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Abstract

Nijmegen breakage syndrome (NBS) is a genomic instability disease caused by hypomorphic mutations in the NBS/ gene encoding the Nbs1
(nibrin) protein. Nbsl is a component of the Mrel11/Rad50/Nbs1 (MRN) complex that acts as a sensor of double strand breaks (DSBs) in the DNA
and is critical for proper activation of the broad cellular response to DSBs. Conditional disruption of the murine ortholog of NBSI, Nbn, in the
CNS of mice was previously reported to cause microcephaly, severe cerebellar atrophy and ataxia. In this study we used MRI to study the brain
morphology and organization of Nbn deleted mice. Using conventional T,-weighted magnetic resonance, we found that the brains of the mutant
mice (Nbs1-CNS-del) were significantly smaller than those of the wild-type animals, with marked mal-development of the cerebellum. Region of
interest analysis of the T, maps revealed significant T, increase in the areas of white matter (corpus callosum, internal capsule and midbrain), with
minor changes, if any, in gray matter. Diffusion tensor imaging (DTI) data confirmed that fractional anisotropy values were significantly reduced
in these areas, mainly due to increased radial diffusivity (water diffusion perpendicular to neuronal fibers). Biochemical analysis showed low and
dispersed staining for MBP and GalC in Nbs1-CNS-del brains, indicating defects in myelin formation and oligodendrocyte development. Myelin
index and protein levels were significantly reduced in these brains. Our results point to a novel function of Nbsl in the development and
organization of the white matter.
© 2007 Elsevier Inc. All rights reserved.

Keywords: NBS; Nbsl conditional knockout; MRI; White matter; Myelin; Oligodentrocytes

Introduction

Nijmegen breakage syndrome (NBS) is a rare autosomal
recessive disorder characterized by microcephaly, mental defi-
ciency, “bird-shaped” face, immunodeficiency, predisposition to
lymphoreticular malignancies, chromosomal instability and
radiation sensitivity (Chrzanowska et al., 1995; Digweed and
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Sperling, 2004; Seemanova et al., 1985; van der Burgt et al.,
1996; Weemaes et al., 1981). NBS shares several features
with another genomic instability syndrome, ataxia-telangiectasia
(A-T) (Chun and Gatti, 2004; Crawford, 1998), but unlike A-T
patients, NBS patients do not exhibit cerebellar ataxia and
apraxic eye movements. NBS is caused by hypomorphic
mutations in the NBSI gene, which encodes the Nbs1 (nibrin)
protein (Carney et al., 1998; Varon et al., 1998). Nbsl1, together
with the Mrell and Rad50 proteins, constitutes the NRM
complex, a sensor of double strand breaks (DSBs) in the DNA
(Petrini and Stracker, 2003; Stracker et al., 2004). The MRN
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complex is required for proper initiation of the DNA damage
response by DSBs. Specifically, it is essential for the activation
of the nuclear protein kinase ATM (Cerosaletti and Concannon,
2004; Horejsi et al., 2004; Paull and Lee, 2005; Uziel et al.,
2003; Weitzman et al., 2003; You et al., 2005). ATM mobilizes
the DSB response, an intricate signaling network that activates
DNA repair, cell cycle checkpoints and numerous other sig-
naling pathways by phosphorylating key players in this response
(Bakkenist and Kastan, 2003; Elkon et al., 2004; Kurz and Lees-
Miller, 2004; Shiloh, 2003, 2006).

NBS patients are highly sensitive to invasive radiation
(Chrzanowska et al., 1995; Kruger et al., 2007; van der Burgt
et al., 1996); thus, computed tomography, positron emission
tomography and infra-red are extremely harmful for them. The
few reports on invasive imaging of NBS subjects reported micro-
cephaly, posterior cysts, hydrocephalus and other nonspecific
observations (Der Kaloustian et al., 1996; Stoppa-Lyonnet et al.,
1992; Taalman et al., 1989). Consequently, magnetic resonance
imaging (MRI) and ultrasound (US), which are noninvasive
imaging modalities, are the methods of choice for the diagnosis
and follow-up of this disorder. Nevertheless, few studies have
carried out MRI investigations of NBS patients (Bekiesinska-
Figatowska et al., 2004, 2000); those that did reported abnormal
development of frontal lobes, increased cerebro-spinal fluid
volume, frequent cyst formation, microcephaly and malignant
tumors. Aside from microcephaly and frontal lobe mal-devel-
opment, MRI studies of NBS reported heterogeneous morphol-
ogy of brain pathology.

