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Abstract We performed a neuropathological analysis, in-
cluding in situ nick end labeling (ISEL) and immunohis-
tochemistry, of two cases of clinicogenetically confirmed
infantile spinal muscular atrophy (SMA) type II. Both
cases showed severe reduction of the motor neurons and
gliosis in the spinal cord and brain stem, although the oc-
currences of central chromatolysis and ballooned neurons
were not frequent. Clark’s and lateral thalamic nuclei, which
are usually altered in SMA type I, were spared, whereas
Betz cells in the precentral gyrus and large myelinated
fibers in the lateral funiculus were reduced in number. Re-
garding apoptosis, only the younger case demonstrated a
few ISEL-positive nuclei in the dorsal horn, with reduced
Bcl-x expression level in the Purkinje cells. Unlike SMA
type I, the expression of neurofilaments was not disturbed
and the reduction in synaptophysin expression level in the
anterior horn was mild. An oxidative stress-related prod-
uct was deposited in atrophic motor neurons in the spinal
cord, and neurons with nuclei immunoreactive for 8-hy-
droxy-2’-deoxyguanosine were found in the lateral thala-
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mus. In contrast, the expression of glial glutamate trans-
porters was not altered. These data suggest that oxidative
stress and, to a lesser extent, apoptotic cell death, but not
disturbed neurofilament metabolism or excitotoxicity,
may be involved in neurodegeneration in SMA type II.

Keywords Apoptosis - Infantile spinal muscular atrophy -
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Introduction

Infantile spinal muscular atrophy (SMA) is an autosomal
recessively inherited disorder characterized by excessive
degeneration of motor neurons of the spinal cord and brain
stem, resulting in weakness and wasting of voluntary mus-
cles. On the basis of age of onset and clinical course, SMA
is classified into three types: type I (Werdnig-Hoffmann
disease), type II (the intermediate form) and type III (Ku-
gelberg-Welander disease) [3]. SMA type I is considered
as the acute and most severe form characterized by early
onset and hypotonia of voluntary muscles that is rapidly
progressive terminating in fatal respiratory failure. SMA
type Il is a less severe form and SMA type III is the juve-
nile form. In addition to the major lesions in the motor
neurons in the spinal cord and brain stem, SMA type I
demonstrated involvement of the dorsal root ganglion,
Clarke’s column and lateral thalamic nucleus, especially
in subjects with long survival periods [11, 21, 32]. On the
other hand, there have been only a limited number of post-
mortem studies in SMA type III [1, 9, 13, 22, 34]. Most
reports have described the degeneration of motor neurons
in the anterior horn and/or nuclei of the cranial nerves and
decreased myelinated fibers in the fasciculus gracilis. An
exact neuropathological examination still remains to be
carried out for SMA type II, because the number of pa-
tients with SMA type Il is very small. On genetic analysis,
several research groups detected deletions associated with
SMA in chromosome 5q13, affecting different genes, in-
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cluding the survival motor neuron (SMN) gene [16] and
neuron apoptosis inhibiting protein (NAIP) gene [24]. The
SMN gene is present in humans in a telomeric copy, SMN/,
and several centromeric copies, SMN2. Recently, several
SMN-deficient mice models were created, and it was sug-
gested that the absence of SMN/ was associated with SMA
and SMN2 was a modifying gene in the disease severity of
SMA [7]. In addition, although SMN itself has only a
weak anti-apoptotic activity, co-expression of SMN with
Bcl-2, another anti-apoptotic protein, confers a synergistic
preventive effect against apoptosis [10]. For certain, apop-
totic cell death occurs in the degenerated muscle fibers in
the patients with SMA type I [30, 31]. In patients with
SMA type I, apoptotic neuronal death was also detected in
the spinal cord by TdT-mediated DIG-dUTP nick end la-
beling (ISEL) and electron microscopical analysis [27],
although it was more frequently observed in the thalamus
[5]. Furthermore, the apoptotic process that occurs in the
anterior horn during the fetal period is enhanced in pa-
tients with SMA type I [28]. Besides apoptosis, it is spec-
ulated that oxidative stress and/or glutamate excitotoxic-
ity may be involved in adult-onset motor neuron disorders,
including amyotrophic lateral sclerosis (ALS) [2, 23], and
these pathological mechanisms should be investigated in
SMA and childhood-onset motor neuron disorders, but
such trials have rarely been performed. On the other hand,
SMA has different pathological characteristics from those
in ALS, such as the frequent occurrence of ballooned neu-
rons and the localization pattern of phosphorylated neuro-
filament and ubiquitin epitopes [12, 15, 18]. In the present
study, we report two autopsy cases of clinicogenetically
confirmed SMA type II. Immunohistochemical analysis,
in addition to ISEL, was performed to clarify the patho-
logical mechanisms in neurodegeneration in SMA.

