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Neurobiology of Disease

Analysis of the Ataxia Telangiectasia Mutated-Mediated
DNA Damage Response in Murine Cerebellar Neurons

Inbal Dar,! Sharon Biton,2 Yosef Shiloh,? and Ari Barzilai!
'Department of Neurobiochemistry, George S. Wise Faculty of Life Sciences and 2The David and Inez Myers Laboratory of Genetic Research, Department of
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The DNA damage response is a network of signaling pathways that affects many aspects of cellular metabolism after the induction of DNA
damage. The primary transducer of the cellular response to the double-strand break, a highly cytotoxic DNA lesion, is the nuclear protein
kinase ataxia telangiectasia (A-T) mutated (ATM), which phosphorylates numerous effectors that play key roles in the damage response
pathways. Loss or inactivation of ATM leads to A-T, an autosomal recessive disorder characterized by neuronal degeneration, particu-
larly theloss of cerebellar granule and Purkinje cells,immunodeficiency, genomic instability, radiosensitivity, and cancer predisposition.
The reason for the cerebellar degeneration in A-T is not clear. It has been ascribed by several investigators to cytoplasmic functions of
ATM that may not be relevant to the DNA damage response. We set out to examine the subcellular localization of ATM and characterize
the ATM-mediated damage response in mouse cerebellar neurons. We found that ATM is essentially nuclear in these cells and that
various readouts of the ATM-mediated damage response are similar to those seen in commonly used cell lines. These include the
autophosphorylation of ATM, which marks its activation, and phosphorylation of several of its downstream substrates. Importantly, all
of these responses are detected in the nuclei of granule and Purkinje cells, suggesting that nuclear ATM functions in these cells similar to
other cell types. These results support the notion that the cerebellar degeneration in A-T patients results from defective DNA damage

response.

Key words: ataxia-telangiectasia; DNA damage response; ATM; cerebellum; Purkinje cells; cerebellar granule neurons

Introduction

Living cells are continuously exposed to exogenous and endoge-
nous agents that damage their DNA. The many types of DNA
lesions that are induced by these insults are rapidly detected, and
an intricate web of signaling pathways, the DNA damage re-
sponse, is activated. Hallmarks of this response are the activation
of cell-cycle checkpoints and the appropriate DNA repair path-
ways, which lead to cellular survival or, in certain contexts, initi-
ation of apoptotic programs. The DNA damage response is a
hierarchical process that is executed through a series of steps.
DNA lesions are detected by sensor proteins that recognize the
lesions or chromatin alterations that follow DNA damage, and
transducer molecules convey the damage signal to downstream
effectors. It is this relay system from transducers to effectors that
enables a single DNA lesion to modulate numerous pathways.
One of the most cytotoxic DNA lesions is the double-strand
break (DSB). Even a few DSBs can quickly set in motion a rapidly
mounting, vigorous DNA damage response (Matsuura et al.,
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1998; Varon et al., 1998; van Gent et al., 2001; D’Amours and
Jackson, 2002; Bassing and Alt, 2004).

The transducers of the DNA damage response belong to a
conserved family of proteins that contain a phosphatidylinositol
3-kinase-like domain, most of which possess serine/threonine
kinase activity (Abraham, 2001, 2004; Durocher and Jackson,
2001; Khanna et al., 2001; Shiloh, 2001; Shiloh and Kastan, 2001).
Among the members of this family are ataxia-telangiectasia
(A-T) mutated (ATM) and the DNA-dependent protein kinase
(DNA-PK), which respond primarily to DSBs that are involved in
the nonhomologous end-joining pathway of DSB repair, and
ataxia telangiectasia Rad 3-related (ATR), which responds pri-
marily to UV damage and stalled replication forks but also shares
with ATM substrates in the DSB response pathway. After DSB
induction, ATM is rapidly activated in a process of autophos-
phorylation and conversion of inert ATM homodimers or mul-
timers to active monomers (Bakkenist and Kastan, 2003). Active
ATM then phosphorylates a large array of substrates, each of
which in turn modulates a damage response pathway. ATM was
identified as the product of a gene mutated in the human genetic
disease A-T. A-T is characterized by progressive neuronal degen-
eration, primarily loss of Purkinje and granule cells in the cere-
bellum, which leads to general motor dysfunction, immunodefi-
ciency, genome instability, extreme radiosensitivity, and high
incidence of lymphoreticular malignancies (Lavin and Shiloh,
1997; Abramova et al., 2000; Chun and Gatti, 2004).