Knocking out the murine homolog of NBS (Nbn) led to
embryonic lethality (Dumon-Jones et al., 2003; Frappart et al.,
2005; Zhu et al., 2001). Heterozygous animals (Nbn™") devel-
oped malignant tumors and were sensitive to ionizing radiation
(Dumon-Jones et al., 2003). Recently, conditional inactivation
of Nbn in the central nervous system (CNS) was achieved using
the nestin-Cre conditional gene targeting system (Frappart et al.,
2005). These animals (Nbs1-CNS-del) presented with micro-
cephaly, cerebellar mal-development and ataxia, reminiscent of
the clinical presentation of NBS as well as advanced A-T. Thus,
Nbs1-CNS-del mice represent a chromosomal instability dis-
order that resembles both diseases.

Here, we conducted an MRI study to characterize the ap-
pearance and integrity of various brain structures in Nbs1-CNS-
del mice. Our study revealed that conditional Nbn inactivation
led to impaired development of the white matter, pointing to
novel pathophysiological roles of this gene and its protein
product in neurodegenerative processes.

Methods
Animals

In vivo MRI and histology were performed on 9 Nbs1-CNS-
del and 9 wild-type (Nbs1-CNS-ctrl) mice ~60 days old. The
genetic background of these mice is a mix of 129/Sv and
C57BL/6. At this age, Nbs1-CNS-del exhibited reduced body
weight and severe cerebellar deficits. MRI scans were carried
out under 1% isoflurane anesthesia and lasted 30 min, during

which body temperature of the animals was kept at 37 °C using
a warm water blanket, and respiration was monitored and kept
around 30 breath cycles per min. Following MRI, the mice were
euthanized and their brains prepared for histology. The
experimental protocol was approved by the Tel Aviv University
Committee for Experiments in Animals.

MRI

Mice of the two genotypes were scanned in a 7T/30 spec-
trometer (Bruker, Rheinstetten, Germany) using a 10 mm
surface coil and 400 mT/m gradient system. The MRI protocol
included multi-echo T,-weighted images (TR=3000, TE
linearly incremented from 10 ms to 120 ms in 10 ms intervals)
and diffusion-weighted echo planar images (DWI-EPI, TR/
TE=3000/25 ms, 4 EPI segments, 4/60=10/4.5 ms, b value of
1000 s/mm? acquired at 16 noncollinear gradient directions). In
all experiments the field of view (FOV) was 20 x 20 mm? with
matrix dimensions of 192x160 (for the T, experiments) and
96 x 80 for the DWI-EPI. Eight slices of 1.2 mm thickness and no
gap were acquired both in axial and sagittal orientations for the
T, series, and in axial orientation only for the diffusion series.

Image analysis

The multi-echo T,-weighted images were used to generate
quantitative T, maps. The multi-echo signal was fitted to a
mono-exponential decay function on a pixel-by-pixel basis to
extract the T, value for each image pixel. The DWI-EPI data
were analyzed using the DTI analysis framework (Basser and
Pierpaoli, 1998; Pierpaoli and Basser, 1996; Pierpaoli et al.,
1996) to produce the FA, ADC, D, and D,. While ADC maps
show an iso-intense signal in both gray matter and white matter,
the FA maps are more specific to white matter and have a
relatively high signal in white matter regions.

Region of interest analysis of the indexed maps (T», D, D,
FA and ADC) was carried out by manual polygon segmentation
on the following regions: olfactory bulb, V1/V2 cortical area,
M1/S1 cortical area, hypothalamus, thalamus, hippocampus, the
caudate-putamen complex, corpus callosum, midbrain, cotrico-
spinal tract at the level of the interal capsule and cerebellar
white matter. The two mouse genotypes were compared using
Student’s #-test.