Fig.1 Demonstration of SMN gene deletions in SMA patients
based on the presence or absence of specific PCR products by re-
striction site assay. Lane C DNA from control individual; lane I
DNA from SMA case 1; lane 2 DNA from SMA case 2. A There
are two PCR fragments (101 and 34 bp) derived from SMN2 exon 7
in SMA patients. The 123- and 65-bp fragments shown B in lanes 1
and 2 indicate the absence of SMN1 exon 8 products in patients
with SMA

Cc 1 2

«<101bp
«—78bp

«—34bp
«—23bp

A. SMN exon7

Case report

Case 1

A female infant was born at term uneventfully to healthy and non-
consanguineous parents. The family history was unremarkable.
Her development was normal until 6 months of age, but after that
there was a delay in her motor development and muscle hypotonia
appeared in the lower extremities. At 15months of age, she was
brought to our hospital. Physical and neurological examinations
revealed normal intelligence, muscle hypotonia and atrophy of the
proximal parts of limbs, fasciculation of the tongue and limb mus-
cles and reduced deep-tendon reflexes. Laboratory tests of serum
enzymes disclosed no abnormalities. Electromyogram demonstrated
that motor unit potentials were polyphasic and augmented in am-
plitude and duration. Her parents did not grant permission for mus-
cle biopsy. A provisional diagnosis of SMA type II was made on
the basis of clinical features and electromyography. She was able
to sit unsupported but never became ambulant. She died of food
poisoning at the age of 5 years.

Case 2

A female infant was born at term uneventfully. There was no his-
tory of consanguinity. She had two sisters and one brother. Her el-
dest sister was severely hypotonic at birth and died of pneumonia
at 18 months of age, although the detailed course of her illness
could not be ascertained. The other sister and brother did not suf-
fer from any neuromuscular disorders. This case had normal de-
velopment until 7 months of age, then muscle hypotonia occurred.
She was able to sit unassisted and carry herself on her knees and
her intelligence quotient was normal. Based on clinical and elec-
trophysiological findings, a provisional diagnosis of SMA type II
was made. Gradually muscle weakness developed and she became
bedridden from the age of 13 years until her death. At the age of
17 years, she was referred to our hospital. The results of muscle
biopsy performed at the age of 21 years demonstrated that the neu-
rogenic changes were in accordance with SMA type II. Mild in-
voluntary movements were sometimes observed in the face and
upper limbs late in the disease course. Respiratory failure gradu-
ally developed, and she died of pneumonia at the age of 37 years.

Materials and methods

Quantitative multiplex PCR

The parents of both cases granted permission to perform genetic
analyses in addition to autopsy. The competitive PCR based on the
mismatch SMN primer described by Wirth et al. [35] was used to
create different Hinfl restriction sites in SMNI and SMN2. The for-
ward primer is mismatch primer designed based on the sequence of
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SMN1 exon 7 (SMN7F: 5"-CTTCCTTTTATTTTCCTTACAGG-
GATT-3"), and the reverse primer lay in intron 7 (SMN7R: 5°-TC-
CACAAACCATAAAGTTTTAC-3"). The uncut SMN-PCR prod-
ucts were 135-bp in length; SMN2-PCR products contained only
one Hinfl restriction site, resulting in 101- and 34-bp fragments,
whereas SMN1-PCR products contained two Hinfl restriction
sites, resulting in three fragments of 78, 34 and 23 bp (Fig. 1A). The
competitive PCR was performed according to method used in the
previous study [35] with slight modifications. The PCR products
were digested with 20 U Ddel (Boehringer Mannheim, Germany).
Electrophoresis was carried out 2.5% agarose gels. The SMN2
exon 8 PCR products contained one Ddel restriction site, resulting
in 123- and 65-bp fragments (Fig. 1B), whereas SMN1 exon 8 PCR
products contained no restriction sites.

