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Abstract. Maintenance of genome stability in the face of DNA damage is essential for cellular homeostasis and
prevention of cancer and brain degeneration. The DNA damage response (DDR) is a complex response that is rapidly
activated when a DNA lesion occurs in chromosomal DNA. Mutations affecting the proteins involved in the DDR can
lead to genomic instability syndromes that involve tissue degeneration, cancer predisposition, premature aging, and brain
mal-development and degeneration. Mutation of the kinase ATM leads to a prototype genomic instability syndrome,
ataxia-telangiectasia (A-T). A-T is characterized by progressive cerebellar degeneration, immunodeficiency, genome
instability, premature aging, gonadal dysgenesis, extreme radiosensitivity, and high incidence of lymphoreticular
malignancies. One of the most devastating symptoms of A-T — cerebellar ataxia — develops progressively into general
motor dysfunction. Based on our previous studies we hypothesized that the neurological deficits in genomic instability
disorders stem (at least in part) from significant reduction in functionality of glial cells. We further hypothesized that
impaired vascularization affects the environment in which the neurons and glial cells function, thereby reducing neuronal
cell functionality. We found that ATM deficiency led to aberrant astrocytic morphology and alterations of vasculature
both in cerebellum and the visual system. Moreover, we found reduced myelin basic protein immunoreactivity and signs
of inflammation in ATM-deficient cerebella and optic nerve. Interestingly, similar findings have been reported in patients
with other genomic instability disorders. These observations bolster the notion that astrocyte-specific pathologies and
hampered vascularization and astrocyte-neuron interactions in the CNS play crucial roles in the etiology of genome

instability brain disorders and underlie brain degeneration at specific sites.

Introduction

Although brain degenerative diseases (BDDs) have been
thought to be primarily associated with dysfunction or
death of neural cells, emerging evidence indicates that
dysfunction in neuron-glia-vascular communications
play a much larger role than was appreciated. Indeed,
a growing body of evidence supports the idea that glial
cells, and astrocytes in particular, are much more than just
the “glue” that holds together the neurons of the brain.
Rather, glia are now seen as very active participants in
the neuronal network. Glia can release “gliotransmit-
ters” and have many of the same receptors as neurons,
indicating that these cells can speak and comprehend the
chemical language of neurons. Accordingly, it no longer
makes sense to consider networks of neurons in isolation,
since neurons and glia act in concert to form the circuits
and networks of the brain. Given the importance of neu-
ron-glia-vascular communications and the insights stem-
ming from a large body of previous work, we hypothesize
that dysfunctional neuron-glia-vascular communications
play a major role in BDDs in general and in ataxia-telangi-
ectasia (A-T) in particular.

The DNA Damage Response and the ATM Protein

An aberrant response to DNA lesions is implicated in
many human brain degenerative disorders (Abner and

McKinnon, 2004; Barzilai et al., 2008). In healthy cells,
DNA damage is rapidly detected, leading to activation
of an intricate web of signalling pathways known as the
DNA damage response (DDR). On the other hand, in cells
with brain degenerative dysfunction, activities of some
components of the DDR machinery are impaired (Barzilai
et al., 2008). Under normal conditions this response cul-
minates in activation of cell-cycle checkpoints and appro-
priate DNA repair pathways and, in certain contexts, in
initiation of apoptotic programs.

The DNA damage response is a hierarchical process
executed through a series of steps. The DNA lesions are
detected by sensor proteins that recognize the lesions
themselves or chromatin alterations that result from the
DNA damage. Transducers are then brought into ac-
tion to convey the damage signal to downstream effec-
tors. It is this relay system from transducers to effectors
that enables a single DNA lesion to modulate numerous
pathways. The transducers might also be involved in the
assembly of DNA-repair complexes at the sites of DNA
damage (reviewed in (Iliakis et al., 2003; Shiloh, 2003; Su,
2006; Zhou and Elledge, 2000)). In particular, following
sensing of a DNA double-strand break (DSB), ATM pro-
tein is activated and a portion of nuclear ATM binds to
DSB sites (Andegeko et al., 2001; Meyn, 2003). Activation
of ATM involves autophosphorylation of serine 1981 and
subsequent dissociation of inactive ATM dimers into ac-
tive monomers (Bakkenist and Kastan, 2003). The fraction
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of ATM that binds to DNA is also autophosphorylated
(Uziel et al., 2003), but recent data indicate that this auto-
phosphorylation is not necessary for ATM recruitment to
damage sites (Meyn, 2003). Activation of the ATM kinase
seems to be an initiating event in cellular responses to ir-
radiation. ATM may be activated by other stressors in ad-
dition to DSBs (Kurz and Lees-Miller, 2004). Downstream
of the transducer proteins are targets that control various
cellular processes such as DNA repair, cell cycle progres-
sion, gene transcription, protein synthesis, aging and deg-
radation, and apoptosis.

