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Figure 6. Expression of BER mRNA
and proteins in the adult mouse retina.
A: Semiquantitative RT-PCR
experiments were performed to
determine the APEI, DNA polymerase
B (DNA pol ), and XRCC! mRNA
levels of expression in C57BL/6 mouse
neuroretinal cells. Cyclophilin A
(Cyclo) was used as an internal control.
Specific primers for amplifying mouse
APEI, DNA pol p, XRCCI, and
Cyclophilin A ¢cDNAs were used. The
expected size for each specific amplified
product was obtained: 446 bp for
APEI, 693 bp for DNA pol 5, 418 bp
for XRCC1, 311 bp for Cyclophilin A.
Immunohistological localization of
APE1, DNA polymerase 3, and XRCC1
in the adult mouse retina was performed
using an antibody raised against APE1
(B), DNA pol B (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). APEl and DNA
polymerase [ 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 um in B, C,
and E, and 10 pm in D.

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 8-0x0oG and the expression of Oggl 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, 8-0xoG production
is 10 to 15 times higher in mitochondrial DNA than in nuclear
DNA [35-38]. Therole of Oggl gene product in the prevention
of 8-0x0G was demonstrated by the substantial accumulation
of oxidized guanine in the mitochondrial DNA in Oggl-
deficient mice [39]. In this study, we showed that Oggl is

abundant in IS, well known to be major sites of mitochondria
localization in photoreceptor cells. We also detected Oggl in
the plexiform layers, where it might correspond to a pool of
Oggl protein transported to neuronal axon terminals. These
neuronal structures have also a rich content of mitochondria.
Our results highlight the involvement of Oggl in
mitochondrial DNA repair in mouse retinal cells. This is
consistent with previous findings showing the accumulation
of 8-0xoG in IS and synaptic terminals and subsequent
upregulation of Oggl 6 h after induction of oxidative stress
by bright light [40]. In RPE cells, Wang et al. [31] also
described greater levels of 8-0xoG 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 8-0x0oG 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
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TABLE 2. EXPRESSION OF 8-0X0G AND BER IN THE ADULT MOUSE OCULAR TISSUES.

Retina
GCL INL ONL
8-0x0G + + +
Oggl +++ + +
nuclear and nuclear and cytoplasmic
cytoplasmic cytoplasmic
APE] ++ ++ +
DNA pol p ++ ++ +
XRCCI ++ ++ +

Non-neuronal tissues

IS IPL OPL RPE Cep Le Lf
+ - - + ns ns ns
+ 4+ + + + + + +
++ + + + ns ns ns
++ + + - ns ns ns
- - - + ns ns ns

The cellular localizations of 8-0x0G, Oggl, APE1, DNA pol B, 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: 8-0x0G, Oggl, APE1, DNA pol 8, and XRCCl 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-
0x0G, Oggl, APE1, DNA pol B, and XRCC1 is not expressed and ns means not shown.

neuroretina have been described so far in Oggl-deficient
mice. The absence of degenerative processes might be
explained by the involvement of “back up” repair pathways
of 8-0x0G 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 8-0x0G sufficiently low for allowing
normal retinal functions. Moreover, It has been described that
several DNA glycosylases are able to recognize and excise the
8-0x0G [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 Oggl
immunostaining is primarily cytoplasmic. In humans,
alternative splicing was shown to determine differential
intracellular localization of Oggl [43]. Using mouse embryo
fibroblasts, it has been demonstrated that Oggl 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 Oggl isoforms are cytoplasmic
[43,45-48]. The repair of 8-0x0G in retinal cell nuclear DNA
may depend on redistribution of cytoplasmic Oggl to the
nucleus, as previously observed in mouse fibroblasts
submitted to oxidative stress [44].

This study demonstrates the unequivocal detection of
Oggl enzymatic activity as well as that of the AP
endonuclease APEI, in extracts from adult mouse retinal
cells. The detection of Oggl 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 3, and XRCCl1 that are
involved in the BER steps following the excision of the 8-
0x0G in retinal cells. Furthermore, the cellular distribution of
these proteins was similar to that of Oggl. 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-
ox0G 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 Oggl, APEI, and DNA
polymerase B are high. XRCC1 is a scaffold protein,
interacting with many other BER proteins including Oggl,
APEL, DNA polymerase 3. and Ligase Illa [13,20,52,55-57].
XRCCI1 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 XRCCI-
deficient mice and the genetic instability of cells lacking this
protein demonstrate the critical role of XRCC1 [58]. The
absence of XRCCI1 in IS, which contrasts strikingly with its
presence in both inner nuclear and ganglion cells layers,
suggests that the elimination of the 8-0x0G in the retina occurs
and is coordinated through two pathways that differ slightly
according to the cellular localization of 8-0xoG. XRCCl,
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 8-0xoG 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
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Figure 7. BER activities in neuroretina
protein extracts. Representative gels
showing the cleavage of the double-
stranded radiolabeled oligonucleotide
substrate containing 8-0xoG: 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.

that the pathway leading to 8-0xoG 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 8-0xoG 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 8-0xoG, 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.
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Additional experiments still remained to be performed for
establishing accurately the possible roles of the accumulation
of 8-0x0G, 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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