Neuropathology

The brain and spinal cord were fixed in a 10% buffered formalin
solution. The formalin-fixed nervous tissues were cut coronally,
embedded in paraffin and then subjected to hematoxylin and eosin
(HE), Kliiver-Barrera (KB), Bodian and Holzer stainings. We then
performed a morphometric analysis of the density of large myeli-
nated fibers in the lateral funiculus of the spinal cord. We used Bo-
dian-stained sections from both SMA type II cases and the age-de-
pendent disease controls, a 6-year-old male with a sequel of ker-
nicterus and a 35-year-old male with Becker-type muscular dys-
trophy, who did not show any morphological changes in the spinal
cord. The count of the large myelinated fibers was performed fol-
lowing manual labeling of appropriate fibers in ten non-overlap-
ping microscopic subfields at a magnification of X200 (area, 1 mm?
each) in the lateral funiculus of the cervical and thoracic segments
of the spinal cord.

In situ nick end labeling

Double staining with ISEL and anti-synaptophysin immunohisto-
chemistry was performed on the sections of the middle medulla
oblongata, cervical, thoracic and lumbar segments of the spinal cord.
The sections were stripped of proteins by incubation with 0.1%
trypsin (Sigma, MO) at 37°C for 30 min. After rinsing, the sections
were incubated in TdT buffer (30 mM Trizma base, pH 7.2, 140 mM
sodium cacodylate, 1 mM cobalt chloride) containing TdT (0.3 U/ul)
(Life Technologies, Md) and digoxigenin-dUTP (Roche Diagnos-
tics, Mannheim, Germany) at 37°C for 60 min. The reaction was
terminated in TB buffer (300 mM sodium chloride, 30 mM sodium
citrate) at room temperature for 15 min. After rinsing, the sections
were treated with a 1:500 dilution of alkaline phosphatase-labeled
anti-digoxigenin antibodies (Roche Diagnostics) at room tempera-
ture for 1h. The reaction was visualized by 4-nitroblue-tetrazo-
lium-chloride/5-bromine-4-chloride-3-indolylphosphate  (Sigma).
After ISEL, the sections were treated with rabbit polyclonal anti-
body to synaptophysin (1:50, Dako, Glostrup, Denmark) at 4°C
overnight and the immune reaction was visualized with an ABC/
AEC staining kit (Dako).

Immunohistochemistry

Immunohistochemistry was performed on serial paraffin sections
of the precentral cortex, the temporal cortex including the hip-
pocampus, the striatum and thalamus, the cerebellum including the
dentate nucleus, the middle medulla oblongata, and the cervical,
thoracic and lumbar segments of the spinal cord in both the cases
of SMA type II and the aforementioned disease controls. Each sec-
tion was cut 6 um thick, deparaffinized, and heated by microwav-
ing in a citrate solution for 20 min. Endogenous peroxidase activ-
ity in the sections was quenched with 1% hydrogen peroxide.
Mouse monoclonal and/or rabbit polyclonal antibodies to the fol-
lowing substances were employed at each optimal concentration:
Bcl-2 (1:80), Bel-x (1:500) (Santa Cruz Biotechnology), phosphor-
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ylated neurofilament (1:50), ubiquitin (1:400) (DAKO), nitrotyro-
sine (1:500) (Upstate Biotechnology, Lake Placid, NY), advanced
glycation end product (AGE, 1:1,000), 4-hydroxy-2-nonenal-mod-
ified protein (4HNE, 1:1,000), 8-hydroxy-2’-deoxyguanosine
(8-OHdG, 1:1,000), glutamate transporters including GLAST (1:300),
GLT-1 (1:300) and EAAC1 (1:300) (Wako Pure Chemical Indus-
tries, Osaka, Japan). The immune reaction was visualized by the
avidin-biotin-immunoperoxidase complex method following the
manufacturer’s protocol (Nichirei, Tokyo, Japan).