Mutations in key DDR molecules are associated with
human genomic instability syndromes (Shiloh, 2003).
These disorders include, for example, A-T (mutation in
ATM) (Shiloh, 2014), Ataxia-Telangiectasia Like Disorder
(A-TLD, mutated in MRE11) (Taylor et al., 2004), Seckel
Syndrome (mutated in ATR) (O'Driscoll et al., 2004), and
Nijmegen Breakage Syndrome (NBS, mutated in NBSI)
(Chrzanowska et al., 2012). The DDR pathway is depicted
schematically in Figure 1.

A-T and Associated Genomic Instability Disorders

The ATM protein is the product of the ATM gene. ATM-
null mutations cause the autosomal recessive disorder,
A-T (Savitsky et al.,, 1995a; Savitsky et al., 1997; Savitsky
et al,, 1995b). A-T is characterized by progressive cerebel-
lar degeneration, immunodeficiency, genome instability,
premature aging in some patients, gonadal dysgenesis,
extreme radiosensitivity, and high incidence of lympho-
reticular malignancies (Biton et al., 2008; Lavin and Shiloh,
1997). One of the most devastating symptoms of A-T —
cerebellar ataxia — develops progressively into general
motor dysfunction (Crawford, 1998). Major causes of
death in A-T patients are malignancies or aspiration due
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to cerebellar-related swallowing difficulties. Post-mortem
studies revealed a significant loss of Purkinje and granule
neurons in the cerebellum of children with A-T, and there-
fore A-T was once considered a “Purkinje cell disease”.
Clearly, cerebellar neurons are seriously damaged due to
the loss of ATM. Patients suffering from A-TLD and NBS
syndromes exhibit symptoms involving neural and lym-
phoid organs. The phenotype of A-TLD is similar to that
of A-T with a slower progression; NBS patients exhibit the
cellular phenotype of A-T but do not have cerebellar de-
fects (Digweed and Sperling, 2004; Lavin, 2008; Stracker
and Petrini, 2011). The phenotype of the Seckel syndrome
overlaps with some features of A-T, A-TLD, and NBS in-
cluding microcephaly, mental retardation, genomic insta-
bility, and hematological malignancies. Among all these
diseases, neurological defects are common, suggesting
that the DNA damage response controls neurogenesis
and neurodegeneration.

Most, if not all, A-T research on the neurological aspects
of the disease has focused solely on Purkinje cells; for
many years other types of neuronal cells and especially
glial cells were not considered to play a role in the disease
(Barzilai et al., 2008; Eilam et al., 2003; McKinnon, 2009,
2012). It has now become evident that astroglial cells are
as diverse as neurons; they shape the micro-architecture
of the brain matter; they express the same receptors and
channels as neurons do; they receive synaptic inputs; they
are able to release ‘glio’ transmitters and produce long-
range information exchange; and finally, they act as pluri-
potent neural stem cells for adult neurogenesis (Haydon
and Carmignoto, 2006; Volterra and Meldolesi, 2005). De-
spite this, the role of glia in the progression and handling
of insults to the nervous system has been largely neglect-
ed. Indeed, brain pathology, is, to a very great extent, a
pathology of glia.

The DNA damage response: a three tiered signaling
cascade
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Figure 1. Schematic depiction of the DDR machinery following activation by DSBs
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Mouse Models of A-T

Important tools in the investigation of the physiological
and molecular bases of A-T are mouse models obtained
using gene targeting or transgene expression. ATM-de-
ficient mice exhibit many of the characteristics of hu-
man A-T patients (Barlow et al., 1996; Elson et al., 1996;
Hande et al., 2001; Xu et al., 1996). The most cardinal
feature of A-T - neuronal degeneration and the associ-
ated neuromotor dysfunction - are very mild and high-
ly variable in these mice, however (Barlow et al., 1996;
Borghesani et al., 2000; Elson et al., 1996; Xu et al., 1996).
A simple explanation for the intriguing lack of overt
cerebellar degeneration in ATM-deficient mice could
be that to obtain this phenotype in the mouse may re-
quire suppression of the DDR beyond that achieved by
eliminating ATM.

