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Abstract Recently, 43-kDa TAR DNA-binding protein
(TDP-43) was identified as a component of ubiquiti-
nated inclusions (Uls) in sporadic amyotrophic lateral
sclerosis (SALS). To clarify whether TDP-43 immuno-
reactivity is present in neuronal inclusions in familial
ALS (FALS), we examined immunohistochemically
the brains and spinal cords from four cases of FALS,
two with Cu/Zn superoxide dismutase (SOD1) gene
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mutation and two without, together with three cases of
SALS and three control subjects, using two antibodies,
one polyclonal and one monoclonal, against TDP-43.
Neuropathologically, the SOD1-related FALS cases
were characterized by Lewy body-like hyaline inclu-
sions (LBHIs) in the lower motor neurons. On the
other hand, the SOD1-unrelated FALS cases showed
degeneration restricted to the upper and lower motor
neuron systems, with Bunina bodies (BBs) and Uls in
the lower motor neurons, being indistinguishable from
SALS. No cytoplasmic TDP-43 immunoreactivity was
observed in the control subjects or SODI1-related
FALS cases; LBHIs were ubiquitinated, but negative
for TDP-43. Uls observed in the SALS and SODI1-
unrelated FALS cases were clearly positive for TDP-
43. BBs were negative for this protein. Interestingly, in
these SALS and FALS cases, glial cells were also found
to have cytoplasmic TDP-43-positive inclusions. These
findings indicate that the histological and molecular
pathology of SALS can occur as a phenotype of FALS
without SOD1 mutation.

Keywords 43-kDa TAR DNA-binding protein
(TDP-43) - Amyotrophic lateral sclerosis
Cu/Zn superoxide dismutase (SOD1) -
Ubiquitin-positive inclusion - Bunina body

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive,
fatal neurological disorder that affects both the upper
and lower motor neuron systems of adults. In principle,
it is a sporadic disorder (sporadic ALS: SALS). Rarely,
however, clinically similar diseases can occur as an
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autosomal dominant or recessive trait (familial ALS:
FALS) [12]. In FALS, mutations in the gene encoding
Cu/Zn superoxide dismutase (SOD1) are known to be
the most common causative abnormalities [3, 20]. Neu-
ropathologically, at least two phenotypes have been
recognized; one shows degeneration limited to the
upper and lower motor neuron systems (classical
form), and the other shows degeneration in the poster-
ior column, Clarke’s column and spinocerebellar tracts
in addition to the motor neuron systems (multisystem
form, or form with posterior column involvement [4])
[6].

Considering the cellular pathology of SALS, it is of
great importance that two characteristic cytoplasmic
inclusions—Bunina bodies (BBs) and ubiquitinated
skein-like or round inclusions (Uls)—have been
described in the lower motor neurons [19]. On the
other hand, in FALS, Lewy body-like hyaline inclu-
sions (LBHIs) [5], which are also ubiquitinated [11,
13], are a characteristic feature in the lower motor neu-
rons of most patients with SOD1-related FALS, in
whom the neuropathology of the multisystem form is
often evident [22, 25, 26]. With regard to the classical
form of FALS, we recently encountered a patient with
SOD1-unrelated FALS, in whom degenerative changes
were limited to the upper and lower motor neuron sys-
tems, and interestingly, BBs and Uls were observed in
the remaining lower motor neurons, being indistin-
guishable from SALS [23]. Shortly after studying this
case, we had an opportunity of examining another
patient with SOD1-unrelated FALS. Again, the neuro-
pathology was essentially that of SALS, with BBs and
Uls in the lower motor neurons (case 4 described
below).

Significantly, 43-kDa TAR DNA-binding protein
(TDP-43), a nuclear protein [18, 29], was recently iden-
tified as a component of Uls in frontotemporal lobar

Table 1 The clinical and pathological findings in our ten cases

degeneration and ALS [1, 15]. In the present study, we
performed immunohistochemical examination of the
brains and spinal cords from autopsy cases of FALS
with or without SOD1 gene mutation in order to clarify
whether TDP-43-immunoreactive neuronal inclusions
can also occur in these two subgroups of FALS.

Materials and methods
Subjects

Brains and spinal cords from four cases of FALS, two
with SOD1 gene mutation (Alad4Thr and Aspl101Tyr,
respectively) and two without, as well as from three
cases of SALS and three control subjects without neu-
rological or psychiatric disorders, were examined in the
present study (Table 1). With regard to the FALS
cases, the clinical and pathological findings in cases 1
[25], 2 [26] and 3 [23] have been reported previously.
Here we describe the clinical and pathological findings
in case 4, which have not yet been reported.