Results
DNA analyses

DNA analyses by the PCR method using the frozen tissues
of the autopsied livers and the paraffin-embedded nervous
tissues from the autopsied brain were performed in cases
1 and 2, respectively. In both cases, the deletions of exons
7 and 8 in the SMN gene were detected (Fig. 1), while
those of exons 5 and 6 in the NAIP gene were not de-
tected. Accordingly, the diagnosis of SMA type II was ge-
netically confirmed in both cases.

Neuropathological findings

The brains weighed 1,260 g and 1,125 g in cases 1 and 2 at
autopsy, respectively. Both cases presented similar patho-
logical findings. The major changes existed in the spinal
cord, including severe reduction in the number of the mo-
tor neurons, frequent formations of empty cell beds and
gliosis in the anterior horn (Fig.2A). Nevertheless, the
motor neurons in the anteromedial zone at the third, fourth
and fifth cervical segments of the spinal cord, the phrenic
motor neurons, were comparatively preserved (data not
shown). The remaining motor neurons showed atrophic
changes but not central chromatolysis or ballooning. Sim-
ilar changes were noted in the hypoglossal nucleus in both
cases (Fig. 2B) and in the facial nucleus only in case 2. In
addition, the numbers of large myelinated fibers in the
spinal pyramidal tract of the lateral funiculus were reduced
slightly in case 1 and significantly in case 2 when com-
pared with the age-matched disease controls (Fig.2C, D
and Table 1). However, there was no fibrillary gliosis in
the lateral funiculus. Case 2 also showed mild loss of
myelinated fibers with gliosis in the fasciculus gracilis
(Fig. 2E). The ventral root demonstrated atrophic changes
and loss of the large myelinated fibers in both cases, whereas
the dorsal root ganglia were comparatively preserved in
both cases. Furthermore, glial bundles were abundantly
observed in the proximal portions of the ventral roots and
occasionally in the dorsal roots of the cervical and lum-
bosacral segments in case 1 (Fig. 2F), while they were ob-
served only in the thoracic segment in case 2. There were
a few heterotopic neurons in the anterior funiculus in the
lumbosacral segment of the spinal cord in case 1. Clarke’s
and Onuf’s nuclei were spared. In the cerebrum, Betz
cells in the precentral gyrus of the frontal lobe exhibited a
decrease in number in both cases compared with the age-
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Fig.2 Histochemical features. A The anterior horn shows fre-
quent formations of empty cell beds at the cervical segment of the
spinal cord in case 1. B The hypoglossal nucleus demonstrates
neuronal loss and/or atrophy in case 2. C, D Compared with the
age-matched disease control (C), the large myelinated fibers in the

lateral funiculus of the spinal cord are reduced in number in case 2
(D). E Case 2 shows moderate loss of the myelinated fibers in the
fasciculus gracilis. F In case 1, glial bundles are present in the dor-
sal root ganglia. A, B, E, F Kliiver-Barrera staining; C, D Bodian
staioning. A—D, F x200; E x40

Table1l Results of morphometric analyses of the density of large myelinated fibers in the lateral funiculus of the spinal cord
(fibers/mm?, mean + SD). Statistical analysis was performed using the paired -test (nd not done)

Subjects Middle cervical segment Lower cervical segment Upper thoracic segment Lower thoracic segment
(left) (right) (left) (right) (left) (right) (left) (right)
Case 1 (5 years) 63+17 61£16 71£15 60£15 10516 10420 147124 169142
Control 1 (6 years) nd 76+12 78+18 81+14 nd 118+ 8 161+23 179423
Case 2 (37 years) 192+26%* 222424%* 233+19%* 24241 7%* 2224+20%* 2114£25%* 213+19%* 198+22%*
Control 2 (35 years) 303+21 332+18 325+14 312423 348+13 33114 352+19 372+ 6

Asterisks denote the statistically significant decrease (*P<0.05, **P<0.01)



matched controls (data not shown), but there was no glio-
sis. The hippocampus, basal ganglia, thalamus, hypothal-
amus and cerebellum exhibited no neuronal loss, gliosis,
chromatolytic changes, ballooned neurons or neuronopha-

gia.

