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Abstract Pathological transactivation-responsive DNA-

binding protein 43 (TDP-43) has been identified as a

component of ubiquitinated inclusions in frontotemporal

lobar degeneration with motor neuron disease, as well as in

sporadic and some forms of familial amyotrophic lateral

sclerosis. To clarify whether pathological TDP-43 is pres-

ent in other neurodegenerative diseases involving the

motor neuron system, we immunohistochemically exam-

ined the brain and spinal cord affected by two CAG repeat

(polyglutamine) diseases, Machado–Joseph disease (MJD)

and spinal and bulbar muscular atrophy (SBMA), using

polyclonal antibody against TDP-43. In all the MJD cases,

TDP-43-immunoreactive (ir) neuronal cytoplasmic inclu-

sions (NCIs), although few in number, were found only in

the lower motor neurons in the brainstem and spinal cord.

TDP-43-ir NCIs appeared as linear wisp-like, skein-like, or

thick, somewhat rod-like bodies. These inclusions were

also visualized with antibodies against phosphoserines 409

and 410 of TDP-43, and ubiquitin, but were not recognized

by antibody against expanded polyglutamine stretches or

ataxin-3. The ultrastructure of the TDP-43-ir NCIs was

similar to that of the inclusions seen in sporadic ALS,

consisting of bundles of parallel filaments. None of the

SBMA cases showed abnormal TDP-43 immunoreactivity

in any of the regions examined. Immunoblot analysis failed

to recognize hyperphosphorylated TDP-43 at *23 kDa in

two MJD cases examined. However, the immunohisto-

chemical findings strongly suggested that in MJD, in

addition to the polyglutamine-dependent disease process,

TDP-43-related pathogenesis is associated with degenera-

tion and death of the lower motor neurons.
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Introduction

Transactivation-responsive DNA-binding protein 43

(TDP-43) is a transcription-related protein physiologically

localized in the cell nucleus, and also known to be a major

component of ubiquitin-positive inclusions in frontotem-

poral lobar degeneration (FTLD) and sporadic amyotrophic

lateral sclerosis (ALS) [2, 22]. Recently, pathological

localization of TDP-43 has also been demonstrated in
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ubiquitin-positive inclusions in other neurodegenerative

diseases, including Guam amyotrophic lateral sclerosis/

parkinsonism–dementia complex [8, 10, 19], familial

FTLD with motor neuron disease linked to chromosome 9p

[3], and familial ALS without SOD-1 mutation [18, 29].

Moreover, many missense mutations in the TDP-43 gene

have also been identified in familial and sporadic ALS

cases, strongly suggesting that TDP-43 plays an essential

role in the degeneration and death of motor neurons [4, 9,

15, 16, 25, 27, 31, 36].

Machado–Joseph disease (MJD), also known as spi-

nocerebellar ataxia type 3, is one of the so-called CAG

repeat diseases, which are hereditary neurodegenerative

disorders caused by the expansion of a polyglutamine tract

in each respective disease protein [33]. MJD shows mul-

tiple involvement of the nervous system, including the

lower motor neurons [33, 34]. Although the affected

neurons occasionally show formation of intranuclear

inclusions (NIIs) [34], it has also been reported that ubiq-

uitin-immunoreactive (ir) skein-like neuronal cytoplasmic

inclusions (NCIs) are detectable in the spinal lower motor

neurons [28], although it remains to be clarified whether

these filamentous NCIs contain expanded polyglutamine

stretches [12]. These findings suggest that ALS and MJD

may share certain molecular pathomechanisms responsible

for the development of motor neuron degeneration and

death.

To clarify whether TDP-43 is involved in the disease

process in MJD, we performed immunohistochemical and

biochemical studies of brains and spinal cords from

patients with MJD, in combination with immunohisto-

chemical studies of the central nervous system (CNS)

affected by spinal and bulbar muscular atrophy (SBMA),

which is also a CAG repeat disease involving the lower

motor neurons [33].