The reason for the neuronal degeneration in A-T has been the
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subject of debate. Several studies claimed that Afm resides in the
cytoplasm in cerebellar neurons and attributed the loss of these
cells in A-T patients to a deficiency of a cytoplasmic function of
ATM (Oka and Takashima, 1998; Kuljis et al., 1999; Barlow et al.,
2000). Here we show that Atm is predominantly nuclear in these
cells, and all readouts of the Atm-dependent DNA damage re-
sponse in cerebellar neurons are similar to those seen in com-
monly used cell lines.

Materials and Methods

Mice. Atm™’~ mice (Barlow et al., 1996) were a generous gift from Dr.
Anthony Wynshaw-Boris (University of California, San Diego, CA). Off-
spring of these mice were genotyped using PCR-based assays based on
mouse-tail DNA prepared with the GenElute Mammalian Genomic DNA
Miniprep kit (Sigma, St. Louis, MO).

Mice were irradiated using a 6 MV x-ray machine with x-ray doses of
20 Gy. Mice were killed at different time points after ionizing radiation
(IR), and the brains were dissected, fixed in 4% formaldehyde in 0.1 m
PBS for 24 h, and exposed to sucrose gradient (7, 14, and 21%) for at least
12 h. Brains were frozen in JUNG tissue freezing medium (Leica, Wet-
zlar, Germany) using dry ice and hexane, after which 12 um sagittal
sections were prepared for immunohistochemical analysis.

Cerebellar granule neurons. Cultures highly enriched for granule neu-
rons were established from cerebella of 8-d-old mice (Atm™*’" and
Atm™’") as described previously (Nardi et al., 1997).

Organotypic slice cultures from the mouse cerebellum. Organotypic slice
cultures have better preservation of neuronal structure and cell-cell in-
teraction than dissociated cultures. Cultures were prepared according to
Norabergetal. (1999) and Inamura et al. (2000) from 12-d-old wild-type
(WT) and Atm ™'~ mice. Brain slices 400-um-thick were mounted on
Millicell-CM, PICM 030 50 (sterilized culture plate insert), 0.4 wm, 25
mm (Millipore, Bedford, MA) membrane.

Immunocytochemistry. Cultures were fixed with 4% paraformaldehyde
after permeabilization with 0.5% Triton X-100 (for dissociated cerebellar
granule cells) or 1% Triton X-100 (for organotypic culture). Subse-
quently, slides were incubated with blocking solution (1% BSA and 10%
serum for dissociated cerebellar granule cells, and 1% BSA, 10% serum,
and 0.25% Triton X-100 for organotypic culture) and incubated over-
night with the following primary antibodies: mouse anti-calbindin D28K
monoclonal antibody (Sigma), rabbit anti-calbindin D28K polyclonal
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antibody (Chemicon, Temecula, CA), rabbit anti-phosphorylated pSQ/
pTQ polyclonal antibody (Cell Signaling Technology, Beverly, MA), rab-
bit anti-phospho-serine 1981 (pS1981) of ATM (Bethyl Laboratories,
Montgomery, TX), mouse anti-phosphorylated H2AX (a variant of his-
tone 2) (yH2AX) monoclonal antibody (Upstate Biotechnology,
Waltham, MA), and mouse anti-ATM monoclonal antibody (5C2; a gift
from Prof. Eva Lee, University of Texas, San Antonio, TX). Sytox blue
(Invitrogen, Carlsbad, CA) was used to visualize cell nuclei (supplemen-
tal Fig. S1, available at www.jneurosci.org as supplemental material).
Immunofluorescence was visualized using a Zeiss (Oberkochen, Ger-
many) LSM-510 confocal microscope.