In situ nick end labeling

Neither of the disease controls demonstrated ISEL-posi-
tive nuclei in any brain regions examined. In the spinal
cord, a few ISEL-positive nuclei were observed in the at-
rophic neurons, surrounded with synaptophysin-immuno-
reactive granules in the dorsal horn of the lower lumbar and/
or sacral segments only in case 1 (Fig.3A). On the other
hand, there were no ISEL-positive nuclei in the brain stem
including the hypoglossal and facial nuclei, cerebellum, basal
ganglia, thalamus and cerebral cortex, although ISEL-pos-
itive neurons were frequently observed in the lateral thal-
amus in cases of SMA type I [5].

Immunohistochemical findings

No abnormal structures were identified by immunostain-
ing against either the phosphorylated neurofilament or ubig-
uitin epitope. On the other hand, synaptophysin immunore-
activity was slightly reduced in the anterior horn, as ob-
served previouosly in cases of SMA type I [8]. However,
the staining intensity of the cell surface in the remaining
motor neurons was preserved (Fig. 3B), although it was re-
ported to be augmented in cases of SMA type I [8]. Only
case 1 exhibited a slight change in the expression level of
cell death proteins. Some neurons were stained by anti-
Bcl-2 immunostaining in the dorsal horn and intermedio-
lateral portion of the spinal cord (data not shown). The
Purkinje cells constitutively expressed Bcl-x in the dis-
ease controls (Fig.3C) [14], although the Bcl-x immuno-
reactivity slightly decreased in the cerebellar cortex in
case 1 (Fig.3D). Neither of the disease controls showed
deposition of oxidative stress-related products (oxidative
products) or nuclei immunoreactivity for 8-OHdG in the
brain areas examined (Fig.3E). An abnormal deposition
of 4HNE but not nitrotyrosine or AGE was detected in the
cytoplasm of atrophic motor neurons in the spinal cord in
both cases (Fig. 3F). Additionally, in case 2, neurons ex-
hibiting nuclei immunoreactivity for 8-OHdG were noted
in the lateral thalamus (Fig.3G) and cerebellar granular
layer. The expression of both neuronal (EAAC1) and glial
(GLAST, GLT-1) glutamate transporters was compara-
tively preserved (Fig. 3H).