Materials and methods

Subjects

We examined the brain and spinal cord from ten patients

with MJD (age range 32–71 years, mean 51.4 years), three

patients with SBMA (age range 51–82 years, mean

65.7 years) and five control subjects (age range

42–75 years, mean 61.8 years) (Table 1). In each patient,

the diagnosis of MJD or SBMA had been confirmed both

clinicopathologically and genetically. None of the cases

examined were associated with other neurodegenerative

diseases including ALS, FTLD, Alzheimer’s disease (AD)

Table 1 Summary of clinical, pathological and immunohistochemical findings in ten patients with MJD and three patients with SBMA

Case

no.

Age (years)/

gender

Age at onset

(years)

Disease

duration

(years)

CAG

(n)

Degree of motor neuron loss Number of neurons with TDP-43-

immunoreactive NCIsa

AH XII VII VI V III AH (C/T/L) XII VII VI V III

MJD

1 34/female 18 16 80 ?? ? NE NE ?? ?? 0/0/0 1 NE NE 0 1

2 32/female 14 18 83 ?? ??? ?? NE ?? ??? 0/0/1 0 0 NE 0 0

3 67/female 15 52 70 ??? ?? NE NE ? ??? 3/0/0 0 NE NE 1 0

4 45/male 26 19 77 ?? ?? NE NE ?? ?? 1/0/3 0 NE NE 1 1

5 45/female 15 30 75 ??? ?? ? NE ? NE 1/0/3 0 0 NE 0 NE

6 53/male 34 19 75 ?? ? ? NE NE ??? 0/0/1 0 0 NE NE 0

7 71/female 40 32 72 ? ? ? ?? ?? ?? 1/0/3 0 0 0 0 0

8 58/female 55 3 68 - - - - NE - 0/0/0 1 0 0 NE 0

9 53/male 40 13 72 ?? ?? ?? ?? ? ? 0/0/2 0 0 0 0 0

10 56/male 27 29 74 ?? ?? ?? ?? NE ?? 0/0/2 0 0 0 NE 0

SBMA

1 51/male 26 25 Expandb ??? ??? ?? - NE - 0/0/0 0 0 0 NE 0

2 64/male 63 0.8 Expandb ??? ??? ?? NE - - 0/0/0 0 0 NE 0 0

3 82/male 72 10 Expandb ??? ??? ??? NE - - 0/0/0 0 0 NE 0 0

MJD Machado–Joseph disease, SBMA spinal and bulbar muscular atrophy, NCIs neuronal cytoplasmic inclusions. CAG (n) number of expanded

CAG repeats in the disease allele. AH spinal anterior horns (C/T/L cervical/thoracic/lumbar), XII hypoglossal nucleus, VII facial nucleus,

VI abducent nucleus, V motor nucleus of trigeminal nerve, III oculomotor nucleus, NE not examined

Neuronal loss: -, absent; ?, mild; ??, moderate; ???, severe
a Four 4-lm-thick sections, 40 lm apart, were examined
b Expansion of the CAG repeat was confirmed, although the exact number of CAG repeats was not determined
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and Lewy body disease. The duration of illness ranged

from 3 to 52 years (mean 23.1 years) in MJD cases and

from 0.8 to 25 years (mean 11.9 years) in SBMA cases.

Neuronal loss

In all the cases of MJD and SBMA, neuronal loss in the

cerebral motor cortex as well as the brainstem and spinal

cord lower motor neuron nuclei was assessed using

hematoxylin–eosin- and Klüver–Barrera-stained sections.

Neuronal loss in each region was recorded as absent, mild,

moderate, or severe.

Immunohistochemistry

We prepared serial 4-lm thick, formalin-fixed, paraffin-

embedded sections from the spinal cord (lower cervical,

middle thoracic and lumbar segments), medulla oblongata,

pons, midbrain, and cerebral motor cortex. Four sections,

40 lm apart, were pretreated by heating for 10 min at

121�C in 10 mM sodium citrate buffer and immunostained

by the avidin–biotin-peroxidase complex (ABC) method

with Vectastain ABC kit (Vector, Burlingame, CA, USA)

using rabbit polyclonal antibody against TDP-43 (10782-1-

AP; ProteinTech Group Inc., Chicago, IL, USA; 1:4,000)

[2, 22, 23]. Diaminobenzidine (DAB) was used as the

chromogen. Using these four sections, the total number of

motor neurons with TDP-43-ir NCIs (described below) was

counted in the cerebral motor cortex as well as in the

brainstem and spinal cord.