Histology

After MRI, the animals were sacrificed and their brain was
extracted and prepared for immunohistochemistry staining for
myelin basic protein (MBP), cell nucleus (Sytox) and mature
oligodendrocytes (GalC). At each of 4 time points — 1, 7, 15 and
60 days of age — two mice in this group were sacrificed and their
cerebellar folia were stained for the aforementioned markers.

Tissue preparation

Mouse brains were dissected and fixed in 4% fixative (4%
formaldehyde in PBS) for 24 h and placed in PBS. The brains
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Nbs1-CNS-ctrl.

Nbs1-CNS-del

Fig. 1. T,-weighted MRI in various Nbn genotypes. T,-weighted MRI images (TE=70 ms) are shown for Nbs1-CNS-ctrl (A in axial orientation and B in saggital
orientation) and Nbs1-CNS-del (C in axial orientation and D in saggital orientation). Arrows point to the corpus callosum in the coronal sections and the corpus
callosum and cerebellar white matter in the saggital sections. The typical hypointensity of the corpus callosum in wild-type mice is not observed in the Nbs1-CNS-del

animals where it is replaced by hyperintense signal.

were then infiltrated for cryo-protection with 4% sucrose
(Merck, city, country) for 2 h at 4 °C, followed by 20% sucrose
plus 5% glycerol (Merck) in PBS overnight at the same
temperature. Fixed brains were embedded in Tissue Freezing
Medium (Leica Instruments GmbH, Nussloch, Germany) and
quickly frozen in liquid nitrogen. Cross-sections (10 pm) were
placed on subbed slides (0.5% gelatin, containing 0.05%
chromium potassium sulfate) and stored at 20 °C.

Immunohistochemical analysis

Sections were washed in PBS for 30 min and blocked with
1% bovine serum albumin (BSA) (Sigma, St. Louis, MO) and
10% normal donkey serum (NDS) (Jackson ImmunoResearch,
Baltimore, MD) in PBS for 1 h at room temperature. The
sections were incubated overnight with the primary antibody, as
specified, in 0.25% Triton X100 (Sigma, St. Louis, MO) at 4 °C.
The slides were washed three times with PBS and incubated
with the secondary antibody for 1 h at room temperature. After
being washed once with PBS and twice in a buffer containing
Tris (10 mM; Sigma) EDTA (1 mM; Merck), 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
(Biomeda, Burlingame, CA). Observations and photography
were carried out with a Zeiss (Oberkochen, Germany) LSM 510
confocal microscope.

Western blot analysis
Western blot analysis was performed as described by Harlow

and Lane using 10% polyacrylamide gels. Each lane was loaded
with an equal amount of protein extracts, which, following

electrophoresis, were transferred to an immobilon polyvinyli-
dene disulfide (PVDF) membrane (Millipore, Billerica, MA) for
1.5 h. Blots were stained with Ponceau to verify equal loading
and transfer of proteins, and incubated with 5% low-fat milk in
buffer TBST (Tris 20 mM, NaCl 150 mM, 1% Tween 20, Sigma)
for 1 h. Membranes were then probed with polyclonal anti-
myelin basic protein (MBP) antibody (1:1000, washed three
times with 5% low-fat milk in TBST, and incubated with anti-
rabbit IRDye 800CW secondary antibody (1:10,000; LI-COR,
Lincoln, NE). The intensity of the signal was determined using
the Odyssey infrared imaging system (LI-COR, Lincoln, NE).

Electron microscopy

Mice were perfused with 4% gluteraldehyde in 0.1 M
cacodilate buffer (pH 7.4). 100 pm blocks were cut from the
corpus callosum and from the white matter of the cerebellum,
rinsed in cacodilate buffer, post-fixed in 1% OsO4 in PBS and
washed again. After dehydratation in graded ethanol solution,
the tissues were embedded in glycid ether 100 (Serva,
Heidelberg, Germany). Ultra-thin sections (~0.1 pm) were
stained with uranyl acetate and lead citrate and examined in Jeol
1200 EX TEM (Tokyo, Japan).