Immunoblotting analysis. Tissues or cultured cells were washed with
ice-cold PBS and homogenized in ice-cold homogenization buffer [120
mu NaCl, 50 mm Tris buffer, pH 7.4, 1 mm EDTA, 0.5% NP-40, and 1:50
phosphatase inhibitor cocktail (I and II; Sigma) and 1:100 protease in-
hibitor cocktail for total cerebellum; 150 mm NaCl, 50 mm HEPES, pH
7.4, 10% glycerol, 1% Triton X-100, 1 mm EDTA, 1.5 mm MgCl,, 1 mm
EGTA, and 1:50 phosphatase inhibitor cocktail (I and II; Sigma) and
1:100 protease inhibitor cocktail for cultured neurons]. Protein concen-
tration was determined according to Bradford (1976) using BSA as stan-
dard. Blots were prepared as described by Harlow and Lane (1988) using
7.5% polyacrylamide gels. Each lane was loaded with 50 g of protein
extract, and, after electrophoresis, the proteins were transferred to an
Immobilon polyvinylidene difluoride membrane (Millipore) for at least
12 h at 200 mA. Blots were stained with Ponceau to monitor protein
amounts. Membranes were then probed with the following antibodies:
mouse anti-tubulin monoclonal antibody (Sigma), rabbit anti-phospho-
Serl5 of p53 (Cell Signaling Technology), rabbit anti-p53 (DO1 plus
421), and rabbit anti-phospho-Ser957 of SMC1 (a member of the struc-
tural maintenance of chromosome family) (Novus Biologicals, Littleton,
CO).

Results

Atm is predominantly nuclear in mature postmitotic neurons
Contrary to its predominantly nuclear localization in proliferat-
ing cells, ATM was reported previously to be cytoplasmic in cer-
ebellar human and murine neurons (Oka and Takashima, 1998;
Kuljis et al., 1999; Barlow et al., 2000). This is a central issue in
A-Tand ATM research. To reexamine the subcellular localization
of Atm in cerebellar neurons, organotypic cultures derived from
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ATM localization in cerebellar organotypic cultures. A, ATM in Purkinje neuron and in surrounding cells resides in the molecular layer of the cerebellum. In Purkinje neuron, the ATM

immunoreactivity is located mainly in the nucleus (white arrow); however, cytoplasmic traces of ATM can be seen. The molecular layer contains several types of neurons such as the basket and
satellite neurons. B, This image clearly demonstrates that ATM is predominantly nuclear in these cells. The cultures were fixed and reacted with anti-ATM antibodies (5C2). Scale bars, 20 um.
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Figure 2.  Atm activation after DNA damage. A, Total protein extracts were isolated from Atm™~ and Atm ™ mice cerebellar
granule neurons untreated and treated with NCS (200 ng/ml, 30 min), and immunoblots were reacted with anti-pS1981 ATM antibody
(1:1000) and then with anti-ATM antibody (Mat3 [anti-ATM antibody that was prepared against a short sequence (peptide) of murine
ATM], 1:1000). This monoclonal antibody was prepared against peptide derived from mouse Atm. To verify equal loading, the blot was
stripped and reacted with anti-tubulin antibody. As expected, anti-ATM antibody immunoreacts only with extractsisolated from Atm ™
cerebella. Note that anti-pS1981 ATM antibody reacts only with activated Atm. B, Dose-dependent activation of Atm. Cerebellar organo-
typic cultures (day 12 in primary culture) were exposed to various doses of IR (0, 2, 5, and 10 Gy) for 30 min, fixed, and treated with
anti-pS1981 ATM antibody (Bethyl Laboratories, Montgomery, TX). Purkinje cells were identified using anti calbindin-28 antibody (red).
Note that only the nuclei of Atm ™/ cerebellar neurons that were treated with IR are labeled, suggesting that DNA damage activates Atm
inthenuclei of the various cerebellar cells and Purkinje cells. Left panels show the images of fluorescent anti-pS1981 ATM antibody (green),
and theright panels are merged images of the fluorescent anti-pS1981ATM antibody (green), anti-calbindin-28 antibody (red), and Sytox
blue. €, Time course of Atm activation in response to IR. Cerebellar organotypic cultures were exposed to 10 Gy, and, at various time points
afterirradiation, the cultures were fixed and treated with anti-pS1981 ATM antibody. Purkinje cells were identified using anti calbindin-28
antibody (red). Note that Atm is activated as early as 5 min after irradiation and remains active for 2 h. D, Evidence at higher magnification
of nuclear foci formed by activated ATM. Merge, ce-pS1981—ATM plus calbindin-28 plus Sytox blue. Scale bars, 10 um.

