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in AT, characterized by selective cerebellar cortex
involvement, are well known [7, 9]. The neuropathological
changes in the brains of patients with ATLD have rarely
been investigated because of the small number of patients
affected by this condition. Here, we report the autopsy
findings on the neuropathological changes in Japanese
siblings with genetically confirmed ATLD. In addition,
we immunohistochemically examined the expression of
MREI 1 in the human brain and the role of oxidative stress
in cerebellar degeneration.

Case report

The clinical and biomolecular findings in these patients
have been reported in our previous publication [24]. Here,
we briefly outline the genetic characteristics. Family his-
tory of the patients was negative for neuromuscular or
hematological disorders, and the parents were healthy and
non-consanguineous. The patients had an elder brother who
did not have any neuromuscular or hematological disor-
ders. The two younger brothers had the same compound
heterozygous mutations of the MREI] gene (c.727 T>C
and g.24994 G>A). The father was a carrier of the ¢.727
T>C mutation, and the mother and the eldest brother were

Fig. 1 MRI findings. Subject 1
showed mild (a, ¢), while
subject 2 showed severe (b, d)
cerebellar atrophy in the vermis
and hemisphere. T1-weighted
sagittal images (a, b) and axial
image (c¢). d An axial image
obtained using fluid-attenuated
inversion recovery
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carriers of the 2.24994 G>A mutation. These mutations
were novel, and have not been reported in the earlier cases
[24]. Western blot analysis revealed severely decreased
NBS1 expression, associated with decreased levels of
MREI11 and RADS50 in both the subjects. However, NBS/
gene mutation was not identified.

Subject 1 was born at 37 weeks after an uneventful
delivery, with a birth weight of 3,035 g. He showed slight
delay in psychomotor development. He started walking
independently and uttering words at the age of | year and
6 months. His intelligence quotient, measured at the age of
6 years, was 75. During infancy, he gradually developed an
unsteady gait and difficulty in coordination of movements
of the upper and lower extremities; however, nystagmus
was not observed. Brain magnetic resonance imaging
(MRI) revealed mild cerebellar atrophy (Fig. la, ¢). An
interstitial pulmonary shadow was visible on chest roent-
genographs from the age of 3 years. The roentgenograph
also revealed atelectasis and an infiltrative shadow in the
right lung at the age of 9 years. The lung biopsy demon-
strated poorly differentiated adenocarcinoma. He deve-
loped right knee pain and bone scintigraphy indicated a
metastatic tumor. The combination of cerebellar ataxia and
cancer suggested the possibility of AT, but the presence of
ATM protein was demonstrated with Western blot analysis
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[24]. Therefore, analysis of the MRE!l gene was per-
formed. Chemotherapy was ineffective, and the patient
died of respiratory failure at the age of 9 years.

Subject 2 was born at 39 weeks after an uneventful
delivery, with a birth weight of 2,850 g. He also showed a
slight delay in psychomotor development. He started
walking independently and uttering words at the age of
1 year and 6 months and 2 years, respectively. He started
developing a gait disturbance at the age of | year and
11 months. He tended to stumble and could not walk
independently at the age of 10 years. Other signs and
symptoms of the patient included scanning speech, dysar-
thria, finger tremor, disturbance of coordinated movements
in the extremities, and limitation of ocular movements at
the age of 13 years; however, nystagmus was not observed.
His intelligence quotient, measured at the age of 14 years,
was 43. Brain MRI demonstrated severe cerebellar atrophy
(Fig. 1b, d), and '?' N-isopropyl-p-(123)I iodoamphetamine
-single photon-emission computed tomography exhibited
hypoperfusion in the cerebral cortex and basal ganglia. At
15 years, he manifested frequent vomiting, disturbed oral
uptake, weight loss, and shoulder pain. He also developed
increase in serum titers of KL-6 (1,093 IU/ml) and CA125
(967.2 TU/ml). On the basis of the clinical course taken by
subject 1, lung biopsy was done, and he was diagnosed
with pulmonary adenocarcinoma with bone metastasis.
Chemotherapy was ineffective, and he died of respiratory
failure at the age of 16 years.

Subject 1 had infiltration of adenocarcinoma in the left
lung. Tumor metastasis was identified in the bone marrow;
subserosal tissue of the stomach; and lymph nodes in the
pulmonary hilus and around the esophagus and stomach.
The subject also had congestion of the liver, spleen, and
kidneys in addition to ulcer in the middle esophagus.
Subject 2 showed infiltration of adenocarcinoma in both
lungs. Tumor metastasis was detected in the bones and
pulmonary hilar lymph nodes. The subject also had nodular
congestion with hemorrhage in the liver and spleen, in
addition to edematous swelling in the kidneys.

Materials and methods
Neuropathological examination

The whole brain was fixed with 10% buffered formalin,
and brain specimens were embedded in paraffin. Histo-
logical examinations were performed on 10-um thick
sections using hematoxylin—eosin (HE), Kliiver—Barrera
(KB), Bodian, Holzer, and Gallyas—Braak staining meth-
ods. For immunohistochemical analyses, 6-pm thick
sections were serially cut in selected brain regions,
including the frontal cortex, temporal cortex with

hippocampus, striatum, thalamus, cerebellum, and mid-
brain in the ATLD subjects and two controls aged 5
and 16 years. The control subjects had no neurological
abnormalities, died from pneumonia and showed no
morphological changes in the brain. The sections were
de-paraffinized, quenched with 1% hydrogen peroxide, and
incubated after microwave or autoclave antigen retrieval,
with the following antibodies: mouse monoclonal anti-
bodies to MAP2 (Upstate Cell Signaling Solutions,
New York, USA), GFAP (pre-diluted antibody) (Nichirei,
Tokyo, Japan), calbindin-D28K, calretinin, parvalbumin
(Novocastra Laboratories, Newcastle upon Tyne, UK),
8-hydroxy-2'-deoxyguanosine (8-OHdG), 4-hydroxynone-
nal (4-HNE) (Japan Institute for the Aging, Shizuoka,
Japan), advanced glycation end product (AGE; Trans
Genic Inc., Kumamoto, Japan), and rabbit polyclonal
antibodies to MREI1 (Calbiochem affiliated to Merck
KGaA, Darmstadt, Germany). Antibodies were used at the
following concentrations: 1:40 (MREI11), 1:100 (MAP2,
calbindin-D28K, calretinin, and parvalbumin), and 1:2,000
(8-OHdG, 4-HNE, and AGE). Antibody binding was
visualized by means of the avidin-biotin-immunoperoxi-
dase complex method (Nichirei, Tokyo, Japan) following
the manufacturer’s protocol. No staining was observed in
the sections incubated in the absence of either antibody.