We chose the cerebellar white matter for this analysis because
the cerebellum is believed to be the primary CNS structure
affected in this model, and is the most studied CNS organ in
chromosomal instability disorders.

Results

MRI

T,-weighted MRI revealed significant differences in mor-
phology and image contrast changes between the Nbs1-CNS-
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Fig. 2. Quantitative T, analysis. T, maps in saggital (A and B) and axial (C and D) orientations of Nbs1-CNS-ctrl (left, A and C) and Nbs1-CNS-del mice (right, B and
D). The color-scale represents the T, values in milliseconds (ms) as indicated in the color bar below the image. Arrows point to regions where significant differences
are observed between the two groups, such as the corpus callosum, midbrain and internal capsule, and regions where the differences are more subtle—thalamus and
hippocampus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

del and Nbs1-CNS-ctrl genotypes. First, the brains of the former
were significantly smaller (microcephalic) than those of the latter,
with prominent mal-development of the cerebellum (Fig. 1).
Interestingly, the width of the cerebral cortex was significantly
smaller in Nbs1-CNS-del (1.26%0.15 mm) compared to wild-
type animals (1.84+0.17 mm) (p<0.001). In addition, the typical
hypointense white matter signal (as observed in Nbs1-CNS-ctrl
brains) in the corpus callous, internal-capsule and cerebellar folia
almost disappeared in Nbsl-CNS-del animals (red arrows in
Fig. 1) and was replaced by abnormal hyperintense signal in those
regions. These qualitative observations were further characterized
by calculating the T, values in each image voxel, followed by ROI
analysis. T, maps (Fig. 2) show diffuse changes across the brain,
with most significant changes in the corpus callousm, internal
capsule and cerebellum. Typical T, values in regions of white
matter in Nbs1-CNS-ctrl mice were about 60 ms, whereas values
in similar regions in Nbs1-CNS-del mice reached 80 ms. ROI
analysis of the T, maps supported this observation: T, was
significantly increased in areas of white matter (corpus callosum,
internal capsule and mid brain) and changes, if any, were minor in
gray matter regions (Table 1). The most significant change in
white matter regions was in the corpus callosum where there was a
14% increase. A slight increase in T, was also found in the
hippocampus (~ 6%), which was the only gray matter region to
show a significant trend of T, changes.

White matter changes observed in the T, analysis were also
studied by DTI, an advanced MRI application that provides

unique and more specific information on white matter (Basser
and Pierpaoli, 1998, 1996; Pierpaoli et al., 1996). Four indices
are extracted from DTI: fractional anisotropy (FA), parallel
diffusivities (D) and radial diffusivities (D) (in relation to
white matter fiber axis, i.e., parallel and perpendicular to the
neuronal fibers), and apparent diffusion coefficient (ADC).
Neurodegenerative processes are usually accompanied by
increased ADC, increased radial diffusivity and reduced FA.
DTT analysis revealed widespread white matter damage in
Nbs1-CNS-del mice (Fig. 3). FA was significantly reduced in all
measured regions (Fig. 3 and Table 2). The FA reduction was
mainly due to increased radial diffusivity (Fig. 3 and Table 2).