WT and Atm ™/~ mice were reacted with the anti-A¢m antibody
(5C2; a gift from Prof. Eva Lee) and analyzed by confocal micros-
copy. The ATM specificity of this antibody in immunostaining
was shown recently (Biton et al., 2006) and analyzed by confocal
microscopy. Cerebellar neurons in our study exhibited pre-

J. Neurosci., July 19, 2006 - 26(29):7767-7774 * 7769

dominantly nuclear staining with this
antibody, which was not observed in
Atm ™'~ cells, attesting to the specificity
of the antibody (Fig. 1A). This result
suggests nuclear localization of Atm in
both cerebellar and Purkinje cells. How-
ever, close examination of Purkinje cells
in these cultures revealed, in addition to
the strong nuclear staining, small cyto-
plasmic immunoreactivity (Fig. 1B),
suggesting a minor cytoplasmic fraction
of Atm in these cells.

Activation of nuclear Atm by DNA
damage in mature cerebellar neurons

To monitor ATM activation in cerebellar
neurons, organotypic cultures were
X-irradiated and subsequently reacted
with a specific phospho-antibody
against phosphorylated S1981 of human
ATM. Autophosphorylation of human
ATM on this residue plays a major role
in ATM activation and tags activated
ATM (Bakkenist and Kastan, 2003). This
serine residue is at position 1987 in mu-
rine ATM, but the flanking amino acid
sequences are identical in both species
(Pecker et al., 1996); hence, the site is
conserved. To determine whether the
antibody against autophosphorylated
human ATM detects the autophosphor-
ylation of murine ATM, cerebellar cul-
tures from WT and Atm ™/~ mice were
exposed to 200 ng/ml of the radiomi-
metic drug neocarzinostatin (NCS) for
30 min, and cellular extracts were sub-
jected to immunoblotting analysis with
the antibodies against pS1981 and ATM.
The «a-pS1981 antibody recognized a
damage-induced band that corre-
sponded in size to ATM and was not ob-
served in Atm-deficient cells (Fig. 2A),
suggesting that it recognized autophos-
phorylated ATM. We then used this an-
tibody for immunostaining analysis of
irradiated cerebellar cultures. Ionizing
radiation induced a dose-dependent nu-
clear staining in WT mice but notin Atm
knock-out mice (Fig. 2B). Temporal
analysis showed that the signal appeared
shortly after DSB induction and decayed
within several hours (Fig. 2C). Interest-
ingly, at certain doses and time points,
this immunoreactivity was observed in
distinct nuclear foci (Fig. 2C,D). These
results suggest that, in cerebellar cells,
nuclear ATM undergoes autophosphor-
ylation in response to DNA damage,

probably indicating its activation similar to this process in
proliferating cells. The same analysis performed in cerebellar
sagittal sections obtained from irradiated mice showed that
ATM was autophosphorylated in the nuclei of cerebellar neu-
rons in vivo (Fig. 3). Thus, in all sources of cerebellar neurons
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Figure 3.  Atm activation after exposure of whole mice to 20 Gy IR. Brain sections were
isolated from untreated and irradiated 1-month-old (Atm ™ and Atm ") mice. The brains
were fixed, and frozen sections were prepared. The sections treated with anti-pS1981) ATM
antibody (1:2000; Bethyl Laboratories). Purkinje cells were visualized using anti-calbindin-28
antibody. The panels show a merged picture [calbindin D28K antibody (green) and anti-pS1981
ATM antibody (red)]. Scale bar, 20 wm. PCL, Purkinje cell layer.