Results
Neuropathological findings

The neuropathological findings in most of the brain areas
examined were similar in both subjects. The brain weighed
1,183 and 1,080 g in subjects | and 2, respectively. The
cerebrum and cerebellum were proportionally small, and
the size of the cerebellum was smaller in subject 2 than in
subject 1. The gyration of the cerebrum appeared normal
(Fig. 2a, b). Coronal brain sections revealed no macro-
scopic changes in the cerebral cortex, white matter,
diencephalon, and ventricular system (Fig. 2¢, d). Micro-
scopically, the lamination and interface between the gray
and white matters were well preserved in the cerebral
cortex. The amygdala and hippocampus did not show any
changes. In the globus pallidus, pseudocalcification was
seen in subject 1, while perineuronal space dilation
was seen in subject 2. Neither neuronal loss nor gliosis was
detected in the striatum, thalamus, hypothalamus, and
Meynert and subthalamic nuclei in HE, KB, Holzer stain-
ing or immunostaining for MAP2 or GFAP. In the
cerebellum, subjects 1 and 2 showed moderate to severe
atrophy in the vermis orally to the horizontal fissure
(central lobule, culmen, declive, and folium) (Fig. 3).
Subjects 1 and 2 also revealed mild to moderate atrophy in
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Fig. 2 Macroscopic findings: the surface of the cerebrum appeared
normal in subjects | (a) and 2 (b). The coronal brain sections did not
reveal any macroscopic changes in the cerebral cortex, white matter,
diencephalon, or ventricular system in subjects 1 (¢) and 2 (d)

K —>
?'\:‘“ 1
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Fig. 3 Sagittal sections of the vermis and cerebellar hemisphere. The
vermis (¢) and the medial part of cerebellar hemisphere (d) in subject
2 were relatively smaller than those (a, b) in subject 1 (Kliiver—
Barrera staining; bars 2 cm). Each star with arrows denotes the
impaired cortex, orally to the horizontal fissure

the medial part of the quadrangular, simple, and superior
semilunar lobules. The number of Purkinje cells and
granule cells as well as the thickness of the molecular layer
were reduced, but Bergmann glial cells were not increased
(Fig. 4a, b). Some of the remaining Purkinje cells showed
abnormal arborization of dendrites in the molecular layer
and axonal swelling in the granule layer (Fig. 4c, d). In
subject 2, metastasis of adenocarcinoma was observed in
the molecular and granule layers (Fig. 4e, f). Neurons were
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comparatively spared in the cerebellar cortex of the floc-
culonodular lobe. The dentate nucleus showed mild
fibrillary gliosis, but no neuronal loss. In both the subjects,
neurons were preserved in the nuclei of cranial nerves, red
nucleus, substantia nigra, locus ceruleus, pontine nucleus,
inferior olivary nucleus, and posterior funiculus in the
brainstem, in addition to the anterior horn, Clark column,
and intermediolateral nucleus in the spinal cord. Sparing of
and spinal pyramidal
peduncles, and medial and lateral lemniscus was also
observed.

the brainstem tracts, cerebellar

Immunohistochemistry

In the superior frontal cortex, the number of neurons
immunoreactive for MAP2 and calcium-binding proteins
(calbindin-D28K, parvalbumin, and calretinin) was coun-
ted in six non-overlapping microscopic subfields at
100-fold magnification using a counting box (|1 mm?), and
the mean + ISD in density of immunoreactive neurons
immunoreactive for each marker was obtained (Table 1).
The difference in the averaged number between subjects
and controls was statistically evaluated by 7 test, and
P < 0.05 was judged as significant. There was no signifi-
cant difference between ATLD subjects and controls in the
density of cortical neurons immunoreactive for either
MAP?2 or the calcium-binding proteins. Nuclear immuno-
reactivity for MREIT was found in the neurons in the
cerebral cortex, hippocampus, striatum, globus pallidus,
hypothalamus, Meynert nucleus, Purkinje cells, midbrain
tegmentum, and substantia nigra in both the controls aged 5
and 16 years (Fig. 5a, ¢). In the Purkinje cells, MREI11
immunoreactivity tended to be more predominant in the
nucleoplasm than in the nucleolus. In contrast, ATLD
subjects | and 2 lacked such MREI1 immunoreactivity in
the neurons in the cerebral cortex, basal ganglia, hypo-
thalamus, midbrain, and cerebellar cortex (Fig. 5b, d).
Immunoreactivity for 8-OHdG, 4-HNE, or AGE was neg-
ative in controls. In the ATLD subjects, however, nuclear
immunoreactivity for 8-OHdG was observed in granule
cells and, to a lesser extent, in Bergmann glia (Fig. 6a, b),
which were adjacent to the remaining Purkinje cells.
Nevertheless, this 8-OHdG immunoreactivity was not
found in the oral vermis; this demonstrated severe Purkinje
cell loss. The foci of pseudocalcification in the globus
pallidus of subject I were immunoreactive for 4-HNE and
AGE (data not shown).

Discussion

In 1999, Stewart et al. [20] identified MRE1[ mutations in
four ATLD patients. To date, 16 patients from 6 families
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Fig. 4 Histological changes in
the cerebellar cortex. In subject
2, the rostral vermis showed loss
of Purkinje cells (a), whereas
the caudal vermis demonstrated
preservation of Purkinje cells
(b) (hematoxylin—eosin stain;
bar 100 um). Some of the
remaining Purkinje cells
showed axonal swellings in the
granule layer (¢ open arrows,
arrowheads designate Purkinje
cells) and abnormal arborization
in the molecular layer

(d open arrows) in subject 1
(¢, d, calbindin-D28K
immunostaining; bars 100 pm).
Tumor metastasis was observed
in the granule layer (e bar

200 pm) and the molecular
layer (f bar 100 pm) in subject
2 (hematoxylin—eosin staining)

Table 1 Quantitative analysis

. Neurons immunoreactive for each marker
of neurons in the frontal cortex

MAP2 Calbindin-D28 K Parvalbumin Calretinin

Mean 4 SD per 1 mm?