Table 1
ROI analysis of T, maps in NbsI-CNS-ctrl and Nbs1-CNS-del mice
Area Nbs1-CNS-ctrl  Nbn-CNS-del  p-value
(Student’s ¢-test)
Olfactory bulb 72.1£3.5 ms 755439 ms ns.
V1/V2 cortical area 64.6+3.5 ms 66.1£2.5ms  n.s.
M1/S1 cortical area 64.5+2.4 ms 659+1.6 ms ns.
Hypothalamus 67.0+3.1 ms 67.8+4.1ms ns.
Thalamus 63.2+2.1 ms 62.1£2.8 ms  n.s.
Caudate-putamen 67.4+2.6 ms 69.4+3.8 ms  ns.
Hippocampus 64.9+£2.6 ms 68.5£3.7ms  <0.05
Corpus callosum 62.1+2.0 ms 70.8+2.5ms  <0.0001
Midbrain 60.7+2.2 ms 65.1£3.3ms  <0.0005
Cotrico-spinal tract 72.1+3.5 ms 75.5+39ms  <0.0005
Cerebellar white matter  60.4+1.8 ms 65.1£3.3ms  <0.01
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Fig. 3. White matter analysis from diffusion MRI. Diffusion tensor imaging (DTI) analysis of Nbs1-CNS-ctrl (left) and Nbs1-CNS-del (right) animals. FA maps (A and
B) show high signal in areas of white matter (corpus callosum and internal capsule), depicting loss of intensity in these regions in Nbs1-CNS-del mice (B).
Perpendicular diffusivity (D ;) shows hypointense signal in areas of white matter in the Nbs1-CNS-ctrl mice (C), which is less evident in the Nbs1-CNS-del mice (D),

indicating an elevation of this index in the mutant animals.

FA was the most sensitive parameter, showing more than a 20%
reduction in the mutant animals, and all regions with cerebellar
white matter were most affected, with a 33% reduction in FA.
Changes in FA are a consequence of changes in the radial and
parallel diffusivities, from which it is calculated. The parallel
diffusivity showed a decrease trend that was significant only in
the corpus callosum and the midbrain, while the radial diffu-
sivity was significantly increased in all regions of mutant brains,
with the internal capsule showing the most striking change of

Table 2
ROI analysis of diffusion indices in Nbs1-CNS-ctrl and Nbs1-CNS-del mice
Area NbsI-CNS- Nbsl-CNS- p-value
ctrl del (Student’s t-test)

Corpus callosum FA 0.52+0.05 0.40+0.04 <0.005

ADC* 0.74+0.03 0.70+£0.04 n.s.

Djf 1.21+0.13  1.01£0.09 <0.05

D 0.39+£0.01 0.43+£0.02 <0.001
Midbrain FA 0.63+0.05 0.43+£0.04 <0.0005

ADC* 0.74+0.08 0.72+£0.07 n.s.

Djf 1.36+0.12  1.08+£0.18 <0.05

D 0.31+£0.06 0.44+0.05 <0.05
Cotrico-spinal tract FA 0.66+0.05 0.50+£0.04 <0.005

ADC* 0.67+0.07 0.69+£0.03 n.s.

Djf 1.26+0.13  1.11+£0.08 n.s.

D 0.26+0.06 0.40+£0.04 <0.005
Cerebellar white matter FA 0.36+0.04 0.24+£0.03 <0.005

ADC* 0.67+0.04 0.69+£0.07 n.s.

Djf 0.95+0.05 0.85+£0.09 ns.

D 0.45+0.04 0.53+£0.05 <0.05

*ADC, D) and D are indicated with the units of x 10> mm®s.

over 60%. As a result, the ADC, which is a weighted average
of the radial and parallel diffusivities, showed nonsignificant
changes in all regions. Numerical data are summarized in
Table 2.

Histology

One of the major neurological signs of Nbs1-CNS-del mice
is ataxia, which is often associated with cerebellar pathology.
Thus, histological analysis focused on the cerebellar white
matter regions. At the age of 2 months, Nbs1-CNS-del mice
showed low and dispersed staining for myelin basic protein
(MBP), an important component of the myelin sheath. In
contrast, the Nbs1-CNS-ctrl cerebella showed positive staining
for MBP, with ordered fiber-like arrangement along the folia
spreading into the zone of the cell bodies (evidenced by Sytox
staining). Nbs1-CNS-del mice displayed mainly cell body
staining and only small traces of the arranged fibers (Fig. 4).

Staining with MBP was done at different developmental
stages to trace the origin of the white matter changes. On
postnatal day 1, the myelin could be observed in Nbs1-CNS-del
mice in the vicinity of the Purkinje cells. While in wild-type
cerebella the myelin was gradually formed during development
around the area of the white matter, no such developmental
pattern was observed in NbsI-CNS-del cerebella: the myelin
was disorganized and the characteristic structures of the
cerebellar white matter were not observed, even on day 15
when the cerebellum is at an advanced developmental stage
(Fig. 4). Western blotting analysis of cerebellar and cerebral
protein extracts for MBP levels was performed to confirm the



186 Y. Assaf et al. / Experimental Neurology 209 (2008) 181-191

Nbs1-CNS-ctrl.