(cultured cerebellar granules, organotypic cultures, and in
vivo brain sections), ATM was autophosphorylated in the nu-
clei after DNA damage.

DSB responses in cerebellar neurons

Formation of yH2AX foci

Phosphorylation of histone H2AX on Ser139 at DSB sites is one of
the earliest responses to this DNA lesion and is crucial to anchor-
ing additional damage-response proteins to these sites
(Fernandez-Capetillo et al., 2004; Lee et al., 2005). yH2AX can be
detected by the corresponding phospho-specific antibody in
prominent nuclear foci that mark the damage sites. H2AX phos-
phorylation has shown variable degrees of ATM dependency in
different studies (Burma et al., 2001; Girard et al., 2002; Friesner
et al., 2005). After ionizing radiation, we observed in cerebellar
organotypic cultures a dose-dependent increase in yH2AX nu-
clear foci in most cells (Fig. 4A). Interestingly, fewer and consid-
erably smaller yYH2AX foci were observed in Purkinje cells com-
pared with the other types of cells surrounding them (Fig. 4B, C).
Temporal analysis of the formation and disappearance of yH2AX
foci demonstrated different time courses in WT and Atm-
deficient cerebellar cells: their emergence and subsequent disap-
pearance were considerably delayed in Atm ™/~ cells. Because the
persistence of yH2AX foci is thought to denote unrepaired DSBs,
this difference probably represents a delay in DSB sealing in
Atm™’" cells.

Activated Atm and yH2AX foci are colocalized

A fraction of activated ATM tightly binds to DSB sites (Andegeko
et al.,, 2001; Uziel et al., 2003). Coimmunostaining of irradiated
cerebellar organotypic cultures with anti-yH2AX and anti-
pS1981/ATM antibodies demonstrated that the foci of YH2AX
and activated Atm were indeed colocalized, and the joint foci
could be observed as early as 2 min after irradiation. Importantly,
activated ATM was detected throughout the nucleus and not only
at damage sites (Fig. 5).
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Nuclear phosphorylation of Atm substrates
In the hierarchy of the DNA damage response, ATM serves as an
effector kinase that phosphorylates many substrates in various
response pathways. The target sites of ATM are serine or threo-
nine residues followed by glutamine (SQ or TQ motifs) (Kurz
and Lees-Miller, 2004). We monitored the phosphorylation of
several ATM substrates in cerebellar organotypic cultures after
exposure to IR by immunostaining with an antibody that was
raised against a collection of peptides containing phosphorylated
SQ or TQ motifs. This anti-phospho (SQ/TQ) antibody detects
these phosphorylations as a strong nuclear signal (Uziel et al.,
2003). The radiation treatment led to marked staining of the
nuclei of these cells with a immunofluorescent signal that was
ATM dependent and developed over the first hour after irradia-
tion (Fig. 6). In Purkinje cells, this signal exhibited nuclear foci.
We used Western blotting analysis to follow the phosphoryla-
tion of two well documented ATM substrates: the p53 protein,
which is involved in the activation of the cell cycle checkpoints by
DNA damage (Kastan et al., 1992; Gottifredi and Prives, 2005),
and the cohesin subunit SMCI1, whose phosphorylation is re-
quired for the intra-S checkpoint (Kim et al., 2002; Yazdi et al.,
2002; Niida and Nakanishi, 2005). The target of ATM on human
p53 is Ser15 (Banin et al., 1998; Canman et al., 1998), and the
equivalent in murine ATM is Ser18 (Xu et al., 1998; Kang et al,,
2005). Phosphorylation of Ser18 of p53 in cultured granule cells
treated with NCS exhibited a typical time course and ATM de-
pendency (Fig. 7A). Atm™" and Atm ™’ animals were exposed
to 20 Gy, the cerebella were isolated 30 min after IR treatment,
and their proteins were extracted and subjected to Western blot-
ting analysis. SMC1 was phosphorylated in an ATM-dependent
manner in cerebellar cells (Fig. 7B).