Control 1 (5 years/male) 1273 £ 5.6 253 £ 4.1 253 + 2.7 46.1 + 8.3

Control 2 (16 years/male) 1151 £ 11.1 29.8 £ 3.8 313 £ 36 532+ 6.7

Subject 1 (9 years/male) 120.8 £ 10.5 288 £59 292 +32 523+6

Subject 2 (16 years/male) 124 + 135 342 + 82 337 +£ 179 435 +£9.2
P value

Control 1 versus subject 1 0.061 0.306 0.05 0.25

Control 2 versus subject 2 0.386 0.23 0.601 0.081

have been reported as having ATLD, and the present cases
are the first ones involving Japanese siblings [24]. The
MREI11/RAD50/NBS1 complex (MRN complex) is believed
to act as a sensor of DNA damage [13]. Upon exposure to
ionizing radiation, the MRN complex becomes rapidly
associated with DNA double-strand breaks and remains at

these sites until the damage is repaired [27]. Chromosomal
breakage syndromes, such as AT and NBS are well-known
disorders associated with a predisposition to malignancy.
Patients with AT and NBS are susceptible to leukemia and
Ilymphoma [7, 9], and brain tumor, such as medulloblas-
toma have been linked to NBS [9]. On the other hand, a
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Fig. 5 MREI] s N fe
immunostaining. Nuclear MR il Ry
immunoreactivity for MRE11 o ,°
was identified in Purkinje cells S I

in the control aged 16 years

(a arrows) and in neurons of the
globus pallidus in the control
aged 5 years (¢ arrows).
Subject 1 lacked neuronal
immunoreactivity (asterisks) in
the same brain regions (b, d).
Bars 60 um

Fig. 6 8-Hydroxy-2'-

deoxyguanosine (8-OHdG)

immunostaining. Nuclear

immunoreactivity for 8-OHdG

was detected in granule cells

(a arrowheads) and Bergmann

glial cells in subject |

(b arrowheads), adjacent

to the remaining Purkinje cells

(arrow). Bars 60 um : e

predisposition to cancer is not known in ATLD so far
[22. 24]. MREI] mutations in subjects 1 and 2 may have
crucial influence on the functions of MRE11 and presum-
ably have caused the development of lung adenocarcinoma,
because they are within the nuclease domain and close to
the DNA-binding domain, respectively [24]. Because
ATLD and NBS are caused by the loss of function of the
MRN complex, and AT is also related to the MRN com-
plex, these three disorders are speculated to have clinical
similarities. Nevertheless, AT and ATLD are associated
with cerebellar degeneration, whereas NBS patients show
microcephaly and preservation of the cerebellum [15, 25].
Other than the reduced brain weight, 4-year-old and
18-year-old NBS patients demonstrated old ischemic necrosis
and preserved size and appearance of the cerebellum [25].
Another 31-year-old NBS case showed abnormal location
of Purkinje cells and gliosis in the granule layers in the
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vermis [15]. The recent analysis in mice with hypomor-
phic mutations of Mrell or Nbs/ demonstrated that DNA
damage signaling after genotoxic stress in the nervous
system was different between ATLD and NBS and
likely explained the respective neuropathology [17]. The
neuropathological changes in AT consists of severe atro-
phy of the cerebellar cortex, predominantly in the vermis,
and abnormal dendritic arborization and axonal swelling
in the remaining Purkinje cells [7, 9]. In addition, fibril-
lary gliosis throughout the cerebellar white matter and
neuronal loss is observed in the dentate nucleus and
inferior olivary respectively. Although the
changes in the cerebellar white matter, dentate nucleus,
and inferior olivary nucleus were limited and subtle,
predominant cerebellar cortex atrophy in the vermis was
observed in our ATLD subjects. The anterior predomi-
nance of vermis atrophy and comparative sparing of the

nucleus,
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flocculonodular lobes were consistent with the develop-
ment of an unsteady gait and absence of nystagmus,
respectively, in both subjects.

Marked immunostaining of MRE11 and NBS! has been
reported in the nucleus of Purkinje cells and Bergmann
glial cells in the human brain [10]. Nuclear expression of
MREI1 and NBS1 has also been detected in pyramidal
neurons of the cerebral cortex in aged adults without
dementia and was severely reduced in the cerebral cortex
in cases of Alzheimer’s disease [14]. In the present
study, neurons in multiple brain regions, other than the
Purkinje cells and cortical pyramidal neurons showed
nuclear immunoreactivity for MREI1 in control brains.
As expected, both subjects with ATLD had complete loss
of such MREI1l immunoreactivity in the cerebral and
cerebellar cortex. Constitutive localization of ATM in
human Purkinje cells has been discussed previously [3, 16],
and widespread expression of ATM mRNA in the adult
human brain has also been reported [18]. In addition,
various brain regions, such as the cerebral cortex, thalamus,
cerebellum, and pons demonstrated ATM protein expres-
sion in Western blot analyses [10]. There seems to be a
missing link between the global expressions of MRE11 and
ATM in the brain and the selective vulnerability of cere-
bellar cortex in ATLD and AT. Experiments with Azm-null
mice showed abnormal differentiation of the Purkinje cells
and deficient motor learning, indicating cerebellar dys-
function; however, gross cerebellar degeneration was not
seen [5]. The in vitro survival of cerebellar Purkinje cells in
both the Atm knockout and A#m knockin mice was signif-
icantly reduced, and most of the Purkinje neurons from the
Atm-deficient mice showed reduced dendritic branching
[6]. These findings suggest the interrelationship between
ATM deficiency and Purkinje cell damage in AT. On the
other hand, knocking out Mrell and the murine ortholog of
NBS! (Nbn) leads to embryonic lethality [28, 29], and
Mvrell- and Nbn hypomorphic mutant mice that survive, do
not reproduce the neuronal disorders [23, 26]. Recently, it
has been reported that conditional inactivation of the Nbn
in the brain causes microcephaly and cerebellar ataxia [8].
Similar conditional disruption of Mrell in murine brains
will provide a clue for understanding the interrelationship
between MREI1 deficiency and selective cerebellar
degeneration.

