
macular degeneration. This observation emphasizes the
importance of 8-oxoG repair in retinal mitochondria. In spite
of risks of DNA damage due to high oxygen consumption and
high metabolic rates, no degenerative processes in brain and

Figure 6. Expression of BER mRNA
and proteins in the adult mouse retina.
A: Semiquantitative RT–PCR
experiments were performed to
determine the APE1, DNA polymerase
β (DNA pol β), and XRCC1 mRNA
levels of expression in C57BL/6 mouse
neuroretinal cells. Cyclophilin A
(Cyclo) was used as an internal control.
Specific primers for amplifying mouse
APE1, DNA pol β, XRCC1, and
Cyclophilin A cDNAs were used. The
expected size for each specific amplified
product was obtained: 446 bp for
APE1,  693  bp  for DNA pol β  ,  418 bp 
for XRCC1, 311 bp for Cyclophilin A.
Immunohistological localization of
APE1, DNA polymerase β, and XRCC1
in the adult mouse retina was performed
using an antibody raised against APE1
(B), DNA pol β (C) or XRCC1 (D). The
staining appears in brown. Sections
were counterstained with a methyl green
solution. No signal was detected when
the specific anti-APE1 antibody was
omitted (E). APE1 and DNA
polymerase β were detected in the
ganglion cell layer (GCL), the inner
nuclear layer (INL), and the
photoreceptor inner segments (IS).
Labeling was also observed in the INL
and outer plexiform layers (ONL).
Surprisingly, XRCC1 was not detected
in the IS. Scale bar equals 50 μm in B, C,
and E, and 10 µm in D.
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neuroretina have been described so far in Ogg1-deficient
mice. The absence of degenerative processes might be
explained by the involvement of “back up” repair pathways
of 8-oxoG such as nucleotide excision repair or transcription
coupled repair, as previously described [41]. These systems
may be sufficient to maintain the integrity of the DNA
molecule and prevent cellular dysfunction and apoptosis.
Nevertheless, as we observed in retinal neurons, these
“backup” repair pathways might not be efficient enough to
keep the steady levels of 8-oxoG sufficiently low for allowing
normal retinal functions. Moreover, It has been described that
several DNA glycosylases are able to recognize and excise the
8-oxoG [42]. The combination of their enzymatic activities
likely contribute to prevent the accumulation of this oxidative
DNA lesion.

In addition, we also found in this study that Ogg1
immunostaining is primarily cytoplasmic. In humans,
alternative splicing was shown to determine differential
intracellular localization of Ogg1 [43]. Using mouse embryo
fibroblasts, it has been demonstrated that Ogg1 is mainly
detected in cytoplasm with a diffuse distribution in nucleus.
This is in agreement with our results [44]. Furthermore, it is
generally admitted that most Ogg1 isoforms are cytoplasmic
[43,45-48]. The repair of 8-oxoG in retinal cell nuclear DNA
may depend on redistribution of cytoplasmic Ogg1 to the
nucleus, as previously observed in mouse fibroblasts
submitted to oxidative stress [44].

This study demonstrates the unequivocal detection of
Ogg1 enzymatic activity as well as that of the AP
endonuclease APE1, in extracts from adult mouse retinal
cells. The detection of Ogg1 and APE1 enzymatic activities,
the two first enzymes of the base excision repair pathway, in
the adult mouse retina strongly suggests that the whole BER
pathway is fully functioning in retinal cells during physiologic
conditions of retina activities. We then used

immunohistochemistry to demonstrate the presence of the
proteins APE1, DNA polymerase β, and XRCC1 that are
involved in the BER steps following the excision of the 8-
oxoG in retinal cells. Furthermore, the cellular distribution of
these proteins was similar to that of Ogg1. These findings
show that retinal cells express a complete BER pathway. It is
likely that these proteins interact with each other, as has been
previously demonstrated in other tissues, including the brain
(for reviews, see [13,49,50]). Formation of such complexes
may increase the specificity and efficiency of the BER
pathway. In particular, APE1 has been shown to enhance
glycosylase activity and displace the glycosylase from the 8-
oxoG lesion [51-54]. However, XRCC1 was only detected in
ganglion cells, in INL cells and in outer nuclear cells of the
ONL. No significant XRCC1 immunoreactivity was found
within IS where the levels of Ogg1, APE1, and DNA
polymerase β are high. XRCC1 is a scaffold protein,
interacting with many other BER proteins including Ogg1,
APE1, DNA polymerase β. and Ligase IIIα [13,20,52,55-57].
XRCC1 is recruited to damaged sites to coordinate the
interaction of BER proteins and regulate their activities (for
review, see [49]). Both the embryonic lethality of XRCC1-
deficient mice and the genetic instability of cells lacking this
protein demonstrate the critical role of XRCC1 [58]. The
absence of XRCC1 in IS, which contrasts strikingly with its
presence in both inner nuclear and ganglion cells layers,
suggests that the elimination of the 8-oxoG in the retina occurs
and is coordinated through two pathways that differ slightly
according to the cellular localization of 8-oxoG. XRCC1,
although clearly involved in BER, is an almost exclusively
nuclear protein. Thus, mitochondrial BER might be able to
process without it. Indeed, the repair of 8-oxoG can be
reconstituted in vitro in the absence of XRCC1 [59]. Of utmost
importance is the fact that mitochondria of photoreceptor cells
are mostly confined to inner segments. Our findings suggest