The Role of Malfunctioning Vasculature in
Neurodegenerative Diseases

Some brain disorders may have a vascular origin (Bald-
win and O’Brien, 2002; Forstl and Howard, 1991), and
vascular diseases can be directly linked to neuronal
and synaptic dysfunction through changes in the blood
flow that increase blood-brain barrier (BBB) permeabil-
ity and nutrient supply (Zlokovic, 2008). As the brain
lacks a reserve of glucose and oxygen, it is wholly de-
pendent on a constant blood supply. A threat to cere-
bral perfusion is likely to have dramatic consequences
on neuronal functions. Vascular diseases may lead to
activation of astrocytes and microglial cells resulting in
elevated expressions of inducible nitric oxide synthase
(iNOS) and release of neurotoxic reactive oxygen spe-
cies and nitric oxide. The inflammatory mechanisms
may be aggravated by continuous release of chemok-
ines such as CCL2 and CCL3 by astrocytes (McKimmie
and Graham, 2010). Furthermore, oxidative stress and
glucose starvation may lead to the impairment of astro-
cyte glutamate uptake, which in turn results in gluta-
mate neurotoxicity.

Here we show that malfunctioning DDR can lead to
progressive degeneration of certain CNS sub-organs
such as the cerebellum and the visual system. In addi-
tion to neuronal demise, malfunctioning DDR severely
affects the vascular system and glia cells and stimulates
brain inflammation. It is our notion that the common
denominator of brain degeneration induced by mal-
functioning DDR stems from reduced functionality of
the glial cells.

Materials and Methods
Animals

ATM-mice (Barlow et al.,, 1996) were a generous gift
from Dr. Anthony Wynshaw-Boris (University of Cal-
ifornia, San Diego, CA, USA). Offspring of these mice
were genotyped using PCR-based assays based on
mouse-tail DNA prepared using the GenElute Mamma-

lian Genomic DNA Miniprep kit (Sigma, St. Louis, MO,
USA). ATM’ mice at different ages were used for this
study, and age-matched ATM™ littermates (WT) were
used as controls. Mice were housed and maintained in
the animal facility of Tel Aviv University, and all experi-
ments complied with protocols approved by the univer-
sity’s animal care committee.

Immunohistochemical analysis of cerebellar and
optic nerve sections

Sections were fixed in 4% formaldehyde in phos-
phate-buffered saline (PBS) for 10 min, were washed
in PBS for 10 min, and then incubated with blocking
solution containing 1% bovine serum albumin (BSA)
(Sigma) and 10% normal donkey serum (Jackson Immu-
noResearch, Baltimore, MD, USA) in PBS for 1 h at room
temperature. The sections were incubated overnight
with primary antibody in 0.25% Triton X-100 at 4 °C. The
slides were washed three times with PBS and incubated
with the appropriate secondary antibody: a-calbindin
antibody (1:1,000, Sigma), rabbit a- glial fibrillary acidic
protein (GFAP; 1:200, Sigma), a-VEGF (1:1000; Abcam,
Cambridge, UK), or a-IBA1 (Wako Chemicals, Rich-
mond VA) and incubated for 1 h at room temperature.
After one wash with PBS and two in a buffer contain-
ing 10 mM Tris and 1 mM ethylene diamine tetra acetic
acid, the sections were incubated with the nucleic acid
dye Sytox blue (Molecular Probes, Invitrogen, Carlsbad,
Germany) for 30 min, slides were then washed three
times with the same buffer and mounted with aqueous
mounting medium containing anti-fading agents and
4'-6-diamidino-2-phenylindole (DAPI) for nuclei mark-
er (VECTOR, Burlingame, CA, USA). Observations and
photography were carried out using a Zeiss LSM 510
META confocal microscope (Oberkochen, Germany).

Immunoblotting analysis

Tissues were washed with ice-cold PBS and homoge-
nized in ice-cold homogenization buffer [150 mM NaCl,
10 mM Tris, pH 7.6, 1% Triton X-100, 0.5% deoxychol-
ic acid, 0.1% SDS, 1:50 phosphatase inhibitor cocktails
I and II (Sigma), and 1:100 protease inhibitor cocktail
(Sigma)]. Protein concentration was determined using
a Bradford assay (Bradford, 1976) with BSA as a stand-
ard. Blots were prepared as described by Harlow and
Lane (Harlow E. & Lane, 1988) using 10% polyacryla-
mide gels. Each lane was loaded with 50 pg of protein
extract, and after the electrophoresis, the proteins were
transferred to an Immobilon polyvinylidiene disulfide
membrane (Millipore, Billerica, MA) for at least 12
h at 220 mA. The vascular endothelial growth factor
(VEGF) antibody (1:1000; Abcam) was used. Secondary
antibody was goat anti-rabbit, IRDye-conjugated (Li-
Cor antibody, 1:1000; Li-Cor Biosciences, Lincoln, NE,
USA) for 1 h at room temperature. Blots were scanned
using the Li-Cor imaging system, and band intensity
was analysed using Odyssey software (Odyssey Soft-
ware, West Henrietta, NY, USA).
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Quantitative real-time PCR