Case report
Case 4

The patient had been healthy until the age of 61 years,
when he noticed clumsiness of the left hand. Within the
following 2 months, dysarthria and dysphagia became
evident. About 4 months after symptom onset, exami-
nation demonstrated atrophy, with fasciculation, of the
tongue. Muscle weakness, with fasciculation, was also
evident in the left upper extremity. Tendon reflexes
were exaggerated, and Babinski’s sign was present,
in the left extremities. Both electromyography and

Case Sex Diagnosis SOD1 Age at Duration of BW (g) Neuronal Reference
no. mutation death (years) the disease inclusions

1 Female FALS Alad4Thr 40 9 Months 1,240 LBHIs [25]
2 Male FALS Aspl01Tyr 58 11 Months 1,420 LBHIs [26]
3 Female FALS - 77 2 Years 6 Months 1,130 BBs, Uls [23]
4 Male FALS - 62 1 Year 8 months 1,340 BBs, Uls

5 Male SALS 57 1 Year 1,410 BBs, Uls

6 Male SALS 76 1 Year 8 months 1,350 BBs, Uls

7 Male SALS+D 67 11 Months 1,450 BBs, Uls

8 Male C 80 1,300

9 Female C 55 1,230

10 Female C 75 1,140

F(S)ALS familial (spordic) amyotrophic lateral sclerosis, D dementia, C control, BW brain weight, LBHIs Lewy body-like hyaline inclu-

sions, BBs Bunina bodies, Uls ubiquitinated inclusions
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muscle biopsy showed a neurogenic pattern. The
patient’s mental state was apparently normal. A clini-
cal diagnosis of ALS was made. The subsequent clini-
cal course was that of typical ALS, and the patient died
of respiratory failure at the age of 62 years, about
20 months after disease onset.

Importantly, there was a family history of a similar
neurological disease affecting only the patient’s two
younger brothers. Postmortem gene analysis of SOD1
using the patient’s frozen cerebellar tissue showed no
mutation (the procedure has been described previously
[14]).

The brain weighed 1,340 g before fixation, showing
no apparent abnormalities in external appearance. His-
tologically, myelin pallor was evident in the anterolat-
eral columns of the spinal cord, especially in the lateral
and anterior corticospinal tracts. No degeneration was
evident in the posterior column. Moderate to severe
neuronal loss and gliosis were evident in the spinal
anterior horns and brainstem motor neuron nuclei
(XII, VII, and V) (Fig. 1a). Intracytoplasmic eosino-
philic inclusions, so-called BBs (Fig. 1b), and Uls
(skein-like inclusions) (Fig.1c) were occasionally
found in the remaining lower motor neurons. The BBs
observed were immunoreactive for cystatin C [16] and
transferrin [10] (data not shown). The ultrastructural
presence of these neuronal inclusions was also con-
firmed in the spinal anterior horn cells by conventional
electron microscopy (data not shown). In the precen-
tral cortex, loss of pyramidal neurons, including Betz
cells, and gliosis were also evident. In the non-motor
neuron systems, there were a few Uls in the putaminal
small neurons (Fig. 1d).

Fig. 1 Histological findings in
case 4. a Severe neuronal loss
and gliosis in the hypoglossal
nucleus. b A hypoglossal
motor neuron, showing a
cluster of Bunina bodies
(arrow). ¢ A cervical anterior
horn cell, showing ubiquitin-
positive skeins. d A putaminal
small neuron, showing
perinuclear ubiquitin-positive
structures. a, b Hematoxylin—
eosin; ¢, d Ubiquitin
immunostaining. Bars a

100 pm; b, € 10 pm; d 20 pm

Immunohistochemistry

Multiple histological specimens and the original forma-
lin-fixed, paraffin-embedded tissue blocks were available
in all cases. In addition, specimens of ubiquitin-immu-
nostained sections covering various brain and spinal
cord regions were available in all cases of FALS and
SALS. We reviewed these postmortem materials.