TABLE 2. EXPRESSION OF 8-OXOG AND BER IN THE ADULT MOUSE OCULAR TISSUES.

Retina                                                                                        Non-neuronal tissues
GCL INL ONL IS IPL OPL RPE Cep Le Lf

8-oxoG + + + + - - + ns ns ns
Ogg1 + + + + + + + + + + + + + +

nuclear and
cytoplasmic

nuclear and
cytoplasmic

cytoplasmic

APE1 + + + + + + + + + + ns ns ns
DNA pol β + + + + + + + + + - ns ns ns
XRCC1 + + + + + - - - + ns ns ns

The cellular localizations of 8-oxoG, Ogg1, APE1, DNA pol β, and XRCC1 observed by immunohistochemistry using the
appropriate specific antibodies are present in Table 2. The table summarizes the results presented in Figure 1, Figure 4, Figure
5, and Figure 6. Plus (+) means that one of these modified base or enzymes: 8-oxoG, Ogg1, APE1, DNA pol β, and XRCC1 is
expressed in a specific retinal layer or sublayer and, whenever it was possible to determine it unequivocally, in a specific cellular
compartment of a retinal cell type: nucleus and/or cytoplasm. Minus (-) means that one of these modified base or enzymes: 8-
oxoG, Ogg1, APE1, DNA pol β, and XRCC1 is not expressed and ns means not shown.
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that the pathway leading to 8-oxoG elimination in
mitochondrial and nuclear DNA might differ.

In conclusion, we determined the cellular localization and
activity of the proteins involved in the initial step of the base
excision repair of 8-oxoG in the mouse retina. This study is
the first to demonstrate the presence of a functional 8-oxoG
BER system in retinal neurons. Further studies are required
for unraveling the mechanisms of oxidative DNA damage
repair in the mitochondria and nucleus of photoreceptor cells
as well as in all other retinal neurons. Although there is not
yet any unequivocal direct mechanistic link demonstrated
between the accumulation of 8-oxoG, mitochondrial
dysfunctions, oxidative stress, and ophthalmic diseases,

several lines of evidences have been obtained recently that
strongly support the existence of such links in AMD,
glaucoma, and inherited retinal dystrophies [60-62]. Despite
the fact that aging is characterized by an increasing load of
mitochondrial and nuclear somatic mutations, albeit at a lower
level in retinal cell nuclei, adult and aging retina appear to be
resistant to the occurrence of cancers and seem to be endowed
by strong mechanisms for eliminating sources of somatic
mutations and especially efficient DNA repair systems. Aging
and neurodegenerative diseases share frequently overlapping
mechanisms. Age-related ophthalmic diseases such as age
macular degenerations, many forms of glaucoma and cataracts
are often associated with other neurodegenerative diseases.

Figure 7. BER activities in neuroretina
protein extracts. Representative gels
showing the cleavage of the double-
stranded radiolabeled oligonucleotide
substrate containing 8-oxoG: C (A) and
an abasic site analog (B). Lane C
corresponds to experiments omitting
protein extract used as negative control.
Lanes 1 to 4 correspond to enzymatic
activities detected in protein extracts
from the adult mouse neuroretina. (S)
indicates the substrate DNA and (P) the
cleaved product.
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Additional experiments still remained to be performed for
establishing accurately the possible roles of the accumulation
of 8-oxoG, as well as other DNA lesions, and decreased DNA
repair capabilities linked to aging in the pathogenesis of
ophthalmic, often, age-related diseases.
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