Discussion

To our knowledge, this is the first autopsy report of SMA
type I, in which the diagnosis was confirmed clinically and
genetically. Previously, only a brief note has described the
devastation of the anterior horn cells in a 12-year-old girl
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in whom the disease was diagnosed at the age of 6 months
[4]. However, genetic confirmation is a prerequisite for
the diagnosis of SMA type 11, since sibling cases of SMA
type II without deletions of either SMN or NAIP have been
reported [19]. Accordingly, there have been no detailed
neuropathological studies on SMA type II. Although the
molecular basis of the different clinical phenotypes remains
unclear, a common genetic defect in SMA may account
for a specific mechanism leading to the denervation pro-
cess [29]. This denervation process may start early in
utero in both SMA types I and II, while it also occurs af-
ter birth SMA type 111, leading to a different clinical course
in affected patients [3]. SMA type II has a more benign
course than SMA type I, as observed in our cases, and
reinnervation of atrophic muscle by surviving neurons may
occur. Despite the clinical differences, our cases of SMA
type II shared the major pathological findings in the cen-
tral nervous system found in SMA type I and/or III. The
motor neurons in the brain stem and spinal cord with the
ventral and dorsal roots were affected, in addition to the
comparative preservation of phrenic motor neurons and
Onuf’s nucleus. However, neither of our cases showed neu-
ronal changes in the Clark’s column and lateral thalamus,
which are commonly observed in SMA type [ [11, 26, 32].
They rather demonstrated changes in the upper motor
neurons consisting of reduction in the number of both the
Betz cells in the precentral gyrus and large myelinated
fibers in the spinopyramidal tract. Demyelination in the
lateral column in SMA type III has been rarely reported
[22], but the absence of gliosis in our cases may suggest
maldevelopment or anomalous changes rather than degen-
eration or demyelination. The changes in the upper motor
neurons may be one of neuropathological cues to differ-
entiate SMA type II from SMA types I and III, although
the exact mechanisms underlying their differences in dis-
ease course remain to be clarified. On the other hand, the
posterior column change observed in older case has usu-
ally been addressed in SMA type III [9, 22, 34]. It should
be noted that the occurrence of motor neurons with central
chromatolysis and ballooned neurons was rare in SMA
type II. In SMA type I, ballooned neurons were frequently
observed in the anterior horn, Clark’s nucleus, dorsal root
ganglion and thalamus, in which antibodies against phos-
phorylated neurofilament and ubiquitin epitopes preferen-
tially stained the peripheral perikarya with proximal neu-
rites and the center of the ballooned neurons, respectively
[12, 15, 18]. Moreover, it has been proposed that the dis-
turbed neurofilament metabolism may induce neuronal
degeneration [18]. It is also speculated that the reduced
immunoreactivity for synaptophysin around the ballooned
neurons may indicate the disconnection of presynaptic ter-
minals of afferent fibers from the degenerated motor neu-
rons [8]. In contrast, inasmuch as ballooned neurons and
pathological epitopes of phosphorylated neurofilament and
ubiquitin epitopes were rarely identified in either of our
cases of SMA type II, the neurofilament metabolism seemed
to be spared, unlike in SMA type I. Similarly, in immuno-
histochemistry for synaptophysin, both our cases of SMA
type II demonstrated staining profiles that differed from






<« Fig.3 Immunohistological features. A ISEL-positive nuclei are
found in the dorsal horn of the spinal cord in case 1 (arrows). B Im-
munoreactivity for synaptophysin in the cell surface of the remain-
ing motor neurons is preserved in case 1. C, D Although the Purk-
inje cells in the cerebellar cortex constitutively express Bcl-x in a
6-year-old male with a sequel of kernicterus (C), Bcl-x expression
level is severely reduced in case 1 (D). A 35-year-old male with
Becker type muscular dystrophy does not reveal any deposition of
oxidative stress-related products (E), whereas 4HNE deposition is
observed in the cytoplasm in the atrophic motor neurons in the spi-
nal cord in case 2 (F). G The nuclei of neurons in the lateral thal-
amus are immunoreactive for 8-OHdG in case 2 (arrows). H The
expression of glial glutamate transporters GLT-1 is comparatively
preserved in the anterior horn in the cervical segment of the spinal
cord in case 2 (/SEL in situ nick end labeling, 4HNE 4-hydroxy-2-
nonenal-modified protein, 8-OHdG 8-hydroxy-2’-deoxyguano-
sine). A, C—G x200; B x400; H x40

those of SMA type I [8]. The reduction in immunoreac-
tivity in the anterior horn was mild, and the staining in-
tensity of the cell surface in the remaining motor neurons
was not augmented in SMA type II. Hence, the decrease
of presynaptic terminals in the anterior horn was not se-
vere. The differences in disease severity and/or other fac-
tors such as the functional effects of the number of copies
of SMN2, the NAIP gene deletion and other unknown fac-
tors between SMA type I and type II may contribute to the
discrepancy in the occurrence of ballooned neurons and
the expression levels of neurofilament and synaptophysin
between the two types of SMA.