Reactive-oxygen species are one of the principal
damaging agents of neuronal genomic and mitochondrial
DNA in the brain, and disturbance of DNA repair activity
in neurons, including ATM and MRN complex, can lead
to oxidative DNA damage [2, 4]. Oxidative stress has
been consistently associated with various neurodegenera-
tive disorders [12]. In xeroderma pigmentosum and
Cockayne’s syndrome caused by an inherited disturbance
in the nucleotide excision repair mechanism, abnormal

accumulation of oxidative products was found in the
globus pallidus and cerebellar dentate nucleus [I1].
Similarly, Atm-deficient cells are hypersensitive to oxi-
dative-stress-inducing agents [21]. The cerebellum in
Atm-deficient mice showed progressive accumulation of
DNA strand breaks and decrease in the reduced and
oxidized forms of NAD in the brains, leading to pertur-
bation in the balance of pyridine nucleotides [19].
Antioxidants prevented Purkinje cell death in the afore-
mentioned Asm-deficient mice and enhanced the levels of
dendritogenesis to that in wild-type mice [6]. These data
indicate that ATM deficiency can enhance oxidative stress
and cause oxidative stress-related neuronal death. Both
subjects in our study had increased expression of the
DNA marker of oxidative stress, 8-OHdG, in the nuclei of
granule cells and Bergmann glial cells, which are struc-
turally and functionally associated with Purkinje cells.
Notably, 8-OHdG expression was absent in the severely
affected cerebellar cortex, and other brain regions did not
show accumulation of oxidative stress markers, except for
4-HNE and AGE in areas with pseudocalcification in
subject 1. Therefore, increased oxidative DNA injury is
likely to be involved in the selective degeneration of
Purkinje cells. Finally, we speculate that the combination
of MREL11 deficiency and oxidative DNA injury may lead
to selective cerebellar damage in both subjects.
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OXIDATIVE STRESS IN
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Abstract: In order to examine the involvement of oxidative stress in developmental brain
disorders, we have performed immunohistochemistry in autopsy brains and
enzyme-linked immunosorbentassay (ELISA) in the cerebrospinal fluid and urines
of patients. Here, we review our data on the hereditary DNA repair disorders,
congenital metabolic errors and childhood-onset neurodegenerative disorders.
First, in our studies on hereditary DNA repair disorders, increased oxidative
DNA damage and lipid peroxidation were carried out in the degeneration of
basal ganglia, intracerebral calcification and cerebellar degeneration in patients
with xeroderma pigmentosum, Cockayne syndrome and ataxia-telangiectasia-like
disorder, respectively. Next, congenital metabolic errors, apoptosis due to lipid
peroxidation seemed to cause neuronal damage in neuronal ceroid-lipofuscinosis.
Oxidative stress of DNA combined with reduced expression of antioxidant enzymes
occurred in the lesion of the cerebral cortex in mucopolysaccharidoses and
mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes.
In childhood-onsetneurodegenerative disorders, increased oxidative DNA damage
and lipid peroxidation may lead to motor neuron death in spinal muscular atrophy
like in amyotrophic lateral sclerosis. In patients with dentatorubral-pallidoluysian
atrophy, a triplet repeat disease, deposition of oxidative products of nucleosides
and reduced expression of antioxidant enzymes were found in the lenticular
nucleus. In contrast, the involvement of oxidative stress is not definite in patients
with Lafora disease. Rett syndrome patients showed changes of oxidative stress
markers and antioxidant power in urines, although the changes may be related to
systemic complications.
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2 NEURODEGENERATIVE DISEASES
INTRODUCTION

Oxygen is metabolized to generate energy in the form of ATP through a series of
reductive stepsatthe inner membrane in the mitochondria. During these processes, reactive
oxygen species (ROS) and reactive nitrogen species (RNS) are formed. Although ROS
and RNS contribute to signal processing, they have also harmful effects on lipids, proteins
and nucleic acids, leading to tissue damage ina process called oxidative stress.! Oxidative
stress originates from an imbalance between the production of ROS and RNS and the
antioxidant systems. ROS include superoxide anion (O,"), hydroxyl radicals (.OH) and
hydrogen peroxide (H,0,), while nitric oxide (NO) and peroxynitrite (ONOO") are known
as RNS. Antioxidant defenses are composed of preventive antioxidant enzymes such as
catalase, superoxide dismutase (SOD), glutathione peroxidase and metal chelating proteins,
in addition to radical scavenging vitamins C and E.2 SOD converts O, into H,0,, which
is rapidly reduced by catalase and glutathione peroxidase. It may also catalyze excessive
nitration of tyrosine by ONOO~. The excess of ROS/RNS production over detoxification
results in a shift in balance towards oxidative damage. Oxidative damage of DNA and
RNA produces 8-hydroxy-2'-deoxyguanosine (8-OHdG) and 8-hydroxyguanosine
(8-OHG), respectively, which are used as markers of oxidative nucleosides damage.’
Since thymidine glycol (TG) originates from deoxythymidine in DNA but not in RNA
and is not removed as easily as 8-OHdG is, TG is a stable oxidative marker specific for
DNA.* The brain includes a large amount of lipids in cell membranes and the myelin
encapsulates the neuronal fibers. Lipid peroxidation can form various aldehydes, including
the early and late stage markers hexanoyl lysine adduct (HEL) and 4-hydroxynonenal
(4-HNE)."* Advanced glycation end products (AGE) are markers of protein glycoxidation
and the generation of AGE has been described in neurological disorders in addition to
aging, atherosclerosis and diabetes mellitus.®

Oxidative stress markers are also available for the examination of oxidative DNA
damage through analysing lipid peroxidation in the urine, serum and cerebrospinal fluid
(CSF), using enzyme-linked immunosorbent assay (ELISA) in children.”” Potential
antioxidant (PAO) is a marker of antioxidant capacity in various biologic fluids measured
by colorimetry, in which Cu** is reduced by various antioxidants to Cu+. PAO enables
the evaluation of not only hydrophilic antioxidants, such as vitamin C and glutathione,
but also hydrophobic ones, such as vitamin E.'"” We have confirmed the involvement of
oxidative stress in various developmental brain disorders and here we reviewed the data
from our immunohistochemical analysis and ELISA.