Discussion

Neuronal degeneration affecting mainly the cerebellum is the
major and most disturbing symptom of A-T. Understanding the
role of ATM in this tissue is of prime importance for understand-
ing A-T and designing treatment modalities. Our data suggest
that, in murine cerebellar neurons, nuclear ATM is activated by
DSBs and mediates the cellular response to this lesion, similar to
its primary role in proliferating cells. This conclusion is based on
our findings: ATM is predominantly nuclear in cerebellar neu-
rons; nuclear ATM autophosphorylates in response to DSB in-
duction and is thus probably activated similarly to its activation
in proliferating cells; activated ATM colocalizes with yH2AX foci,
suggesting that it binds to DSB sites similarly to activated ATM in
proliferating cells; and nuclear ATM-dependent phosphoryla-
tion of several ATM substrates is observed in these cells.

A fundamental question with respect to the function of ATM
in neuronal cells is its subcellular localization in these cells. Two
reports suggested that ATM was cytoplasmic in human and mu-
rine cerebellar neurons (Oka and Takashima, 1998; Barlow et al.,
2000). In one report by Oka and Takashima (1998), a commercial
anti-ATM antibody was used to immunostain human cerebellar
sections, but no evidence was provided of the specificity of the
antibody to ATM. Such specificity can be established by testing
the antibody in immunostaining test against ATM-deficient cells.
The vast majority of anti-ATM antibodies tested to date were
found to lack ATM specificity in immunostaining (S. Biton, data
not shown), but the anti-ATM antibody used in the current study
was shown to be specific in this test (Andegeko et al., 2001; Biton
etal., 2006). In the study by Barlow et al. (2000) examining ATM
localization in murine cerebellar tissues, the antibody used did
not react with ATM-deficient cells, thereby fulfilling the basic
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Figure4. Partial ATM dependence of yH2AX focus formation after DNA damage in cerebellar organotypic cultures. One of the
early events in the DSB response is histone H2AX phosphorylation on Ser139 and foci formation of yH2AX at the region of the
damage sites. Purkinje cells were identified using anti-calbindin-D28K antibody (green in 4, red in €). 4, Organotypic cultures
were treated with various doses of IR, and, 30 min later, the cultures were fixed and reacted with an anti-yH2AX antibody. yH2AX
(in red) can be seen in Atm™/" as well in Atm—/~ cells after treatment with various doses of IR. Merge, c-yH2AX plus
calbindin-28 plus Sytox blue. B, Higher magnification of Atm */* and Atm "~ cultures that were irradiated with 10 Gy and fixed
after 30 min show smaller size of foci in Purkinje cells in contrast to surrounding cells, which have distinct and large foci. Scale bar,
10 wm. C, Organotypic cultures were exposed to 10 Gy, and, at various time points after irradiation, the cultures were fixed and
treated with anti--yH2AX antibody (green). yH2AX foci are formed in Atm ™ cells as early as 5 min after irradiation and last up
to 2 hafterdamage. In contrast, Atm-deficient cells are able to efficiently form yH2AX foci only later (starting at 30 min). Scale bar,
10 wm.

criterion for Atm specificity. The reason for the discrepancy be-
tween our study and that of Barlow et al. is not clear and may
reflect differences in experimental protocols. Of note, we did
notice a small cytoplasmic fraction of ATM in cultured Purkinje
cells and therefore cannot rule out the possibility that ATM re-
sides in these cells in both the nucleus and cytoplasm; neverthe-
less, the large majority of this protein was nuclear in our cultures.
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Unfortunately, we could not detect
ATM in frozen cerebellar sections because
none of the 10 antibodies that we used dis-
played specific immunoreactivity in tissue
sections (for 5C2 antibody, see supple-
mental Fig. S2, available at www.
jneurosci.org as supplemental material).
Collectively, our study clearly demon-
strates that ATM is nuclear in cerebellar
organotypic cultures, but we cannot gen-
eralize this finding to cerebellar frozen
sections.