Several selected sections were similarly immunostained

with rabbit polyclonal antibody against ubiquitin (Dako,

Glostrup, Denmark; 1:800) and mouse monoclonal anti-

body specific for phosphorylated TDP-43 (pTDP-43), or

more strictly, phosphoserines 409 and 410 of TDP-43

(pS409/410; Cosmo Bio Co., Ltd., Tokyo, Japan; 1:3,000)

[11, 14]. In addition, double-labeling immunofluorescence

studies, with the same pretreatment, were performed using a

rabbit polyclonal antibody against TDP-43 (1:2,000) with a

combination of either mouse monoclonal antibodies against

ubiquitin (Dako, Glostrup, Denmark; 1:8,000), expanded

polyglutamine stretches (1C2; Chemicon, Temecula, CA,

USA; 1:3,000) or ataxin-3 (Chemicon; 1:1,600). In previous

studies [34, 35], we used pretreatment with formic acid for

the immunostaining of expanded polyglutamine stretches

with 1C2; however, our recent experiences with different

types of tissue pretreatment have revealed that autoclaving

(heating) is the best one in terms of immunohistochemical

sensitivity. The secondary antibodies used were Alexa

Fluor 568 goat anti-rabbit IgG (Molecular Probes, Eugene,

OR, USA; 1:1,000) and Alexa Fluor 488 goat anti-mouse

IgG (Molecular Probes; 1:1,000).

Moreover, to clarify the distribution of TDP-43- and

pTDP-43-ir NCIs in MJD, we also examined various other

regions of the nervous system in 4 MJD cases (cases 6, 7, 8

and 10) using the anti-TDP-43 rabbit polyclonal antibody

(10782-1-AP; ProteinTech Group Inc.; 1:4,000) and anti-

pTDP-43 mouse monoclonal antibody (pS409/410; Cosmo

Bio Co., Ltd; 1:3,000), respectively, as performed in a

previous study of sporadic ALS [23].

Immunoelectron microscopy

The procedures were fundamentally the same as those

conducted in a previous study [20]. Briefly, vibratome

sections of the spinal anterior horns from one MJD case

(case 5) were immunostained using the polyclonal antibody

against TDP-43 (1:3,000) for 36 h at 4�C, followed by

incubation with a biotinylated secondary antibody (1:200)

and ABC. The sections were immersed in 1% glutaralde-

hyde and developed with DAB. Then, the immunostained

sections were post-fixed in 1% osmium tetroxide, dehy-

drated through a graded ethanol series, and embedded in

epoxy resin. Ultrathin sections were cut and lightly coun-

terstained with lead citrate, and examined with a Hitachi

H-7100 electron microscope.

Fractionation of frozen tissues and immunoblot analysis

Proteins from the frontal cortex (middle frontal gyrus) and

spinal cord from one control subject, two MJD cases (cases

4 and 5) and two sporadic ALS cases were extracted, as

described previously [27]. Briefly, frozen tissues were

homogenized in buffer A [10 mM Tris–HCl (pH 7.5),

1 mM ethylene glycol-bis[-b-amino-ethylether]-tetra-ace-

tic acid, 1 mM dithiothreitol, 10% sucrose] and centrifuged

at 25,0009g for 30 min at 4�C. The resulting pellets were

then extracted in buffer A containing 1% Triton X-100 and

centrifuged at 100,0009g for 60 min at 4�C. These pellets

were subsequently homogenized in buffer A containing 1%

sarkosyl, incubated for 1 h, and centrifuged at 100,0009g

for 60 min at 22�C. The sarkosyl-insoluble pellets were

solubilized in 8 M urea buffer. After centrifugation at

25,0009g for 30 min at 22�C, the supernatants were sep-

arated by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis and analyzed by immunoblotting with the

anti-TDP-43 rabbit polyclonal antibody (10782-1-AP;