HEREDITARY DNA REPAIR DISORDERS

DNA damage is implicated in pathogenesis of various neurologic disorders
and neurons are targets to sustain DNA damage during oxidative stress.'”” Human
hereditary DNA repair deficiency syndromes and ataxic disorders seem to provide a
hint for linking DNA damage and DNA repair abnormalities with neurodegeneration.
Xeroderma pigmentosum (XP) and Cockayne syndrome (CS) are rare, inherited
neurocutaneous disorders caused by defects in nucleotide excision repair (NER) system. "
Complementation studies by using cell hybridization have revealed the existence of
eight genes in XP (groups A-G and a variant) and two in CS (A and B). NER includes
global genome repair and transcription-coupled repair (TCR), which involves several
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XP genes (especially XP-4 to XP-G) and two CS genes (CSA4 and CSB). In XP, the
disease starts with skin symptoms and progressive neurological manifestations, including
cognitive and motor deterioration, neuronal deafness, peripheral neuropathy and brain
atrophy occurs more commonly in XP-A, XP-B, XP-D and XP-G." CS children develop
severe growth failure with reduced subcutaneous fat, characteristic facial features
(sunken eyes, sharp noses and caries teeth), mild skin symptoms and neurological
disorders such as demyelinating neuropathy, ataxia, spasticity, deafness and congnitive
deterioration.'® It is likely that decreased DNA repair and persistent DNA damage can
result in augmented oxidative nucleotide damage in XP and CS. Oxidative nucleotide
damage and antioxidant system have been investigated in isolated skin and blood
cells or their cell lines.'* Nevertheless, protection from ultraviolet (UV) light cannot
prevent development of neurodegeneration. We have neuropathologically investigated
the deposition of oxidative stress markers in autopsy cases each of XP-A and CS.'
4-HNE and, to a lesser extent, AGE were frequently recognized in the pseudocalcified
foci, neuropil free minerals and foamy spheroids in the globus pallidus in CS more
predominantly than in XP-A. CS cases showed gliosis and calcification in the basal
ganglia more remarkably than XP-A cases and the degree of 4-HNE deposition seemed
to be in accordance with the calcification. We also found the similar deposition of 4-HNE
and AGE in the calcification in the globus pallidus and/or cerebellum in autopsy case
each of Fahr disease, pseudohypoparathyroidism and idiopathic intracranial calcification
(Fig. 1)." Increased oxidative stress has been reported in vascular calcifications in
bone and kidney diseases,'®'? and lipid peroxidation and/or oxidative protein glycation
may also affect the calcification subsequent to neurodegeneration in the basal ganglia
and cerebellum in the developmental brain disorders including XP-A and CS. Next
were examined the deposition of oxidative products in nucleotides and expression of
SOD in the XP-A and CS subjects.?’ Cases of XP-A and, to a lesser extent, those of
CS demonstrated nuclear deposition of 8-OHdG and TG in neurons and glial cells, in
addition to cytoplasmic deposition of 8-OHG, in the globus pallidus and cerebellar cortex
(Table 1). Additionally, XP-A cases exhibited reduced cytoplasmic immunoreactivity

Figure 1. An autopsy case of idiopathic intracranial calcification. A) Perivascular calcification in the
cerebellar cortex was immunoreactive for 4-hydroxynonenal Bar = 20 pm. B) Pseudocalcified lesion
in the putamen showed granular immunoreactivity for advanced glycation end products. Bar =20 pm.
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Table 1. Summary of Immunohistochemistry for thymidine glycol in autopsy cases of
xeroderma pigmentosum group A and Cockayne syndrome.

Dentate
Hippocampus Globus pallidus Thalamus nucleus

Case Age/Sex Neuron  Glia Neuron Glia Neuron Glia Neuron Glia

Xeroderma pigmentosum group A

1 19 yrs/ 2+ 2+ ) 2+ 1+ I+ 1+ 1+
Male

2 19 yrs/ 1+ 1+ 1+ 1+ (-) 1+ 1+ 1+
Male

3 23 yrs/ 1+ 1+ ) 2+ 1+ () 2+ )
Female

4 24yrs/ () ©) Q) ) ) 1+ ) )
Female

5 26 yrs/ () ©) ©) I+ ) 1+ ©) )
Female

Cockayne syndrome

! 7yrs/ I+ I+ I+ I+ ¢ ©) ) ¢
Female

2 1Syrs/ () ) ) O] -) ) ) -
Male

3 16 yrs/ ) ) -) 2+ ) 2+ ) Q)
Female

4 Byrs/ () ) ¢) ) ) ¢ ©) I+
Male

5 18yrs/ () 1+ ©) 1+ 1+ 1+ ¢) ©)
Male

The degree of immunoreactivity for thymidine glycol was graded by the density of positively-stained
nuclei of neurons or glial cells (“Glia™) according to the following criteria: - = no staining visible,
1+ = a few nuclei were stained, 2+ = many nuclei were stained.