Once our data based on the 5C2 anti-
body and the a-pS1981 antibody placed
ATM in the nucleus in murine cerebellar
neurons, we monitored the DSB response
in these cells using various readouts of this
process. The cerebellar organotypic cul-
tures allow close examination of these re-
sponses in Purkinje cells and the sur-
rounding neurons. One of the early events
at the DSB sites is massive phosphoryla-
tion of the tail of histone H2AX on Ser139,
which is essential for appropriate initia-
tion of the DSB response and DSB repair
(Fernandez-Capetillo et al., 2004). One of
the roles of yH2AX is to anchor the dam-
age response Mdcl (mediator of DNA
damage checkpoint protein 1), which is re-
cruited to the damaged site within minutes
of DSB induction (Stucki et al., 2005).
H2AX phosphorylation is initiated at the
break site and rapidly spreads over mega-
bases of genomic DNA; it is therefore evi-
dent as prominent nuclear foci (Redon et
al.,, 2002). The vigorous induction of
YH2AX foci in cerebellar neurons demon-
strates that this cardinal step in the DSB
response, which is well documented in
proliferating cells (Bekker-Jensen et al.,
2006), is performed in these cells as well. It
is not surprising that Atm-deficient cere-
bellar neurons are capable of H2AX phos-
phorylation but in a later kinetics (Fig. 4),
because previous studies showed that
other PIKK (phosphoinositide 3-kinase-
related kinase) family members such as
ATR and DNA-PK also take part in H2AX
phosphorylation (Burma et al, 2001;
Ward and Chen, 2001; Fernandez-
Capetillo et al., 2002; Brown et al., 2003;
Celeste et al., 2003; Stiff et al., 2005).

We observed an interesting phenome-
non in the cerebellar organotypic cultures:
the number and size of yH2AX foci in Pur-
kinje cells were considerably smaller than

in the surrounding neurons (Figs. 4, 5). This difference may stem
from a unique chromatin organization in Purkinje cells. DNA
staining indicates that chromatin in the large nuclei of these cells
is less condensed compared with the surrounding neurons (sup-
plemental Fig. S1, available at www.jneurosci.org as supplemen-
tal material). This spatial organization may preclude the rapid
expansion of H2AX phosphorylation typical of cells with more
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Figure 5.  Colocalization of activated ATM and -yH2AX in irradiated organotypic cultures.

Cerebellar organotypic cultures prepared from Atm ™™ mice were exposed to 10 Gy, and, at

various time points thereafter, the cultures were fixed and cotreated with anti-pS1981 ATM
antibody (Bethyl Laboratories) (red) and anti- yH2AX (green). The white spots represent colo-
calization of the two antibodies. Note that ATM is activated throughout the irradiated nucleus,
not only at the damage sites. Scale bar, 20 wm.

condensed chromatin. It is possible that changes in chromatin
organization at the DSB sites immediately after DSB induction
differ in Purkinje cells compared with other cells.

The disappearance of yH2AX foci is thought to represent a
reduction in unrepaired DSBs and therefore provides a monitor
of their actual repair. We noticed that, even after high IR doses,
cerebellar neurons lost the majority of their YH2AX foci within
2 h (Fig. 1C), suggesting a robust repair process. Interestingly,
Atm deficiency does not abrogate the repair process altogether
but only attenuates it. This is probably attributable to some re-
dundancy between ATM and other PIKK family members, pri-
marily ATR. The relative contribution of ATR to the activation
and maintenance of the DSB response may be more significant in
murine than in human cerebellum and may explain the lack of
cerebellar degeneration in Atm ™/~ mice (Barlow et al., 1996; El-
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Figure 6.  Phosphorylation of Atm substrates (SQ/TQ response) after DNA damage in orga-
notypic culture. Cerebellar organotypic cultures (day 12 in primary culture) prepared from
Atm™ or Atm™’™ mice were exposed to ionizing radiation, fixed, and treated with anti-
phosphorylated SQ™Q antibodies. Purkinje cells were identified using anti-calbindin-D28K an-
tibody (red). Cerebellar organotypic cultures were exposed to 10 Gy, and, at various time points
(15 and 60 min) after irradiation, the cultures were fixed and reacted with anti-phosphorylated
SQ™Q antibodies. Scale bar, 20 m. Strong nuclear localization of phosphorylated SQ™Q pro-
teins develops as DNA damage increases. Merge, a-p-SQ/TQ plus calbindin28 plus Sytox blue.