For the present immunohistochemical study, we pre-
pared new 4-um-thick, paraffin-embedded sections
from the original blocks of various brain and spinal
cord regions. These sections were immunostained by
the avidin-biotin—peroxidase complex (ABC) method
with a Vectastain ABC kit (Vector, Burlingame, CA,
USA), using two antibodies against TDP-43: a rabbit
polyclonal antibody (10782-1-AP; ProteinTec Group
Inc., Chicago, IL, USA; 1:4,000) and a mouse monoclo-
nal antibody (2E2-D3; Abnova Corpoeation, Taipei,
Taiwan; 1:100,000). Pretreatment of the sections by
heating for 10 min at 121°C in 10 mM sodium citrate
buffer was need for immunostaining with the 2E2-D3
monoclonal antibody [1]. When necessary, selected
sections were also immunostained with a rabbit poly-
clonal antibody against ubiquitin (Dako, Glostrup,
Denmark; diluted 1:800). Diaminobenzidine (DAB)
was used as the chromogen.

In addition, a double-labeling immunofluorescence
study was performed on selected sections, using a
rabbit polyclonal antibody against cystatin C (Dako;
1:2,000) and a mouse monoclonal antibody against
TDP-43 (2E2-D3; Abnova Corpoeation; 1:40,000), or a
rabbit polyclonal antibody against TDP-43 (10782-1-
AP; ProteinTec Group Inc.; 1:4,000) and a mouse
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Fig.2 a-h Sporadic ALS. TDP-43-positive cytoplasmic
inclusions are evident in neurons in the motor nucleus of the fa-
cial nerve (a), thoracic anterior horn (b), hippocampal dentate
gyrus (c), inferior olivary nucleus (d), midbrain reticular forma-
tion (e), globus pallidus (f) and thalamus (g). TDP-43-positive
cytoplasmic inclusions are also evident in a glial cell in the motor
cortex (h). i-1 SOD1-related familial ALS. In the lumbar anterior
horn, cytoplasmic Lewy body-like hyaline inclusions (LBHIs) are
evident in a motor neuron (i), similar cytoplasmic inclusions
observed in another motor neuron are positive for ubiquitin (j),
and such LBHIs (k) as well as cord-like, swollen neuronal
processes (l) are negative for TDP-43. m-t SOD1-unrelated
familial ALS. TDP-43-positive cytoplasmic inclusions are evident
in neurons in the motor nucleus of the facial nerve (m), cervical
anterior horn (n), putamen (o), inferior olivary nucleus (p),

monoclonal antibody against ubiquitin (Dako; 1:8,000).
The second antibodies used were Alexa Fluor 488 goat
anti-rabbit IgG (Molecular Probes, Eugene, OR;
1:1,000) and Alexa Fluor 568 goat anti-mouse IgG
(Molecular Probes; 1:1,000) in the former, and Alexa
Fluor 568 goat anti-rabbit IgG (Molecular Probes;
1:1,000) and Alexa Fluor 488 goat anti-mouse IgG
(Molecular Probes; 1:1,000) in the latter.
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globus pallidus (q) and motor cortex [medium-sized pyramidal
neuron (r); Betz cell (s)]. TDP-43-positive cytoplasmic inclusions
are also evident in a glial cell in the cervical anterior horn (t).
TDP-43-positive neuronal cytoplasmic inclusions are variable in
shape, showing a skein-like (a, b, d, m-s), round (c), dense body-
like (f, g), or somewhat granular (e) appearance. Arrows indicate
nuclei of the neurons (¢, e-g, k, 0, q, r); note that in a neuron with
TDP-43-negative LBHIs, granular nuclear staining of TDP-43 is
preserved (k). The shape of TDP-43-positive glial cytoplasmic
inclusions can be described as C-like or fibrillary tangle-like (h, t).
a, c-g, k-m, o-s TDP-43 immunostaining with the polyclonal anti-
body; b, h, n, t TDP-43 immunostaining with the monoclonal anti-
body; i Hematoxylin—eosin; j Ubiquitin immunostaining with the
polyclonal antibody. Bar 10 um for a—t

Results

There was no essential difference in immunostaining
property between the polyclonal and monoclonal
antibodies. In all the examined cases, normal granular
nuclear staining for TDP-43 was evident in neurons
and glial cells of the brain and spinal cord. In general,
nuclei of neurons and glial cells that possessed
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cytoplasmic TDP-43-positive inclusions (described
below) were found to be negative for TDP-43.