Nbs1-CNS-del

15 200 um | 60

S(Em

Fig. 4. Development of the cerebellar white matter. Cerebellar sections were prepared from the two genotypes on postnatal days 1, 7, 15 and 60, stained with the anti-
MBP antibody that labels the myelin, and co-stained with Sytox blue that labels cell nuclei. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

MRI and immunohistochemical analyses of the white matter
integrity. Fig. 5 shows a marked reduction in cerebellar MBP
levels in the mutant mice.

Since myelin sheaths are formed by oligodendrocytes, we
studied the morphology and organization of oligodendrocytes in
the cerebella of the two genotypes at 1, 7, 15 and 60 days of age.
Marginal oligodendrocyte staining with the marker GalC was
seen in Nbs1-CNS-ctrl brains on days 1 and 7, became signif-
icant at 15 days and much stronger at 60 days (Fig. 6). By
contrast, Nbn inactivation severely impaired the migration
and organization of these cells, and the brains of the mutant
mice showed no positive staining with GalC between 1 and
60 days after birth (Fig. 6), indicating abnormal development of
oligodendrocytes.

Electron microscopy analysis of corpus callosum and
cerebellar samples from the two animal genotypes were carried
out to visualize the change at subcellular levels. Wild-type mice
showed the typical ordered arrangement of packed axons
thickly wrapped by myelin (Fig. 7A), while the axons in Nbsl1-
CNS-del mice were significantly enlarged, loosely packed and

wrapped by thin layers of myelin (Fig. 7B). The myelin index
(the thickness of the axon’s outer diameter divided by its inner
diameter) showed a significant reduction in Nbsl1-CNS-del
cerebellum (60%) and corpus callosum (55%) compared to
wild-type tissues (Fig. 7C).

Discussion

This study has demonstrated that CNS conditional knock-out
of the Nbn gene causes major mal-development of the white
matter in mice. Since the Nbs1 protein is involved in the cellular
response to DSBs, our results suggest that oligodendrocytes
might be particularly vulnerable to abrogation of the DSB
response. Importantly, conventional MRI markers (T,, ADC)
and white matter markers (FA, D) did not detect gray matter
damage in Nbsl-deficient brains although significant micro-
cephaly was observed. On the other hand, white matter damage
was consistently observed, evidenced by elevated T,, decreased
FA and increased D, which are typical of white matter
neurodegenerative diseases (Stark and Bradley, 1992; Tofts,
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Fig. 5. Reduced levels of MBP in NbsI1-CNS-del brains. (A) Western blotting analysis of total protein extracts from cerebrum and cerebellum of the indicated
genotypes after immunoreaction with the anti-MBP antibody. The antibody recognizes 3 different proteins with molecular weights ranging from 14 to 21 kDa. In order
to compare protein amounts in the different lanes, the blots were stripped and reacted with an anti-tubulin antibody. (B) Quantitative analysis of bands using the
Odyssey software and normalized against the corresponding tubulin readings. MBP levels were quantified by analysis of all three bands. Data are from four animals

were averaged for each genotype.

2002). Our study thus provides the first evidence that Nbsl is
important for the development of the white matter.

Oligodendrocyte vulnerability and DNA damage response

We show here that defective DSB response caused by knock-
out of Nbn in the CNS causes, inter alia, significant damage to
the white matter and abrogates oligodendrocyte development.
Oligodendrocytes are extremely vulnerable cells (McQuillen
et al., 2003; Merrill and Scolding, 1999). During development
they are the last to develop and during aging they are the first to
degenerate (Peters, 2002). Being responsible for the formation
of myelin that wraps the axons and ensures fast and efficient
electrical transmission, oligodendrocytes are crucial for normal
CNS development. Several inherited developmental disorders
originate from abnormal white matter development, including
Pelizaeus-Merzbacher disease, X-linked adrenoleukodystrophy,
Canavan disease and vanishing white matter diseases (Di Rocco
et al., 2004; Kaye, 2001; Merrill and Scolding, 1999; Noetzel,
2004). Each of these disorders is characterized by abnormal
oligodendrocyte and myelin metabolism, which usually leads to
demyelination, hypomyelination or dismyelination. Generic
disorders affecting myelin directly are induced by mutations in
genes encoding structural myelin proteins (e.g., PLP and MBP),
myelin-related regulatory proteins or proteins involving lipid