son et al., 1996; Xu et al., 1996; Chiesa et al., 2000). Support for
this notion comes from the work of Frappart et al. (2005), who
obtained marked cerebellar degeneration in mice whose Nbsl
(responsible for the nimegen breakage syndrome) protein had
been knocked down conditionally in the nervous system. This
result can be explained by attenuation of both ATM (Difilippan-
tonio et al., 2005) and ATR (Stiff et al., 2005), both of which
require the MRN complex (a complex of MRE11, Rad 50, Nbs1),
of which Nbsl is a subunit, for their activation.

Whereas phosphorylated yH2AX resides solely in nuclear
foci, phosphorylated ATM can be detected both in foci and
throughout the entire nucleus. Recently Kruhlak et al. (2006)
showed that, in response to DSBs, ATM is phosphorylated at the
damage sites and spreads rapidly to the nucleus. Our findings
thus support the notion that ATM functions similarly in neurons
and in proliferating cells (Kruhlak et al., 2006).

We noticed that two ATM substrates, p53 and SMCI, which
are involved in activation of the cell cycle checkpoints (Kastan et
al., 1992; Niida and Nakanishi, 2005), were phosphorylated in
response to DSBs in mature, postmitotic cerebellar neurons. Im-
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Figure7. Phosphorylation of specific ATM substrates. A, p53 activation after DNA damage in
cultured granule cells. After DNA damage, p53 is activated and stabilized as a result of several
posttranslational modifications. Western blot analysis of cultured granule neuronal proteins
extracted 30 min after NCS treatment shows that p53 is phosphorylated heavily at Ser18 only in
Atm™/* cells. This phosphorylation lasts 4 h and then declines (data not shown). Western blot
analysis of cerebellar protein extracts 30 min after irradiation show that pS957 SMC1 (B) after
DNA damage seen only in irradiated Atm ™ cerebellum.

portantly, these cells did not exhibit even residual DNA synthesis
in our cultures, with or without DNA damage (data not shown).
This raises questions about the role of these phosphorylations in
postmitotic cells. It has been suggested that checkpoint proteins
might be involved in DNA repair in these cells. For instance, the
Rad24 protein is known to function in the budding yeast as a
damage sensor and checkpoint protein (Green et al., 2000). How-
ever, Aylon and Kupiec (2004) provided evidence that this pro-
tein is also involved in processing DSB ends and in recombina-
tion partner choice (Aylon and Kupiec, 2004). Furthermore, p53
was shown to be involved in DNA repair in several model sys-
tems: that is, in the re-annealing of single- and double-strand
DNA (Oberosler et al., 1993; Bakalkin et al., 1994; Brain and
Jenkins, 1994; Jean et al., 1997) (for a detailed review, see Gatz
and Wiesmuller, 2006).

In summary, our findings demonstrate that ATM is predom-
inantly nuclear in mature cerebellar neurons and mediates the
DSB response similarly to how it functions in this process in
proliferating cells. Cerebellar neurons possess a sensitive and vig-
orous ATM-mediated DSB response, which is probably critical
for maintaining the main activity of their genome throughout
their long lifespan. In another recent study from our laboratories,
similar results were obtained in human neuron-like cells ob-
tained by in vitro neuronal differentiation of neuroblastoma cell
lines: in those cells as well, ATM was found to be primarily nu-
clear and mediate the cellular response to DSBs (Biton et al.,
2006). Collectively, both studies strongly suggest that ATM is
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nuclear in neuronal cells and has similar responsibility in neuro-
nal and proliferating cells. Therefore, attempts to understand the
neuronal demise in A-T patients should focus on further explor-
ing the ATM-mediated DNA damage response in the nervous
system.
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