The natural apoptotic neuronal process that occurs in
the anterior horn during fetal period is enhanced in SMA
type I [28], and the spinal motor neurons in SMA type |
were observed to die by apoptosis, in addition to a mild
reduction in the cytoplasmic Bcl-2 expression level [27],
although the number of apoptotic motor neurons itself
was relatively low [5, 27]. Consequently, the interrelation-
ships between motor neuron death and apoptosis remains
to be investigated in SMA. In this study, only the younger
case showed ISEL-positive nuclei in the dorsal horn and
slightly altered expression of anti-apoptotic Bcl-x expres-
sion in the cerebellar cortex. Since the postnatal expres-
sion level of Bcl-2 in the central nervous system declines
with aging, and is retained in the granule cells in the cere-
bellar cortex and hippocampal dentate gyrus in adult sub-
jects [17], it is difficult to evaluate the level of Bcl-2 ex-
pression in the spinal motor neurons in our cases aged
over 5 years unlike infantile cases of SMA type I [27]. Al-
though apoptotic cell death may be involved in neurode-
generation in SMA type II, the number of apoptotic neu-
rons pathologically confirmed is low and the change in
the expression level of cell death proteins is minimum.
Besides apoptosis, oxidative stress and disturbed gluta-
mate transport have been demonstrated to be involved in
ALS [2, 23]. Increased nitrotyrosine due to excessive ni-
tration of tyrosine by peroxynitrite has been observed in
the spinal cord in ALS [2]. Glutamate transport is critical
for preventing glutamate excitotoxicity, and disturbed glu-
tamate transport has been proposed to be the cause of the
motor neuron degeneration in ALS [23]. Previously, we
performed the immunohistological examinations of the
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deposition of oxidative products and the expressions of glu-
tamate transporters in SMA type I [6]. We demonstrated
deposition of 4HNE but not of nitrotyrosine or AGE in the
motor neurons and 8-OHdG-immunoreactive nuclei in the
thalamus, cerebellar cortex and precentral cortex. Simi-
larly, in SMA type II, both our cases demonstrated 4HNE
deposition, and, in addition, case 2 had 8-OHdG-immuno-
reactive nuclei in the thalamus and cerebellar cortex. 4HNE
is a reactive lipid aldehyde that is produced by membrane
oxidation, and its level is increased in other neurodegen-
erative disorders such as Alzheimer’s and Parkinson’s dis-
eases [25, 36]. It is likely that reactive lipid aldehyde may
induce motor neuron degeneration in SMA types I and II.
Oxidative damage to DNA can induce 8-OHdG and its ab-
normal deposition has also been reported in adult neu-
rodegenerative disorders [20, 33]. In SMA, nuclei im-
munoreactive for 8-OHAG were present in the lateral thal-
amus and cerebellar cortex, while peroxidation of DNA
did not seem to be predominant in the motor neuron dev-
astation. Our previous study on apoptosis in SMA type I
clarified DNA fragmentation in neurons of the lateral
thalamus [5]. The lateral thalamic nuclei are usually af-
fected in SMA type I cases, particularly with long sur-
vival on an artificial respirator [26]. Therefore, DNA frag-
mentation and oxidized nucleosides in the lateral thala-
mus may suggest latent thalamic degeneration, although
routine histochemistry failed to identify neuronal loss and
gliosis in the thalamus. On the other hand, the disturbed
glutamate transport or glutamate excitotoxicity could not
be verified in SMA type II, because the expressions of
glial and neuronal glutamate transporters were compara-
tively preserved in both our cases. In contrast, three out of
five cases of SMA type I showed reduced expression level
of GLAST in the lateral thalamus in our previous study
[6]. Although the detailed background for the difference
in the thalamic expression level of GLAST between SMA
types I an II remains to be investigated, it is probable that
the latent thalamic degeneration may be more prominent
in SMA type I, because ISEL-immunoreactive nuclei were
identified in the lateral thalamus in SMA type I [5] but not
in type II in this study.

In conclusion, the neuropathological features of SMA
type II contained changes both similar to and different
from those noted in SMA types I and III, and it is possible
that oxidative stress and, to a lesser extent, apoptotic cell
death, but not disturbed neurofilament metabolism or ex-
citotoxicity, may be involved in neurodegeneration in
SMA type 11
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