metabolism (Di Rocco et al., 2004; Kaye, 2001; Merrill and
Scolding, 1999). The common phenotype in all these conditions
is neurological deficit, especially of the motor system (ataxia,
trembling, paralysis, etc.) as seen in the Nbs1-CNS-del model
(Frappart et al., 2005).

MRI appearance of white matter damage in NbsI-CNS-del
mice brains

MRI measures the physical behavior of water molecules. T,,
the most basic contrast mechanism in MRI, measures the
transverse relaxation time of water molecules in tissue (Stark and
Bradley, 1992; Tofts, 2002); it is long in fluids and short in dense
tissue. The assumption is that T, is correlated with water content
(Stark and Bradley, 1992; Tofts, 2002), making an increase in T,
the expression of a degenerative process. We found increased T,
in white matter but not gray matter in Nbs1-CNS-del mice. The
increased T, relaxation time together with hyperintense signals
strongly suggests that the myelin in Nbs-CNS-del animals is
impaired, but it tells nothing about the nature of the impairment.
DTI and its indices (FA, ADC and D)), on the other hand, are
more specific as they measure the translational motion of water
molecules (Basser and Pierpaoli, 1998; Pierpaoli and Basser,
1996; Pierpaoli et al., 1996), making them more informative
about white matter pathology. While ADC provides the averaged
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Fig. 6. Late stages of oligodentrocyte development in Nbs1-CNS-ctrl and Nbs1-CNS-del cerebella. Cerebellar sections of the indicated genotypes made on postnatal
days 1, 7, 15 and 60 days were reacted with an anti-GalC antibody that labels mature oligodentrocytes, and co-stained with Sytox blue that labels cell nuclei. At day 15
the white matter contains mossy fibers, climbing fibers and Purkinje cell axons that reach the deep nuclei (white arrow). Fully mature, well-organized white matter can
be observed in 60-day-old Nbs1-CNS-ctrl mice, while Nbs1-CNS-del mice exhibit only sparse staining in the cerebellum at all time points. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Morphological appearance of axons. Electron microscopy sections through the corpus callosum of Nbs1-CNS-ctrl (A) and Nbs1-CNS-del (B) mice showing
differences between them in axonal density, myelin thickness, and axonal diameter. (C) According to the myelin index analysis, calculated as the outer diameter
including the myelin sheath divided by the inner diameter of the axons without the myelin, Nbs1-(CNS)-del mice show values closer to 1, indicating pathological

hypomyelination.
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3-dimensional diffusion coefficient and does not show specific
contrast to gray or white matters, FA and D, provide more
specific information on white matter and enhance the MRI
sensitivity in this tissue. FA measures the motional anisotropy of
water molecules in the tissue: this anisotropy is high in white
matter because the motion of water molecules is fast along the
fibers and perturbed perpendicular to them (Basser and Pierpaoli,
1998; Pierpaoli and Basser, 1996; Pierpaoli et al., 1996). Using
DTI, it is possible to estimate the diffusion parallel and
perpendicular to the fibers (D, and D) and the normalized
differences between them (FA). In most neurological disorders
affecting the white matter, D, increase is accompanied by FA
decrease (Mori and Zhang, 2006; Neil et al., 2002; Sundgren
et al., 2004), indicating either loss of fibers or demyelination but
without being able to differentiate between the two processes. We
observed significant changes of the FA and D, values in the
Nbs1-CNS-del mouse brain that were widespread in all white
matter regions, indicative of white matter pathology.