for Cu/ZnSOD in the neurons of the cerebellar cortex and the basal ganglia, although
CS cases demonstrated comparatively preserved immunoreactivity for SODs, suggesting
that oxidative damage to nucleotides with disturbed SOD expression can be involved
in the degeneration of basal ganglia and cerebellum predominantly in XP-A. Next we
started the ELISA analysis on 8-OHdG and HEL in urine samples from seven XP-A
patients, one XP-D patient, five CS patients and 17 healthy controls aged 3-81 years
(Fig. 2). XP-A patients aged over 20 years with long disease duration, suffering from
diabetes mellitus and respiratory insufficiency, showed a remarkable increase over
the mean of controls in both urinary 8-OHdG and HEL (Fig. 2). In contrast, twin CS
patients aged over 20 years showing prolonged disease course demonstrated increased
levels of urinary HEL but not urinary 8-OHdG. In the aforementioned autopsy study,
markers of oxidative nucleoside damage and those of lipid peroxidation seemed to be
deposited in XP-A and CS cases, respectively and the similar tendency was speculated
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Figure2.A) Urinary levels of 8-hydroxy-2'-deoxyguanosine (ng/mg Cre.) according to the age (years) in
patients with xeroderma pigmentosum (XP, @) and Cockyane syndrome (CS, A), inaddition to controls
(#). B) Urinary levels of hexanoyl lysine adduct (pol/mg Cre) according to the age (years) in patients
with xeroderma pigmentosum (XP, @) and Cockyane syndrome (CS, A), in addition to controls (#).
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in the change of urinary markers from patients with XP-A and CS. In addition, we
performed a preliminary analysis of the CSF levels of 8-OHdG and HEL in three and
one patients of XP-A and XP-D, respectively. One XPA patient showed the increase
in level of 8-OHAG in CSF over the cutoff index, whereas the levels of HEL in CSF
were not elevated in four patients.
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Ataxia-telangiectasia (A-T) is characterized with childhood-onset cerebellar ataxia
clinically and progressive atrophy of the cerebellar cortex pathologically. Mutations in
the ataxia-telangiectasia mutated (47M) gene give rise to A-T and this gene encodes
a protein that is a member of the phosphoinositide 3-kinase family and activation of
ATM by ionizing radiation leads to the phosphorylation of a multitude of substrates
involved in recognition of double strand breaks in DNA and in cell cycle checkpoint
activation.?! Arm-deficient cells are hypersensitive to oxidative-stress-inducing agents
specially the ionizing radiations,”? and the cerebellum in Arm-deficient mice showed
progressive accumulation of DNA strand breaks.” Antioxidants prevented Purkinje cell
death in the aforementioned A#m-deficient mice.* It is possible that ATM deficiency can
enhance oxidative stress and cause oxidative stress-related neuronal death. Nevertheless,
oxidative stress has not been examined fully in patients with A-T.>

Ataxia-telangiectasia-like disorder (ATLD) is characterized by cerebellar ataxia and
ATLDisone of chromosomal breakage syndrome because the patients show spontaneously
occurring chromosomal aberrations and increased sensitivity to ionizing radiations.” ATLD
is caused by mutations in the MRE!I gene and MREI11 is one of the key components
of the signaling network involved in cellular response to DNA damage.”” We report the
neuropathological findings in the first case of genetically confirmed ATLD in a pair of
Japanese male siblings.”® The siblings had the same compound heterozygous mutations
of the MREI1 gene. Brain autopsy demonstrated cerebellar atrophy in the vermis and
medial part of the hemispheres, oral to the horizontal fissure. Nuclear immunoreactivity
of MREI1 was absent in neurons of cerebellar cortex, cerebral cortex, basal ganglia
and midbrain, whereas being widespread in normal control brains. Immunoreactivity
of nuclear 8-OHdG was identified in the granule cells and Bergmann glial cells in the
cerebellar cortex, both of which were functionally associated with Purkinje cells. Such
8-OHdG expression was absent in the severely affected cerebellar cortex and other brain
areas. It is likely that the combination of MRE11 deficiency and oxidative DNA injury
may lead to the selective cerebellar damage in patients with ATLD.

CONGENITAL METABOLIC ERRORS

Congenital metabolic errors are composed of heterogeneous diseases, such as
lysosomal disorders, mitochondrial encephalomyopathy, peroxisomal disorders and
disturbed metabolism of metals, manifesting both neurological and somatic abnormalities.
Genes responsible for several diseases have been identified and model animals generated.
Nevertheless, the pathogenesis of neurodegeneration still remains to be fully investigated;
specific treatments to be developed other than bone marrow transplantation and enzyme
replacement, which cannot ameliorate neurological disorders. It will be useful to exploit
new therapeutics that can intervene the oxidative stress leading to neuronal damage.

Neuronal ceroid-lipofuscinosis (NCL) is a group of hereditary, lysosomal storage
disorders, most of which are clinically manifested by progressive developmental
retardation, visual loss, uncontrolled myoclonic epilepsy and/or cerebellar ataxia.”
NCLs are classically classified into infantile, late-infantile, juvenile and adult forms, but
several variants have recently been reported and at least 10 genetically distinct NCLs,
designated CLN1 to CLN10, are presently known. We examined three autopsy cases
of late-infantile NCL with progressive myoclonic epilepsy (PME), aged 8-12 years,* in
addition to two autopsy cases of juvenile NCL suffering from the gradual progression of
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visual disturbances and generalized convulsion.’' Oxidative DNA damage was observed
in neurons of the cerebral cortex and, to a lesser extent, the midbrain, in both types of the
disease. Protein glycation was facilitated in the Purkinje cells of the cerebellar cortex in
four NCL cases, with the exception of one juvenile case. Lipid peroxidation increased
in the cerebral and cerebellar cortex. Because 4-HNE can activate cell death-related
caspases leading to DNA fragmentation, such coexistence of nuclei immunoreactive foe
TUNEL and 4-HNE-immunoreactive cytoplasm in the frontal cortical neurons suggested
the occurrence of DNA fragmentation triggered by lipid peroxidation in the late infantile
form of NCL.

