
































A-T has led to much speculation about additional pathogenic
mechanisms.

Moreover, recent studies have demonstrated that ATM is
involved in other important functions. Two novel intertwined
roles have been proposed for ATM: the regulation of
ribonucleotide reductase, the rate-limiting enzyme in the de
novo synthesis of deoxyribonucleoside triphosphate, and the
control of mitochondrial homeostasis [93,94]. ATM could

modulate mitochondrial respiratory rates directly or
indirectly, or through some DNA repair functions.
Alternatively, ATM may regulate mitochondrial function in a
DNA-repair-independent, hence metabolic, capacity [95].
These new findings suggest that A-T pathophysiology is more
complex than anticipated and may be closely related to the
field of mitochondrial diseases. The photoreceptor
mitochondria are confined within the inner segment and

Figure 13. Intracellular localization of ATM and ATMp immunoreactivities in photoreceptors of adult mice using confocal imaging. The
double staining of the ONL using a specific polyclonal antibody raised against ATM (green) in the neuroretina and TO-PRO-3 counterstaining
(blue) is shown (A). The double immunostaining with anti-ATM (green) and anti-recoverin (red) antibodies is also shown. Recoverin is a
specific cytoplasmic photoreceptor protein. Two-dimensional scatterplots of voxel intensities in red and green channels are shown in the right-
hand column. We used a threshold of 30 (on a scale 0–255) for each label. Pearson’s correlation coefficient was determined for the correlation
of voxel intensity between the red and green channels and is displayed in the lower right-hand corner. The Pearson coefficient is −0.28. No
colocalization was observed between ATM and recoverin immunostainings in photoreceptor cells (B). The double immunostaining using an
antibody raised against ATMp (green) and recoverin (red) in ONL is clearly visualized. Two-dimensional scatterplots of voxel intensities in
red and green channels are shown in the right-hand column. The Pearson coefficient is 0.90. ATMp immunostaining colocalized extensively
with recoverin immunostaining in photoreceptor cells (C). Abbreviations: Inner nuclear layer (INL), and outer nuclear layer (ONL).
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presynaptic regions of the OPL. ATMp protein was also
readily detected within the OPL of the retina, where
photoreceptors form synapses with neuronal bipolar cells.
Most mitochondria in the presynaptic regions of the rod
bipolar neurons are concentrated in the IPL. Indeed, axonal
presynaptic terminals of the bipolar cells are either
synaptically connected to AII amacrine cells—which, in turn,
are connected to the cone cells circuitry—whereas cone

bipolar cells are directly synaptically connected to the retinal
ganglion cells of the cone pathway [96]. Mitochondria are
primary sites of ROS generation. Previous studies have shown
that one characteristic feature of cells from patients with A-T
is their state of continuous oxidative stress [31]. A-T cells
display intrinsic mitochondrial dysfunction, implicating ATM
in the regulation of mitochondrial function [95]. It is thus
possible that the activated form of ATM reduces or prevents

Figure 14. Intracellular localization of ATM and ATMp immunoreactivities in cerebellar Purkinje and granule cells of adult mice using
confocal imaging. We used the monoclonal antibody pS1987 from Rockland for this figure. The same pattern was observed with rabbit
polyclonal antibody pS1987 from Abcam and rabbit polyclonal pS1987 antibody from Signalway. The double labeling of cerebellar Purkinje
cells with ATM immunostaining (green) and PI staining (red; A) is shown. The colocalization in cerebellar granule cells of ATM
immunostaining (green) and PI staining (red) is shown. Two-dimensional scatterplots of voxel intensities in red and green channels are shown
in the right-hand column. The Pearson coefficient is 0.42. PI staining and ATM immunoreactivity were colocalized in cerebellar granule cells
(B). The colocalization of ATMp immunostaining (green) and PI staining (red) in cerebellar granule cells is also shown. Two-dimensional
scatterplots of voxel intensities in red and green channels are shown in the right-hand column. The Pearson coefficient is −0.03. PI staining
and ATMp antibody staining were not colocalized (C). Abbreviations: Granular cell layer (GL), and Purkinje cell layer (PL).
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the deleterious effects of ROS production in the mitochondria-
rich regions of retinal neurons, resulting from the normal
functioning of the electron transport chain coupled with
phosphorylative oxidation.