The magnitude of FA reduction should be correlated with loss
of the white matter’s micro-structure. In contrast to some white
matter disorders (such as ALD) where myelin breakdown causes
FA reduction by ~80% (Ito et al., 2001), our mouse model shows
lower but still highly significant reduction, ~30%. This indicates
that there is still some ordered structure of neuronal fibers in the
white matter of Nbs1-CNS-del mice. Electron microscopy exam-
ination supported this MRI result, demonstrating large axons with
low numbers of myelin wraps around them (see Fig. 7).

Implications for chromosomal instability disorders

Nbs1-CNS-del does not completely mimic the phenotypic
pathology of NBS (Frappart et al., 2005), since NBS in humans is
caused by hypomorphic mutations while the Nbs1-CNS-del mice
completely lack the Nbs1 protein in their CNS. Indeed, in the few
studies on MRI patterns in NBS patients, no specific damage to
the white matter was reported (Bekiesinska-Figatowska et al.,
2004, 2000). It is possible that the hypomorphic nature of the
human NBS! mutations does not lead to the full-blown tissue
damage that might have been caused by null NBS/ alleles in
humans. Interestingly, in certain respects the mouse phenotype is
closer to that of human A-T patients as it includes marked
cerebellar pathology and ataxia, making it a better animal model
for cerebellar pathology caused by defective DSB response than
Atm-knockout mice, which do not mimic the cerebellar
pathology typical of A-T (Barlow et al., 1996). Because the
cerebellum is often affected in the human forms of genomic
instability disorders, most of the previous work on the Nbsl-
CNS-del mice and on other mouse models of these disorders
focused on the cerebellar pathologies associated with these
disorders (Oka and Takashima, 1998; Taylor and Byrd, 2005;
Watters, 2003); the pathophysiology of the white matter and
axonal trajectories was often disregarded. The present study
points to the importance of white matter and axonal trajectories as
a possible focus of pathology in chromosomal instability
syndromes; and the capability of MRI to identify and quantify
damage to these tissues. Indeed, there is evidence in the literature
of white matter damage in the MRI scans of A-T patients (Chung

et al., 1994; Ciemins and Horowitz, 2000; Demaerel et al., 1992;
Firat et al., 2005), although it did not appear in all subjects and
can not be considered a specific phenotype of A-T.

Although MRI detected white matter damage in the Nbs1-
CNS-del mice, it is unclear whether the white matter defects are
directly involved in the microcephaly and neurological deficits
in these animals, or are secondary to more global tissue pathol-
ogy. Notably, however, the neurological deficits seen in Nbsl-
CNS-del mice and in human genomic instability disorders are
observed in other myelin-related disorders, suggesting that
white matter damage may play a significant role in the neurol-
ogical symptoms of chromosomal instability disorders. Immu-
nohistological analyses of MBP and GalC in our study revealed
abnormal development of the myelin and oligodendrocytes,
suggesting that the abnormal myelin might be due to mal-
development of oligodendrocytes (Figs. 4—7). Electron micros-
copy supported these observations.

Nbs1-CNS-del mice as a model of neurodegenerative diseases

Neurodegenerative diseases are generally characterized by
impaired functionality of the brain, which can be assessed by the
total inputs and outputs of neuronal circuits. Specific disorders
involve deregulation of specific neuronal circuits and popula-
tions. Brain functionality is influenced by parameters such as the
number of cells in specific neuronal circuits, interactions among
neuronal cells, interactions among different neuronal circuits,
level of organization of each circuit and functionality of the cells
and their environmental in each circuit. Reduction in the myelin
index such as that observed in our nbs1-CNS-del mice implies a
marked reduction in electrical activity of various neuronal
circuits—an important determinant of brain functionality. Our
and previous findings collectively suggest that inactivation of
the Nbn gene in the CNS leads to marked reduction in the
amount of cerebellar granule neurons, disruption of neuronal cell
organization, especially cerebellar Purkinje cells and severe
impairment of the white matter. Thus, elimination of a DNA
damage response protein has a profound effect on brain structure
and functionality, further underscoring the critical role of this
response in CNS development.
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