Mucopolysaccharidoses (MPS) are inherited neurodegenerative disorders caused
by defects in specific lysosomal enzymes, resulting in the accumulation of undegraded
glycosaminoglycans in lysosomes. Sanfilippo syndrome (MPS III) is an autosomal
recessive disorder and comprises four subtypes (A, B, C and D), biochemically being
linked to different enzymes defects. MPS III type B (MPS 11IB) is caused by mutations
in the gene encoding alpha-N-acetylglucosaminidase, a glycosidase required for the
degradation of heparin sulfate.?” The clinical features of MPS IIIB include progressive
and profound neurological deterioration, with behavioral disturbances and relatively
mild somatic manifestations. No effective therapy has been found yet, although oxidative
stress and/or activation of microglia has been suggested to be involved in pathogenesis
in model mice.?33

Hunter syndrome (MPS 1I) is a rare, X-linked disorder caused by a deficiency
of the lysosomal enzyme iduronate-2-sulfatase. In the absence of sufficient enzyme
activity, glycosaminoglycans accumulate in the lysosomes of many tissues and organs
and contribute to the multisystem, progressive pathologies seen in Hunter syndrome.*
Clinically, MPS 1I has two subtypes: severe (Hunter A) and mild (Hunter B). Patients
with the severe form of MPS II exhibit a chronic and progressive disease involving
multiple organs and tissues. Patients with the mild form of MPS II have delayed onset
and milder disease progression. Iduronate-2-sulfatase cannot cross the blood—brain barrier
and therefore the enzyme replacement therapy is not expected to provide improvement in
CNS dysfunction. Neuropathologically, patients with MPS I1IB and MPS 11 demonstrate
neuronal swelling, dilatation of perivascular space, mild gliosis in the white matter and/
or hydrocephalus; however, pathogenesis of neurological deterioration remains elusive.*
The involvement of oxidative damage in the brains of three cases each of MPS I1IB and
MPS II and age-matched controls were examined immunochemically.’” In cases of MPS
I1IB, the density of GABAergic interneurons in the cerebral cortex immunoreactive for
calbindin-D28K and parvalbumin was markedly reduced when compared with age-matched
controls. It was suggested that the disturbance of GABAergic interneurons may be
related to mental disturbance. The swollen neurons in the cerebral cortex demonstrated
nuclear immunoreactivity for 8-OHdG and apoptotic markers. In contrast, neither lipid
peroxidation nor protein glycation were observed in MPS cases. The expressions of Cu/
ZnSOD and MnSOD were reduced in two MPS II cases.

Mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes
(MELAS) are characterized by recurrent stroke-like episodes, epileptic seizure, short
stature and deafness. Molecular genetic studies have shown that more than 80% of
MELAS patients have the 3243A>G mitochondrial DNA mutation.’® According to the
cohort study in Japan, MELAS is divided into a juvenile form (onset at less than 18 years
of age) and an adult form (onset at more than 18 years of age); the former form shows
more severe and poor prognosis than those in the latter form.* The main neuropathological
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Figure 3. An autopsy case of acute necrotizing encephalopathy caused by influenza infection. A)
Severe necrosis in the thalamus, Kliiver-Barrera staining. B) Nuclei immunoreactive for 8-hydroxy-
2'-deoxyguanosine were found in the glial cells in the necrotic lesion in the thalamus. Bar = 20 pm.

features of MELAS are infarct-like lesions with necrosis in the cerebral cortex and the
adjacent subcortical white matter, subsequent brain atrophy and calcification in the basal
ganglia. In the absence of therapeutic intervention, the infarct-like lesions spread into the
neighboring region within a few weeks, irrespective of the vascular territory of cerebral
arteries. Even in the cortical and subcortical regions not affected by the infarct-like
lesions, there are neuropil micro-vacuolation and increased microvasculature, whereas
a few neurons remain in the infarct-like lesions (neuronal sparing). In Japan L-arginine,
modulator of vascular endothelial cells, is used for the treatment of MELAS.?** Abnormal
regulation of antioxidants and mitochondrial dysfunction may be involved in oxidative
neuronal loss in Huntington’s disease and Friedreich ataxia.*” Therefore, edaravone,
a radical scavenger, has been tried to prevent the repetition of stroke-like episodes.
The spreading of lesions seemed to occur less frequently in some patients treated with
edaravone.*! Additionally, in the autopsy brains from MELAS cases, having 3243A>G
mutation, 8-OHdG was accumulated in the peri-lesional surviving neurons in the
cerebral cortex, but the expressions of MnSOD and 8-oxoguanine glycosylase | were
not up-regulated in those neurons.*' Increased oxidative stress and insufficient defense
could be the reasons of the pathogenesis of the spreading lesions in MELAS. Recently, we
found the similar neuropathological characteristics with those in MELAS in the autopsy
brains from cases of acute necrotizing encephalopathy caused by influenza infection
(1IANE).** Adjacent to the necrotic lesions in the thalamus and pontine tegmentum, there
were neuropil micro-vacuolation, increased microvasculature and neuronal sparing; and
nuclei immunoreactive for 8-OHdG was also found in the remaining neurons and glial
cells (Fig. 3). In addition, two patients with iANE showed an increased level of §-OHdG
in the CSF. In pathogenesis in iANE, mitochondrial disturbance and/or oxidative stress
of DNA is suggested to be involved.

CHILDHOOD-ONSET NEURODEGENERATIVE DISORDERS

Oxidative stress has been confirmed to play an important role in adult-onset
neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease and
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amyotrophic lateral sclerosis.** The combination of increased oxidative damage,
mitochondrial dysfunction, deposition of oxidized materials, inflammation and defects
in protein clearance are most likely reasons of damaging neurons.

Spinal muscular atrophy (SMA) is a childhood-onset motor neuron disease and
results from the homozygous loss of survival motor neuron gene 1 in chromosome 5.
SMA is classified into three clinical groups, depending on the age of onset and achieved
motor abilities. The diseases are characterized by progressive loss of motor neurons in
the spinal cord and/or brainstem, leading to symmetrical weakness and atrophy in the
leg and respiratory muscles.** Three cases of type I SMA (Werdnig-Hoffmann disease)
and two cases of type Il SMA (intermediate type) demonstrated deposition of 4-HNE in
the motor neurons of the hypoglossal nucleus and spinal anterior horn.*#¢ Furthermore,
nuclei immunoreactive for 8-OHdG were observed in the motor cortex. Also lateral
thalamic nucleus and cerebellar granule cells in the absence of neuronal loss and gliosis,
indicate that oxidative stress may be the reason in the latent neurodegeneration other
than the motor neurons in SMA.