In the SALS cases, BBs and Uls were observed in
the lower motor neurons. Uls were also observed in
the putaminal small neurons (case 6 and 7) and hipo-
campal dentate granule cells (case 7). TDP-43-positive
cytoplasmic inclusions were found in the lower motor
neurons (Fig. 2a, b), putaminal small neurons (case 7),
and hippocampal granules cells (case 7) (Fig. 2c). No
TDP-43-positive structures apparently corresponding
to BBs could be detected. Unexpectedly, similar TDP-
43-positive neuronal inclusions were also found in the
inferior olivary nucleus (case 5 and 7) (Fig. 2d) and
reticular formation (Fig. 2e) of the brainstem, the glo-
bus pallidus (Fig.2f) and the thalamus (Fig. 2g). In
addition, irregularly shaped inclusions were found in
the cytoplasm of glial cells mainly in the affected gray
matter of the lower and upper motor neuron systems
(Fig. 2h). In the control subjects, no intracytoplasmic
inclusions associated with SALS or FALS, or other
neurological disorders, were observed. No cytoplasmic
TDP-43 immunoreactivity was found in neurons or
glial cells of the brain or spinal cord.

In the SOD1-related FALS cases, LBHIs observed
in the lower motor neurons (Fig. 2i) were positive for
ubiquitin (Fig. 2j). Cord-like, swollen neuronal pro-
cesses, with or without LBHIs, observed in the lower
motor neuron nuclei also showed ubiquitin positivity.
No cytoplasmic TDP-43 immunoreactivity was found
in neurons or glial cells in any of the regions examined;
it was evident that LBHIs (Fig. 2k) and cord-like swol-
len neuronal processes were negative for TDP-43
(Fig. 21).

In the SOD1-unrelated FALS cases, BBs and Uls
were observed in the lower motor neurons. A few
Uls were also evident in the putaminal small neu-
rons. The results of TDP-43 immunohistochemistry
were essentially the same as those obtained in the
SALS cases. TDP-43-positive cytoplasmic inclusions
were found in neurons in the lower motor neuron
nuclei (Fig.2m, n), putamen (Fig. 20), inferior oli-
vary nucleus (case 3) (Fig. 2p) and reticular forma-
tion of the brainstem, globus pallidus (case 4)
(Fig. 2q) and thalamus. Moreover, similar TDP-43-
positive neuronal inclusions were also found in the
motor cortex (Fig. 2r, s). There were no TDP-43-pos-
itive structures reminiscent of BBs. Again, irregu-
larly shaped inclusions were found in the cytoplasm
of glial cells mainly in the affected gray matter of the
lower and upper motor neuron systems (Fig. 2t); such
glial inclusions were more frequent and more wide-
spread than in the SALS cases, and also in case 4
than in case 3 (Fig. 3).
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Fig. 3 TDP-43-positive glial cytoplasmic inclusions observed in
the motor cortex (a), internal capsule (b) and cervical anterior
horn (¢) in case 4. The inclusion-bearing glial cells show relatively
uniform, round, pale swollen nuclei, suggesting that most of them
are oligodendrocytes. a—¢ TDP-43 immunostaining with the poly-
clonal antibody. Bar 30 pm for a—c

In the SOD1-related FALS cases, double-labeling
immunofluorescence confirmed that LBHIs observed
in the lower motor neurons were ubiquitinated, but
negative for TDP-43 (Fig. 4a—c). On the other hand, in
the SALS and SOD1-unrelated FALS cases, double-
labeling immunofluorescence clearly demonstrated
co-localization of TDP-43 and ubiquitin in Uls
(Fig. 4d-f), and a lack of TDP-43 immunoreactivity in
cystatin C-positive BBs in the lower motor neurons

(Fig. 4g-1).
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Fig. 4 a-c SOD1-related familial ALS. In a lumbar anterior horn
cell, there are no apparent cytoplasmic TDP-43-positive
structures; only autofluorescence of lipofuscin granules is evident
(red, a). Ubiquitinated cytoplasmic inclusions (LBHIs) (green, b)
are shown to be negative for TDP-43 (no overlap, ¢). d£ SOD1-
unrelated familial ALS. In a facial nucleus motor neuron, TDP-
43 (red, d) and ubiquitin (green, e) are shown to be co-localized
(vellow, f) in skein-like inclusions. g-i Sporadic ALS. In the
motor nucleus of the facial nerve, cytoplasmic cystatin C-positive