Samples were analysed for quantification of mRNA ex-
pression via reverse transcription followed by quantita-
tive real-time polymerase chain reaction using TagMan
(Absolute Blue QPCR ROX Mix, AB-4138; Abgene). RT-
PCR assays were designed by Applied Biosystems (Foster
City, CA, USA), and p-actin RNA was used for normali-
zation (Frenkel et al.,, 2008). The comparative Ct method
was used for quantification of transcripts according to
the manufacturer’s protocol. Measurement of ACt was
performed in duplicate or triplicate. All reactions were
performed with primer concentrations of 0.25 pmol/L in a
total volume of 20 pL.

Angiography

Mice were anesthetized by an intraperitoneal injection of
ketamine (80 mg/kg) and xylazine (4 mg/kg). An incision
was made into the peritoneal cavity, and the diaphragm
and pericardium were incised to visualize the heart. The
mice were perfused slowly through the left ventricle with
saline containing 1% albumin-conjugated FITC (Sigma).
Retinal arteries were labelled with Alexa 633 (Invitrogen).
Mice were sacrificed by CO, inhalation; the eyes were
enucleated and fixed in 4% paraformaldehyde for 1 h. The
cerebella were isolated, clarified, and 400-mm sections
were prepared. The retinas were gently separated from
the eyecups and mounted on a microscope slide with
mounting medium. Four incisions were made to flatten
the retina, which was then covered with a coverslip. Im-
aging was performed on a fluorescence microscope (Zeiss
LSM 510).

Statistical Analysis

Data from each experiment are expressed as means +
standard errors of the mean (SEM). Two-tailed Student’s t
tests were performed when two groups were compared.
The one-way ANOVA followed by Bonferroni’s multiple
comparison tests was used for multiple samples. Statisti-
cal significance was determined at P<0.05.

) ..

Atm-/-
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Results
Signs of Vascular Impairments in ATM ™" Cerebellar Folia

The effects of ATM deficiency on the mouse cerebellar
vascular system were apparent in analysis focused on a
cerebellar folia, which contains Purkinje, granule, basket,
and satellite neurons as well as glial cells and rich vascular
network (Fig. 2). ATM deficiency clearly resulted in cere-
bellar vascular impairment as evident from the morphol-
ogy of the mutant blood vessels as well as in high back-
ground indicative of leaky blood vessels in ATM brains
compared to those from WT animals. These results are
similar to our previously published results (Raz-Prag
et al,, 2011). Quantitative analysis revealed that the area
covered by blood vessels in cerebellar folia is significantly
smaller in ATM-deficient mice.

Arterial Impairment in ATM™~ Retina

In our previous study, we found that ATM deficiency se-
verely affects the integrity of the retinal vascular system
but were unable to distinguish between veins and arter-
ies (Raz-Prag et al., 2011). In the current study we labelled
both the total blood vessels using albumin-conjugated
FITC and selectively labelled the arteries with Alexa 633.
Blood vessels in the retinas of ATM™ mice were labelled
faintly compared to the WT retinas. Vessels in the ATM™"
retinas appear constricted relative to those in WT (Fig.
3), and our data suggest that the vessel density is lower
in ATM ™" retinas. Moreover, ATM deficiency resulted in
leaky arteries with microhaemorrhages in the vicinity of
ATM"arteries but not near WT arteries (Figure 3).

Increased Expression of VEGF in ATM™ Retinas

To further analyze the effects of ATM deficiency on astro-
cyte-associated factors, we measured the levels of VEGF in
the cerebellum. It has been shown that VEGF plays a major
role in angiogenesis, and under pathological conditions,
changes in VEGF levels can cause vascular dysfunction
(Detmar et al., 1997; Shweiki et al., 1992). Furthermore, it
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Figure 2. High-throughput volumetric angiographs derived from WT and ATM™" cerebella. Maximum intensity projection
over 3.4 mm2 and across 500 um in depth of cerebellar vasculature. Tiles of 400x400x500 pm were obtained by automated
two-photon laser scanning microscopy of a sagittal section of a mouse cerebellum. A low-viscosity fluorescent gel was
perfused transcardially to highlight the vasculature. Data were acquired at sampling resolution of 1 pixel/um
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WT