Dentatorubral pallidoluysian atrophy (DRPLA) is a CAG-repeat disease that
is classified into juvenile and early adult types showing PME and a late adult type
characterized by dementia and cerebellar ataxia.” DRPLA patients have an expanded
CAG triplet repeat (polyglutamine) on the short arm of chromosome 12 and the degree of
polyglutamine expansion is involved ina variety of clinical manifestations. The pattern and
distribution of neuropathological changes are region-specific and commonin disease types.
However intranuclear accumulation of mutant proteins, with expanded polyglutamines is
recognized throughout the brain.”® We examined accumulation of oxidative stress markers
and expression of SOD in DRPLA autopsy cases, including four cases of juvenile and
late adult types and two cases of early adult type.*’ Neuronal accumulation of 4-HNE was
found in the hippocampus, globus pallidus and cerebellar dentate nucleus in the early and
late adult types of DRPLA cases. Oxidative products of nucleosides, 8-OHdG and 8-OHG,
were accumulated in the lenticular nucleus, predominantly in juvenile and early adult
cases showing PME. Mitochondrial immunoreactivity of MnSOD was also reduced in the
lenticular nucleus and cerebellum in cases showing PME. Expanded polyglutamine may
be the reason for mitochondrial dysfunction and subsequent augmentation of oxidative
stress in animal and cell models of DRPLA.* It is likely in the juvenile and early adult
DRPLA cases the reduced MnSOD expression and increased oxidative DNA damage
in the lenticular nucleus may be caused by the expanded polyglutamine, leading to the
generation of PME.

Lafora disease (LD) is an autosomal recessive disorder characterized by progressive
myoclonicepilepsy and presence of intracellular polyglucosan inclusions, (being called as
Lafora bodies)in the brain, liver and cardiac muscles. Mutations of the EPM24 and EPM2B
(NHLRC1) geneshave beenidentified in LD patients.’! Preliminary immunohistochemical
analysis was performed in three autopsy cases of LD, which had a family history of LD
and the abundant occurrence of Lafora bodies in the globus pallidus, cerebellar dentate
nucleus and substantia nigra.' Nuclei immunoreactive for 8-OHdG were found in the
cerebral cortex in two of three autopsy cases. In addition, two LD patients with NHLRC1
mutations™ displayed a mild increase in the level of 8-OHdG in urine, although there was
no change in the CSF. Nevertheless, one of the two cases having NHLRCI mutations
died of cardiac failure at the age of 36 years and immunohistochemistry for oxidative
stress markers demonstrated nuclei immunoreactive for 8-OHdG in the neurons of globus
pallidus and deposition of 4-HNE in the neuronal cytoplasm in the trochlear and trigeminal
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Figure 4. An autopsy case of Lafora disease with mutation of EPM2B gene. A. Nuclei immunoreactive
for 8-hydroxy-2'-deoxyguanosine were found in the remaining neurons in the globus pallidus. Bar =
60 um. B. Neurons with cytoplasm immunoreactive for 4-hydroxynonenal were scattered in the trochlear
nucleus. Bar = 60 pm.

nuclei, irrespective of Lafora bodies (Fig. 4). In order to obtain a definite answer on the

Table 2. Urinary levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG), hexanoyl lysine
adduct (HEL) and potential antioxidant (PAQ) in patients with genetically-confirmed
Rett syndrome.

8-OHdG HEL PAO
Age Mutations in ng/mg Cre (pmol/mg Cre) umol/L aop
MeCP2 gene
Cutof f index 16.7 163.9 5187
Younger patients
7 yrs R168X 13.8 144.6 7563
10 yrs R168X 24.6 A 153.5 6717
Older patients
46 yrs R306C 209.3 1 5929 1 2440 |
46 yrs Frameshift 17.7A 114.7 5761
(at 135)
46 yrs Frameshift 6531 4534 1 3443 |
(at 285)
47 yrs T158M 10.3 108.7 5896
49 yrs R133C 12.6 227 A 5164

Cutoff index for each oxidative marker were the mean + 2SD value in controls aged over 6 years.
The upward arrows (1) and triangles (A) denote severe and mild increases of 8-OHdG and HEL,
respectively, while the downward arrows (]) mean a decrease of PAO.
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involvement of oxidative stress in LD, the comprehensive analysis in a large number of
patients is necessary.

Rett syndrome (RS) is a neurodevelopmental disorder mainly caused by de novo
mutations in the X-chromosomal MeCP2 gene encoding the transcriptional regulator
methyl-CpG-binding protein 2 and characterized with autistic mental retardation in
females.® Its pathogenesis remains to be investigated and no effective therapy is available
to date.” In autopsy brains of autistic cases, oxidative stress is one of possible cause of
the Purkinje cell loss in the cerebellar cortex, leading to the cognitive disturbances and
several studies have shown decreased levels of antioxidants in blood cells in autistic
patients.”® A few studies on oxidative stress in RS patients, however, demonstrated
increased plasma levels of lipid peroxidation markers with reduced activities of the SOD
in erythrocytes,*® and increase of intra-erythrocyte nonprotein-bound iron and protein
carbonyl concentrations.’” We performed preliminary analysis on the levels of 8-OHdG
and HEL in the urine of genetically-confirmed RS patients (Table 2). There were no
relationships between the phenotype and oxidative stress markers. Older RS patients,
havingrespiratory disturbances, tend to show increased levels of 8-OHdG and/or HEL and
lowered antioxidant power. RS patients are known to be associated with several systemic
complications, which can alter oxidative stress markers and antioxidant abilities and the
analysis in the CSF seems to be prerequisite for further investigation on oxidative stress
in neurological disorders in RS.

CONCLUSION

Oxidative stress leading to modification of nucleosides, proteins and lipids may occur
in hereditary DNA repair disorders, congenital metabolic errors and childhood-onset
neurodegenerative disorders. It is useful for clarifying pathogenesis of neurodegeneration
to examine the involvement of oxidative stress, combining immunohistochemistry in the
autopsy brains and ELISA in the CSF and urine. Although the involvement of oxidative
stress seems to be various, the research indicates that antioxidant therapy may play a major
role in alleviating the neurodegeneration in patients with developmental brain disorders.
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