ProteinTech Group Inc.; 1:1,000) [2, 22] and anti-TDP-43

mouse monoclonal antibody (pS409/410; Cosmo Bio Co.,

Ltd; 1:2,000) [11, 14]. Protein concentration was measured

by the Bradfold method, and equal amounts of protein

(frontal cortex: 11 lg, spinal cord: 16 lg) were loaded in

each lane.
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Results

Neuronal loss in the lower and upper motor neuron

systems

The severity of neuronal loss in each lower motor neuron

nucleus is shown in Table 1. In all the MJD cases except

one (case 8) with a short disease duration (3 years), various

degrees of neuronal loss were observed in the lower motor

neuron nuclei. In three SBMA cases, moderate to severe

neuronal loss was a feature of the spinal anterior horns, and

hypoglossal and facial nuclei. Neuronal loss was not evi-

dent in the cerebral motor cortex in none of the MJD or

SBMA cases; particularly, Betz cells were well preserved

in all the cases.

TDP-43, pTDP-43 and ubiquitin

immunohistochemistry

In controls, TDP-43 was clearly visualized as a diffuse

pattern in the brain cell nuclei. In ten MJD cases, TDP-43-ir

NCIs were detected in the CNS; they were limited to the

lower motor neuron nuclei and the number in each case was

very small. In the spinal anterior horns, the total number of

neurons with TDP-43-ir NCIs in each case ranged between

0 and 4. In the brainstem motor neuron nuclei, only six

lower motor neurons were found to have TDP-43-ir NCIs

among all the cases. The details are shown in Table 1. The

TDP-43-ir NCIs observed varied in shape, appearing as

linear wisp-like (Fig. 1a, b), skein-like (Fig. 1c, e, f) or

thick, somewhat rod-like bodies (Fig. 1d). TDP-43 staining

was also observed in the cytoplasm of a few glial cells and

dystrophic neurites in the oculomotor nucleus in cases 4, 7

and 10, as well as in the motor nucleus of the trigeminal

nerve in case 4 (Fig. 1g). In general, nuclei of the cells that

possessed cytoplasmic TDP-43-ir inclusions were negative

(Fig. 1b, c, g), or only weakly positive for TDP-43

(Fig. 1a). In contrast, neurons lacking such inclusions

retained endogenous nuclear staining for TDP-43. NCIs

indistinguishable from TDP-43-ir NCIs were also detected

by pTDP-43 (pS409/410) (Fig. 1h) or ubiquitin (Fig. 1i)

immunohistochemistry. No TDP-43-ir lesions, including

NCIs, were observed in any of the regions examined in any

of the SBMA cases or controls; the brain and spinal cord

cells were seen to retain endogenous nuclear staining for

TDP-43 in these cases and controls.

Fig. 1 TDP-43-immunoreactive (ir) neuronal cytoplasmic inclusions

(NCIs) in the lower motor neurons in Machado–Joseph disease

(MJD). TDP-43-ir linear wisps (a, b, e), skein-like inclusions (c, f),
and thick, somewhat rod-like structures (d) are evident in lower motor

neurons in the lumbar anterior horns (a–d), hypoglossal nucleus (e),

and motor nucleus of the trigeminal nerve (f). A glial cell with TDP-

43-ir cytoplasmic inclusions (arrowhead) and a TDP-43-ir swollen

dystrophic neurite (arrow) are also evident in the motor nucleus of the

trigeminal nerve (g). Skein-like inclusions are also visualized in the

spinal anterior horns (h, lumbar; i, cervical) with antibodies against

phosphoserines 409 and 410 of TDP-43 (h) and ubiquitin (i). a, d, h
case 5; b case 9; c case 7; e case 8; f, g case 4; i case 10. Bars 20 lm
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Immunoelectron microscopy

Ultrastructurally, TDP-43-ir NCIs observed in the spinal

anterior horn cells consisted mainly of bundles of filaments

(Fig. 2a). The bundles were not membrane-bound and the

constituent parallel filaments were apparently thicker than

neurofilaments (Fig. 2b).