Atm-/-

Figure 3. Attenuated blood vessels in retinas of ATM ™~ mice. Flat-mount retinas of 2-month-old WT (left panel) and ATM ™"~
(right panel) mice imaged with a fluorescent microscope following intracardial perfusion with albumin-conjugated FITC
albumin-conjugated FITC and Alexa 633 to selectively labelled arteries. Constricted arteries are indicated by green arrows,

and microhaemorrhages are indicated by yellow arrows

was suggested that VEGF may alter vascular permeability
by regulating tight junctions (Harhaj and Antonetti, 2004).
Therefore, we expanded our analysis and asked whether
the vascular differences we observed between cerebella
and retinas of ATM” and WT mice are correlated with
changes in VEGF expression levels. As shown in Figure
4, significantly higher levels of VEGF protein were meas-
ured in the cerebellum samples from ATM™ compared to
WT mice. These findings are similar to the results of our
previous study in which the VEGF levels were found to
be significantly higher in ATM-deficient retina (Raz-Prag
etal, 2011).

Alterations in Glial Cell Functionality in ATM-Deficient
Mice

Neurotrophic factors play an important role in the main-
tenance of the CNS homeostasis. Astrocytes are known
to produce and secrete their own repertoire of neuro-
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Figure 4. Increased VEGF levels in ATM™ cerebella.

Calculations based on western blot analyses reveal
significantly higher levels of VEGF in eyecups of ATM™
mice relative to VEGF levels in WT control mice. Statistical
values were calculated by 2-tailed Student’s t-test

trophic factors including BDNF and NT3 (Ma et al., 2005).
Recent data suggest that a dysfunction in glial cell activ-
ity may contribute to the pathogenic process that leads
to brain degenerative diseases (Ma et al., 2005). In our
previous study using a Nijmegen breakage syndrome
mouse model we found that astrocyte dysfunction was
associated with cerebellar attrition and that less micro-
glial recruitment occured in the NBSI-A-CNS brains
than in WT brains (Galron et al.,, 2011). There is also a
significant reduction in the secretion of neurotrophic fac-
tors, such as BDNF and NT3 in the mutant brains. The
functionality of the NBS1-mutant astrocytes is severely
reduced as evidenced by the decreased expression of
glutamine synthetase, which converts glutamate to glu-
tamine. Reduced levels of BDNF and NT3 are also found
in ATM™ cerebella (Meshulam et al., 2012).

Staining of astrocytes with GFAP revealed a less com-
plex cell arborisation in ATM™ versus WT cultures (Fig.
5), and the number of branches originating from the cell
bodies was significantly lower in ATM ™ astrocytes (av-
erage value 3.65 + 1; n=12, 3 different cultures) than in
WT cells (7.5 + 1.5; n=12, 3 different cultures; p<4.7x107,
two-tailed t test). To test whether astrocytic morpho-
logical alterations are restricted to dissociated cell cul-
tures or also appeared in in vivo, we stained cerebellar
sections as well as retinas and optic nerves with GFAP.
A marked reduction in cerebellar GFAP staining was
seen in ATM-deficient mice compared to WT (Fig. 5)
suggesting that ATM deficiency leads to reduced lev-
els of velate astrocytes. Similarly, morphological alter-
ations in astrocytes were also found in ATM-deficient
optic nerves. Whereas in WT optic nerve the astrocytes
are almost evenly spread in the axons, markedly higher
levels of astrocytes were detected on both sides of the
optic nerve in the ATM-null samples (Fig. 6). Reduced
arborisation of the retina and optic nerve were associat-
ed with reduced retinal functionality as evidenced elec-
troretinographic examination reported in our previous
study (Raz-Prag et al, 2011)suggesting that impaired
astrocytic functionality in the central nervous system
plays an important role in the aetiology of A-T.
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Figure 5. Astroglial cell alterations in primary cultures and CNS sections derived from WT and ATM™ cerebella. Zoom on
cultured single astrocyte morphology (left panels) and astrocytic morphology in vivo (middle panels) highlights a reduced
number of branches originating from the cell body in the ATM™" compared to WT samples. Right panels: Numbers of velate

astrocytes and Bergmann glia are reduced in 4 and 14 month-old mice ATM™ cerebellar sections compared to WT