Although the highest oxygen concentrations are detected
in the neural retina, one should not underestimate the
importance of oxygen consumption and ATP production and
thus the high amounts of ROS physiologically produced in
RPE cells [97,98]. ATM protein showed immunostaining in
the nucleus of RPE cells, and strong ATMp labeling was
observed in these cells. The RPE plays a central role in the
physiology of the retina [99]. RPE has numerous functions
extremely important for the neural retina. It regulates the ionic
environment of the subretinal space. It phagocytoses shed
outer segments of photoreceptors. It converts the 11 trans
retinal to the photosensitive 11 cis retinal, which is a key
molecule of the visual cycle and phototransduction cascade.
It also constitutes the outer hemato-ocular barrier of the eye.
In addition to its light absorption properties, which generate
free radicals, RPE is exposed to high oxygen concentrations,
which may promote the generation of ROS, inducing
oxidative damage in the event of impaired antioxidant defense
mechanisms [68]. Indeed, POS phagocytosis subjects RPE
cells to an oxidative event of the same order of magnitude as
that measured in macrophages [100]. The event is not an
extracellular macrophage-type respiratory burst, but may be
due to intracellular hydrogen peroxide resulting from NADPH
oxidase activity in the phagosome or from β-oxidation of ROS
lipids in peroxisomes [101]. The significant levels of ATMp
immunoreactivity observed in RPE cells may prevent the
detrimental consequences, in particular DNA damage, caused
by the frequent occurrence of oxidative events during
physiologic RPE functions.

Distribution of ATM and ATMp in photoreceptor and
cerebellar granule cells: The cytoplasmic localization of
ATMp in photoreceptors is intriguing, as some form of retinal
degeneration or dysfunction would be expected to occur in
Atm-deficient mice and A-T patients. So far, no such
abnormalities have been reported. It remains to be determined
why distinct ATM and ATMp immunostaining patterns are
observed in granule cells and photoreceptors but not in other
neuronal cells.

One possible explanation for this discrepancy may be
related to the specific neuronal cell types targeted in various
neurodegenerative diseases involving either the cerebellum or
retina, or both. Indeed, studies performed on postmortem
cerebellum samples from A-T patients unequivocally
demonstrate that cerebellar granule cells are major targets of
the A-T neurodegenerative process [102]. Whatever the
molecular genetics cause might be for any type of inherited
retinal degenerations, photoreceptor or RPE cells are the
major retinal cell types that undergo degeneration (RetNet).
This highlights a specific susceptibility of these cells to

oxidative stress and DNA damage. The molecular basis of this
cell type-specific susceptibility remains to be elucidated. The
Harlequin mutant mouse strain (Hq) is an important mouse
model, combining both cerebellar granule and photoreceptor
cell degeneration [103]. This model has enabled the
establishment of a link between oxidative damage, cell cycle
reentry, and cell death. Reduced levels of apoptosis-inducing
factor (Aif) were obtained in this mutant by proviral insertion.
The cerebellar neurons and retinal cells in this mouse thus
display increased ROS-induced DNA damage accompanied
by the appearance of S-phase markers, preceding apoptotic
death, cell cycle activation in neurons, and DNA synthesis.
The particular vulnerability of cerebellar granule and
photoreceptor cells to ROS cannot be fully understood
without consideration of the crucial functions of ATM in cell
survival. The consequences of ATMp cytoplasmic
localization in these cell types open up new possibilities in the
study of ATM-associated molecular pathways in cell survival,
both in physiologic conditions and in neurodegenerative
disorders. Notably, the links between the cytoplasmic
localization of ATMp and the major role played by
mitochondria and peroxisomes in ROS production, including
vicious circles of ROS overexpression in neurodegenerative
processes, have not been clearly established.