Association of TDP-43 with other proteins

In MJD, double-labeling immunofluorescence revealed

occasional co-localization of TDP-43 with ubiquitin in

cytoplasmic inclusions in the spinal lower motor neurons

(Fig. 3a–f). Many lower motor neurons were found to show

granular polyglutamine cytoplasmic pathology [34].

Occasional lower motor neurons possessing both TDP-43-

ir and 1C2-ir (Fig. 3g–i) cytoplasmic inclusions were

observed. However, in these lower motor neurons, TDP-43

was never co-localized with polyglutamine stretches

(Fig. 3g-i) or ataxin-3. On the other hand, either 1C2-ir or

ataxin-3-ir NIIs was rare in the lower motor neurons [34].

No co-occurrence of such NIIs and TDP-43-ir NCIs in the

same lower motor neurons was found. In this connection,

neuronal nuclei with 1C2-ir or ataxin-3-ir NIIs were well

immunostained with the polyclonal TDP-43 antibody (data

not shown).

TDP-43 expression analysis

To characterize TDP-43 protein biochemically, we

extracted sarkosyl-insoluble proteins from the frontal

cortex and spinal cord of the autopsied patients, and ana-

lyzed them by immunoblotting. Although full-length TDP-

43 was present in all insoluble fractions, the degradation

product was not observed upon immunoblotting with the

phosphorylation-independent TDP-43 antibody (10782-1-

AP; ProteinTech) (Fig. 4a, b; left panels). Using the

phosphorylation-dependent TDP-43 antibody (pS409/410;

Cosmo Bio), we failed to find any distinct immunoreactive

bands in the MJD cases, whereas a *23-kDa band and a

*50-kDa band were found in the ALS cases (Fig. 4a, b;

right panels).

Discussion

The present study clearly indicates that TDP-43-ir as well

as pTDP-43-ir NCIs can occur in the CNS of patients with

MJD. However, their occurrence was limited to the lower

motor neurons, and mostly confined to the spinal lower

motor neurons. These findings suggest that in MJD, the

lower motor neuron system is involved in the disease

process of polyglutamine-dependent neurodegeneration, as

well as in that associated with TDP-43-related pathogene-

sis. The light microscopic, immunohistochemical and

ultrastructural profiles of these NCIs observed in MJD

closely resembled those of such inclusions in sporadic ALS

[5, 11, 14, 17, 20, 23, 24]. On the other hand, immunoblot

analysis revealed no band of pTDP-43 in MJD, unlike the

result obtained in ALS [11, 14]. However, it is possible that

this failure to detect pTDP-43 might have been due to the

very mild pathology in MJD. In other words, there might

Fig. 2 Immunoelectron

microscopy of TDP-43-ir NCIs

showing a skein-like appearance

in the lumbar anterior horn cells

in MJD (case 5). a TDP-43-ir

longitudinally and transversely

cut bundles of filaments, 19–

24 nm in diameter, are evident.

b High-magnification view of

the bundle indicated by the

asterisk in a, showing areas

consisting of tightly and loosely

arranged parallel filaments,

the latter producing rather

translucent spaces.

Bars a 1 lm, b 250 nm
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be no particular difference between MJD and sporadic ALS

in the molecular pathomechanisms involving TDP-43 in

the process of degeneration of lower motor neurons.

The frequent and constant appearance of TDP-43-ir

NCIs in the lower motor neurons in sporadic ALS implies

that these structures are closely related to the degeneration

and death of these cells [23]. In contrast, the occurrence of

TDP-43-ir NCIs in the lower motor neurons in MJD was

rare and confined almost entirely to the spinal lower motor

neurons, in spite of the presence of obvious neuronal loss in

various regions of the nervous system. In MJD, severe

neuronal depletion in the affected brain regions might

cause difficulty in detection of TDP-43 pathology there.