Signs of Inflammation in ATM-Deficient Cerebellum

Inflammation is thought to be associated with many
BDDs such as Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, and multiple sclerosis
(MS). To test whether malfunctioning DDR can lead to
inflammation we evaluated expression of IBA1, which
is a marker for macrophages and microglia. Higher
levels of macrophages were found in ATM-deficient
cerebellum than in WT samples indicating that ATM
deficiency leads to chronic inflammation in various
part of the CNS (Fig. 7, upper panel). Moreover, the
morphology of the IBAl-positive cells was suggestive
of an activated state: There were more processes in
the IBAl-positive cells in the ATM-deficient cerebel-
lum than in WT cerebellum. Similarly, higher levels
of IBAl-positive cells were detected in ATM-deficient
optic nerves than in the controls (Fig. 7, lower panel).
Interestingly, in ATM™~ retinas, most of macrophages
were located at the edge of the axons suggesting that
the increased levels of immune cells result from cell in-
vasion rather than proliferation.

Optic nerve sections

Reduced Expression of Myelin Basic Protein (MBP)
in ATM™ and Optic Nerve

In a previous study (Assaf et al., 2008), we found that
specific ablation of NBS1 in the CNS led to myelin loss
in cerebellar tissue and in optic nerve. Whereas in WT
cerebellar section one can easily see the myelin that
enwraps axons, very few myelinated axons were ob-
served in ATM-deficient cerebellar sections (Fig. 8). The
myelin loss was even more evident in the optic nerve
of ATM™ mice. Clear myelinated axons are detected
in WT optic nerve but almost none in the mutant optic
nerve (Fig. 8).

Discussion

This study clearly shows that ATM depletion resulted in
marked impairment in cerebellar and retinal vasculariza-
tion as well as in morphological alterations in astrocytic
cells. In addition, ATM deficiency was associated with
increased inflammation and demyelination in both cer-
ebellum and optic nerve. Interestingly, these findings re-

Retina

- [ N S
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A tm-/- . .

Coronal

GFAP
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Whole mount

Figure 6. Astroglial cell alterations in ATM-deficient optic nerve and retina. Alterations in astrocyte morphology were evident
in ATM™" optic nerve (left and middle panels). (Right Panel). Whereas in WT retinas the astrocytes are spread evenly in the
optic nerve, in the ATM™ optic nerve the astrocytes are concentrated at the walls of the optic nerve
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Figure 7. Increased 1BA1-positive cells in ATM-deficient CNS tissues. The cerebella isolated from 4-month-old WT and
ATM™ mice were fixed, longitudinally transacted, and immunoreacted with IBA1, a marker of macrophages. Markedly higher
levels of IBA1 were detected in ATM ™ optic nerves indicative of chronic inflammation

semble the CNS pathology that was observed in Nijme-
gen breakage syndrome, which is an A-T related disorder
(Galron et al.,, 2011). Both ATM and NBS1 are important
components of the DDR machinery. The fact that simi-
lar impairments are induced upon loss of either protein
suggests that malfunctioning DDR is responsible for these
effects.

The current dogma in the field is that ATM deficiency
in mice does not lead to cerebellar pathology. Howev-
er, our study clearly showed that aged ATM”~ mice (> 1
year) develop progressive cerebellar degeneration (Biha-
ri et al unpublished). These results suggest that if given
sufficient time, ATM”~ mice will develop cerebellar atro-
phy that recapitulates the human A-T phenotype thereby
providing a satisfactory animal model of A-T. Thus, it is
fully justified to use this model system to study the role
of ATM deficiency in brain pathology. Our study showed
that the number of astrocytes are significantly reduced in
ATM™~ mice compared to WT animals and that astrocytic
arborisation was also decreased as previously observed
(Meshulam et al,, 2012). These findings strengthen our
hypothesis that astrocytes are key players in the etiology
of A-T. In the past, astrocytes have traditionally been con-
sidered as passive elements and satellite cells of the CNS,
which provide metabolic support for neurons and regu-
late extracellular homeostasis. Evidence accumulated in
the last decade indicates that astrocytes are also actively
involved in the control of neuronal functions, commu-
nication pathways, and plasticity and are able to receive
signals from neurons and release neuroactive substances
(Kirchhoff et al., 2001; Ricdi et al., 2009) including signal-
ling of glutamatergic (Nagler et al., 2001; Ullian et al., 2001)
and GABAergic synapses (Hughes et al., 2010).