Another alternative, but not exclusive, explanation of
these distinct patterns of ATM and ATMp localization and
their possible link to the apparent sparing of photoreceptor
cells in A-T patients might be provided by findings obtained
in the mutant Purkinje cell degeneration mouse model (pcd)
[104]. Pcd mutant mice undergo selective degeneration of
specific neuronal populations: cerebellar Purkinje cells,
photoreceptor cells, and olfactory mitral cells. A recent study
has identified predegenerative changes, including DNA
damage/repair foci in target neurons with a well preserved
general cytology, in the early stages of the neurodegenerative
process in these mice [105]. The substantial vulnerability of
photoreceptors in pcd mice contrasts with the apparent
resistance of the same cells in Atm-deficient mice. Indeed, no
retinal degeneration or dysfunction has been reported so far
both in A-T patients and in Atm-deficient mice [106-108].
However, A-T patients and Atm-deficient mice ophthalmic
phenotypes must nowadays be reassessed by emerging
noninvasive techniques increasingly available for exploring
both human and mouse retinal structure and functions. This is
mandatory for eliminating the possibility that A-T patients
and Atm-deficient mice photoreceptors might actually display
some subtle or manifest retinal dysfunctions corresponding to
predegenerative alterations possibly reversible, such as those
detected at the earliest stages of the neurodegenerative process
occurring in the olfactory mitral cells of pcd mutant mice.
Most A-T patients are affected by oculo-motor abnomalities.
These abnormalities prevent in most cases the stable fixation
of any visual stimulus. The absence of fixation often does not
allow the ophthalmologists to perform complete and accurate
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visual examinations. Many A-T patients display a
characteristic oculomotor apraxia (difficulty in the initiation
of voluntary eye movements) frequently preceding the
development of telangiectases [109]. Moreover, many A-T
patients present a strabismus and/or a nystagmus [106]. It is
important to emphasize that a nystagmus presumed to be of
oculomotor origin might well be a consequence of retinal
dysfunction or degeneration.

Another possible explanation for the discrepancy
observed between ATM and ATMp cellular immunostaining
patterns may involve the second master regulators of the DNA
damage response: ATR protein kinase [110]. Most ATM
substrates can also be phosphorylated by ATR, and the major
functions of ATR and ATM in cell-cycle control are
overlapping and redundant. However, ATM and ATR respond
to different types of DNA damage: ATM responds to DSBs,
and ATR responds to replication stress [111]. Although ATR
is primarily a replication stress-response kinase, it is also
activated by DSBs. A major established fact must be
emphasized: both ATM and ATR are interdependent [112,
113]. In A-T cells, shared ATM and ATR substrates are not
phosphorylated efficiently in response to IR because ATM is
absent, causing a delay in end resection. Eventually, ATM-
independent end resection does occur, allowing ATR to
recognize the damage [114]. The consequence of this
interdependency is that Atm-deficient cells have severe cell-
cycle checkpoint defects in response to IR exposure. The
overlapping and redundant functions of ATM and ATR, as
well as their specific distinct functions, may vary according
to neuronal cell type. Further experiments based on
conditional knockout mice for ATR as well as ATM are
needed to test this hypothesis.

The importance of maintaining genomic stability in
neurons cannot be overemphasized. Their finite number, long
life, high metabolic rate, and continuous exposure to oxidative
stress, together with high levels of gene transcription, require
stringent control of genomic integrity. Our findings show that
ATM is present in the adult mouse whole cerebellum and
retina. ATM and its activated form seem to be required for
preventing the accumulation of oxidative damage in the eye,
especially in the photoreceptors of the retina. The ATM/
ATMp system is involved in the protection from abnormal
ROS production and irreparable lethal DSBs and DNA
deletions. Retinal antioxidants and DNA repair systems seem
to be particularly efficient in the adult retina; indeed, retinal
malignancy is rare in adult patient retinas despite daily
exposure to UV and visible light radiations and metabolism-
induced damage. Our study provides further insight into the
molecular building blocks and pathways underlying the
highly efficient retinal systems protecting against oxidative
stress, DNA damage, retinal degeneration, and malignancies.
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