However, this did not appear to be the case; in the present

study, either TDP-43-ir or pTDP-43-ir lesions were

detectable outside the lower motor neuron nuclei in any of

the MJD cases, including four (cases 6, 7, 8 and 10)—one

with a significantly shorter disease duration (case 8)—in

which the immunohistochemical examination was per-

formed on various regions of the nervous system.

Based on the present results, it is difficult to discuss

whether TDP-43 participates directly in the polyglutamine-

dependent disease process in MJD. However, it cannot be

ruled out completely that even though secondarily, TDP-43

abnormality may be widespread in the nervous system in

MJD, but that its manifestation as NCIs in the lower motor

neurons may reflect their peculiar morphology character-

ized by very large cell bodies and very long axons, and

associated with very high metabolic demand. It is note-

worthy that recently, the occurrence of TDP-43 pathology

has also been reported in AD [1, 2, 30], Lewy body-related

diseases [21], Pick disease [2, 6], corticobasal degeneration

[2, 30] and argyrophilic grain disease [7], suggesting that

TDP-43 pathology, or more strictly, its pathological cyto-

plasmic localization, is part of a process rather common to

neurodegenerative disorders, which is induced in combi-

nation with accumulation of the causative protein specific

for each disease.

In Huntington’s disease (HD), also a CAG repeat dis-

ease, it has been reported that TDP-43 is co-localized with

mutant huntingtin in dystrophic neurites and intracellular

inclusions [26], suggesting that in this disease, there may

be a protein–protein interaction between TDP-43 and

huntingtin itself, or between TDP-43 and expanded

Fig. 3 Double-labeling

immunofluorescence of NCIs in

the lumbar anterior horn cells in

MJD. a–c Linear wisps are

visualized with the monoclonal

anti-ubiquitin (a) and polyclonal

anti-TDP-43 antibodies (b);

a merged image shows that

occasional TDP-43-ir NCIs are

ubiquitinated (c). d–f Thick,

somewhat rod-like structures

are also visualized with the

monoclonal anti-ubiquitin (d)

and polyclonal anti-TDP-43

antibodies (e); interestingly,

a merged image shows absence

of TDP-43 in part of the

ubiquitinated NCIs (f).
g–i In this anterior horn cell,

1C2-ir granular structures

(polyglutamine stretches) (g)

and TDP-43-ir filamentous

inclusions (h) are evident, but

both are found to be localized

separately in the cytoplasm (i).
a–c, d–f case 9; g–h case 7.

Bars 20 lm
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polyglutamine stretches. In the present study, however, no

TDP-43 pathology was observed in the nervous system

except for the lower motor neuron nuclei in MJD, or in any

CNS regions examined in SBMA. Moreover, in MJD,

TDP-43-ir NCIs observed in the lower motor neurons were

completely unreactive with 1C2 or anti-ataxin-3 antibody.

It has also been reported that ALS-like ubiquitinated fila-

mentous inclusions observed in the cerebellar dentate

nucleus neurons in dentatorubral pallidoluysian atrophy

(DRPLA), which can be recognized with 1C2 and anti-

atrophin-1 antibodies [13, 32, 35], are also completely

negative for TDP-43 [33]. These findings suggest that there

is little interaction between TDP-43 and expanded poly-

glutamine stretches in MJD, SBMA or DRPLA.

In conclusion, in CAG repeat diseases, polyglutamine-

related changes in the neuronal nuclei and cytoplasm,

including the formation of NIIs, appear to be essential for

disease progression. However, it is of great interest that in

MJD, neuronal TDP-43 pathology can also occur only in

the affected lower motor neurons. Although immunoblot

analysis failed to demonstrate pathological pTDP-43, the

findings of immunohistochemistry, including those at the

ultrastructural level, strongly suggest that TDP-43 is a

component of the filamentous NCIs. Finally, the results

obtained in the present study may help to provide a better

understanding of the pathomechanisms underlying motor

neuron degeneration and death in ALS, which is also a

multisystem neurological disease [23].
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