A-Tis an early onset genomic instability disorder (Lavin
and Shiloh, 1997; Shiloh, 1995). Patients also displays signs
of premature aging (Barzilai et al., 2016) and progressive
cerebellar pathology (Crawford, 1998; Crawford et al,
2000; Crawford et al., 2006). These observations suggest
that A-T has developmental and progressive branches.
Our work provides evidence for early alterations in astro-
cytes as demonstrated by reduced arborisation in cultured
ATM™- astrocytes derived from newborn mice compared

to those cultured from WT mice (Meshulam et al.,, 2012).
Since neural migration during cerebellar development
(Rakic, 1971) is highly dependent on glial cells, it is pos-
sible that malfunctioning astrocytes hamper neuronal
migration into the cerebellum and resulting in abnormal
development and organization. It is also plausible that in
A-T, in addition to migration, the astrocytes and the neu-
rons never reach full compatibility leading to conditions
that do not enable the neurons to thrive due to lack of
proper support of the newly migrated neurons. Post-mor-
tem analyses of young A-T patients support this notion;
however, this is not seen in young mice (Paula-Barbosa et
al., 1983).

A-T has also a progressive component. It is conceiva-
ble that during the generation and progression of certain
brain degenerative disorders such as A-T, astrocytes that
were compatible with the neurons undergo changes that
impair their ability to maintain this compatibility. This sit-
uation describes the phenomenon known as “non-cell-au-
tonomous effect” in which genotypically mutant cells
cause other cells (regardless of their genotype) to exhibit
a mutant phenotype. Indeed, studies over the last decade
support the notion that the cellular basis of brain degener-
ative disorders is not simply cell autonomous. An impor-
tant example of non-cell autonomous effects is observed
in patients with amyotrophic lateral sclerosis (ALS),
which is a degenerative disease characterized by motor
neuron death. ALS can be induced by mutations in the
gene encoding superoxide dismutase 1 (SOD1). Evidence
for the non-cell-autonomous nature of ALS emerged from
the observation that WT glial cells extend the survival of
SOD1-mutant motor neurons in chimeric mice (Marchet-
to et al., 2008).

This led to the suggestion that astrocyte replacement
might be a promising therapy for various brain degener-
ative diseases (Kruminis-Kaszkiel et al., 2014). Moreover,
Han et al, have shown that the engraftment of human
glial progenitor cells (GPCs) into neonatal immunodefi-
cient mice led to their maturation into astrocytes with all
the characteristics of human astrocytes. Remarkably, the
chimeric mice displayed enhanced long-term potentiation
and an enhanced ability to learn compared to the immu-
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Figure 8. Reduced MBP expression in ATM-deficient cerebellum and optic nerve. WT and ATM™ cerebellar (left panels)
and sagittal optic nerve sections (middle and right panels) were immunoreacted with anti-MBP antibody. The sections were
visualized either using regular or confocal fluorescent microscopy

nodeficient controls (Han et al., 2013). This study clearly
showed that engrafted glia maintain their intrinsic abili-
ty to properly differentiate into human astrocytes in the
mouse and enhance both activity-dependent plasticity
and learning. Our data, in conjunction with other find-
ings, indicate the importance of glial cells in the etiology of
many brain degenerative diseases. Glial cells are not only
essential for maintaining a healthy well-functioning brain,
but they also protect the brain and enhance the functional
recovery from injuries. Moreover, glial cells play an es-
sential role in synaptic transmission, thereby modulating
neuronal activity (Barzilai, 2011, 2013; Giaume et al., 2007;
Sofroniew and Vinters, 2010).

The interactions between astrocytes and endothelial cells
are crucial for the formation of the BBB and in vascular
disease pathology. The BBB is a separation of circulating
blood from the brain extracellular fluid in the CNS. It oc-
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curs along all capillaries and consists of tight junctions
around the capillaries. Endothelial cells restrict the dif-
fusion of microscopic objects (e.g., bacteria) and large or
hydrophilic molecules into the cerebrospinal fluid, while
allowing the diffusion of small hydrophobic molecules
(O, CO,, hormones). Cells of the BBB actively transport
metabolic products, such as glucose, and specific proteins
into the brain. Astrocyte cell projections called astrocytic
feet (also known as glia limitans) surround the endothelial
cells of the BBB, providing biochemical support to those
cells. The BBB is distinct from the quite similar barrier be-
tween blood and cerebrospinal fluid, which is a function
of the choroidal cells of the choroid plexus, and from the
blood-retinal barrier (Ueno et al., 2016).