Discussion

We have reported an additional autopsy case of FALS
showing no mutation in the SOD1 gene (case 4). The
disease appeared to be of autosomal recessive inheri-
tance. The neuropathology, including the occurrence
of BBs [17, 19, 24, 27] and Uls [7-9, 19, 21] in the
remaining lower motor neurons, was indistinguishable
from that in patients with SALS [19]. A few Uls were
also found in the putaminal small neurons. Such Uls
have also been demonstrated in a significant fraction of
SALS patients with or without dementia [19, 28]. This
family had no relation to the ALS cluster in the Kii
peninsula, or the family reported previously by us, in

@ Springer
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Bunina bodies (BBs, arrows) are evident in a motor neuron
(green, g). TDP-43-positive skeins (arrows) are evident in another
motor neuron (red, h). The cystatin C-positive BBs are negative
for TDP-43 (no overlap, i). a—f Double-labeling immunofluores-
cence with the polyclonal anti-TDP-43 and monoclonal anti-
ubiquitin antibodies. g-i Double-labeling immunofluorescence
with the polyclonal anti-cystatin C and monoclonal anti-TDP-43
antibodies. Bars 10 pm

which one autopsy case demonstrated clinical and
pathological features very similar, if not identical, to
those in the present case [23].

The present study was carried out using two anti-TDP-
43 antibodies that were the same as those used in two
studies reported previously [1, 15]. The results obtained
from the SALS cases and control subjects were also
essentially the same as those in the two previous studies;
in SALS, Uls observed in the lower motor neurons were
shown to be positive for TDP-43 [1, 15], and glial cells
were also found to contain TDP-43-positive cytoplasmic
inclusions, which were undetectable with the antibody
against ubiquitin [1]. In the present study, it was also of
significance that BBs were negative for this protein.
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Arai et al. [1] reported that the polyclonal antibody
recognized TDP-43-positive neuronal intranuclear
inclusions in the spinal anterior horn from a case of
SALS, and that the monoclonal antibody failed to
demonstrate glial cytoplasmic inclusions. In the pres-
ent study, no intranuclear inclusions were evident.
More importantly, however, TDP-43-positive glial
cytoplasmic inclusions were detectable with both anti-
bodies, strongly suggesting that both neurons and glial
cells can be involved in the disease process in SALS (a
neuro-glial proteinopathy of TDP-43). Arai et al. also
demonstrated that a proportion of neurofibrillary
tangles in Alzheimer’s disease were TDP-43-positive
with the polyclonal antibody [1]. In this connection, the
present study performed on 4-um-thick, paraffin-
embedded sections showed that a small number of con-
comitant neurofibrillary tangles (NFTs) encountered in
the hippocampus and parahippocampal gyrus (case 2—
4, 6-8, and 10) were negative for TDP-43 (data not
shown), as shown more recently by Davidson et al [2].

It was of considerable interest that in the SALS,
TDP-43-positive neuronal inclusions were also found
in brain regions where no Uls were observed, i.e., the
inferior olivary nucleus, brainstem reticular formation,
globus pallidus, etc. Only recently, TDP-43-positive
neuronal inclusions have been shown to occur in the
inferior and superior olivary nuclei in a fraction of
SALS cases [2]. It was noteworthy that in the SOD1-
unrelated FALS cases, TDP-43-postive cytoplasmic
inclusions were also found in pyramidal neurons,
including Betz cells, in the motor cortex where no Uls
were evident. To discuss the significance of theses find-
ings satisfactorily, further studies including a large
number of SALS cases are needed.

In the SOD1-related FALS cases, ubiquitinated
LBHIs and cord-like, swollen neuronal processes were
shown to be negative for TDP-43. These structures
have been reported to contain SOD1 protein [22, 26].
The present finding strongly suggests that in addition
to the presence or absence of inheritance, SALS and
SOD1-related FALS have essentially different underly-
ing molecular pathomechanisms.

On the other hand, in the SOD1-unrelated FALS
cases, the entire pathological picture was that of SALS,
and clinically the diseases appeared to show autosomal
recessive inheritance (cases 3 [23] and 4). The TDP-43
immunoreactivity in the SOD1-unrelated FALS cases
was almost identical to that in the SALS cases, indicat-
ing that TDP-43 was also involved in SOD1-unrelated
FALS, and strongly suggesting that this protein might
play an important role in the pathogenesis as the major
disease protein, as discussed previously in the original
reports [1, 15].

Finally, although only small amounts were obtained,
frozen brain tissue was sampled at autopsy in each of
the SOD1-unrelated FALS cases. Using these frozen
tissues, it is important and necessary for us to address
the next question of whether abnormalities in the gene
encoding TDP-43 are present in these cases.
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