Our findings clearly show that ATM deficiency leads to
impaired vasculature. One of the culprits of CNS vascular
impairment could be VEGEF. In the eye, excessive VEGF
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Figure 9. Cellular alteration in ATM-deficient cerebella. This model depicts the alterations that occur in early and in late stages of
A-T. We suggest that astrocytes play a major role in the etiology of A-T. Malfunctioning astrocytes can lead to the demise of Purkinje
as well as other types of cerebellar cells such as the inhibitory Golgi and the excitatory granule neurons. In addition, our data further
show that malfunctioning DDR severely hampers the CNS vasculature, causes myelin damage, and leads to chronic inflammation.
The questions mark indicates a suggested process. ML, molecular layer; PCL, Purkinje cell layer; GL, granular layer
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has been implicated in neovascularization and vascular
leakage that occurs during age-related macular degener-
ation and in proliferative retinopathies (Aiello et al., 1994).
VEGEF is up-regulated in response to and may be causa-
tive of hypoxia and non-perfusion (Tolentino et al., 1996).
In addition, VEGF can induce hypertrophy of endothelial
cells of retinal capillaries at the expense of lumen diame-
ter (Hofman et al., 2001; Tolentino et al., 1996). There was
an increase in VEGF in the retinas as well as cerebella of
ATM~ mice compared to controls. This overexpression of
VEGF may cause the vasoconstriction and vascular leak-
age that we observed in the retinas and cerebella of ATM7~
mice. This notion is further supported by morphological
deterioration of the retinal arteries of the ATM”~ mice. In-
creased retinal (Raz-Prag et al., 2011) as well as cerebellar
(Meshulam et al.,, 2012) fibrinogen observed in previous
studies of ATM-deficient mice is most likely caused by
leakage of blood vessels. ATM-dependent retinal blood
vessel deterioration appears to be progressive. Where-
as a marked decline retinal vasculature was detected in
ATM-deficient mice at the age of 4 months in here and in
our previous study (Raz-Prag et al., 2011), Okuno et al. did
not find any vasculature abnormalities in one-month-old
ATM~- mice (Okuno et al., 2012). Moreover, retinal elec-
trical activity as measured using electroretinogram shows
an age-dependent decline (Raz-Prag et al., 2011).

We also found that ATM deficiency led to reduced MBP
immunoreactivity both in the cerebellum and the optic
nerve. Severe myelin deficiency was also detected in the
mouse model of NBS (Assaf et al., 2008). Similar to mouse
models of genomic instability disorders, myelin abnor-
malities were also found in 32-year-old A-T patients (Am-
romin et al,, 1979) and in a 17-year-old A-T patient (Bar-
bieri et al., 1986). Taken together, these results suggest that
myelin is highly vulnerable to malfunctioning DDR both
in humans and mice. We suggest that failing ATM-defi-
cient astrocytes cause myelin abnormalities induced by
malfunctioning DDR. Astrocytes promote inflammation
and demyelination, and activated astrocytes can form gli-
al scars that prevent remyelination (Claycomb et al., 2013).
Astrocytes can also function as mediators of myelination
by promoting the proliferation of oligodendrocyte pro-
genitor cells (Moore and Cao, 2008). Since ATM-deficient
astrocytes are stressed they may result in inflammation
that indirectly reduces myelination or may reduce myeli-
nation directly by affecting the levels and the functionality
of oligodendrocytes. In MS patients, the degree of mye-
lin damage is correlated with the degree of inflammation
(DeLuca et al., 2006; Herz et al., 2010). In both A-T and
MS, malfunctioning DNA damage repair and increased
oxidative stress are observed (Lu et al., 2000; Satoh et al.,
2005). Interestingly, microglia and activated astrocytes are
hypothesized to have a critical role in the progression of
MS (Correale and Farez, 2015; Diestel et al.,, 2003). Here
we suggest that A-T might be at least partly an autoim-
mune disease; if this is the case, the immune response
should be considered during patient treatment.

A-T is a glial-associated disease as shown schematically
in Figure 9. Signs of glial stress can be detected at a very
early age in ATM-deficient mice. With the progression of

the disease we found further damage to astrocytes and
Bergmann glial cells as well as increased levels of cere-
bellar and retinal microhaemorrhage. We also observed
degeneration of Purkinje cell axons and condensation of
the nuclei of the cerebellar granule neurons (unpublished
data). Moreover, we found signs of chronic inflammation
and reduced myelination in ATM-deficient cerebella.

In summary, until very recently, research into the mech-
anisms underlying brain degenerative diseases focused
mainly on neuronal cells, their survival, their activity,
their interactions, and their functions in the dynamics of
neural circuits. Glial cells were long considered as merely
as supportive cells. Accumulative data (Fellin et al., 2004;
Fields et al., 2014; Halassa and Haydon, 2010) and the re-
sults shown here indicate that glial cells — and especially
astrocytes — are key players in brain functionality. The
importance of astrocytes and evidence from chimeric cul-
tures and mice suggest that astrocyte transplants may be
useful in future A-T treatments.
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