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Nuclear TAR DNA Binding Protein 43 Expression in Spinal Cord
Neurons Correlates With the Clinical Course in Amyotrophic
Lateral Sclerosis

Hisae Sumi, MD, PhD, Shinsuke Kato, MD, PhD, Yuko Mochimaru, Harutoshi Fujimura, MD, PhD,
Masaki Etoh, MD, PhD, and Saburo Sakoda, MD, PhD

Abstract
TAR DNA binding protein 43 (TDP-43) has been considered a
signature protein in front poral d ia and amyotrophic

lateral sclerosis (ALS), but not in ALS associated with the
superoxide dismutase | (SOD/!) gene mutations (ALS1). To clarify
how TDP may be involved in ALS pathogenesis, clinical and
pathological features in cases of sporadic ALS ([SALS] n = 18) and
ALSI (n = 6) were analyzed. In SALS patients with rapid clinical
courses, TDP mislocalization (i.e. eyloplasmic stnining and TDP-
positive cytoplasmic inclusions) in anterior hom cells was frequent.
In SALS patients with slow clinical courses, TDP-43 mislocalization
was rare. In an ALS| patient with the SOD/ gene mutation C111Y,
there were numerous TDP-positive inclusions and colocalization of
SOD1 and TDP. In mutant SODI transgenic (G93A) mice at the end
stage (median, 256 days), TDP-positive inclusions and TDP
colocalization with SOD| were also observed: nuclear TDP-43
immunoreactivity was highly correlated with life span in these mice.
In both humans and mice, nuclei that stained strongly for TDP were
large and circular; weakly stained nuclei were atrophic or deformed.
In conclusion, low levels of TDP expression in the nucleus cor relate
with a rapid clinical course in SALS and in ALS! meodel mice,
suggesting that nuclear TDP may play a protective role against
mator neuron death resulting from different underlying etiologies.

Key Words: Amyotrophic lateral sclerosis, ALS, Anterior hom cell,
ALSI1, G93A transgenic mice, Lewy body-like hyaline inclusion,
S0DI, TDP-43.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a fatal motor
neuron disease that causes progressive motor paralysis. The

From the Depariment of Neurology, Osaka University Graduate School of
Medicine (HS, ME, S8), Yamadaoka, Suita; Depariment of Newro-
pathology, Institute of Neumlogical Sciences, Faculty of Medicine,
Totori University (SK), Nishicho, Yonago: Depariment of Health
S Osaka University Grad Schoal of Med (YM), Yama.
dooka, Suita; and Depanment of Neurology, Toncyama National Hospital
(HF), Toncyama, Toyonaka, Japan

Send corrcspondence and reprint requests to: Hisae Sumi, MD. PhD,
Department of Neurology, Osaka University Graduate School of
Medicmne, 2-2 Yamadaoka, Suita, 565-0871, Japan; E-mail; hasumid
neurol.med.osaka-u.ac.jp

This study was supponed by the Health and Labor Sciences Rescarch on
Measures for Incurnble Discase, Ministry on Health, Labor and Welfare
of Japan,

| Neuropathol Exp Neural = Volume 68, Number 1, January 2009

underlying pathogenetic mechanisms are largely unknown in
90% of ALS patients, that is, those with sporadic ALS
(SALS). Of the 10% of ALS cases with familial ALS
(FALS), approximately one fifth are associated with a
mutation in the superoxide dismutase | (SODT) gene: these
patients are classified as ALS1 (1, 2). The pathogenesis of
ALS]1 15 thought to involve aggregation of mutant SOD1 and
subsequent oxidative stress (3). Another rare cause of
Juvenile autosomal recessive FALS is the gene that encodes
ALS2, also known as alsin (4, 5). In most cases of FALS,
however, the causative gene has not been identified because
of low penetrance.

TAR DNA binding protein 43 (TDP-43), a nuclear
protein, contains 2 fully functional RNA recognition motif
domains and a C-terminal region that is capable of binding
directly to several proteins of the hetecrogencous nuclear
ribonucleoprotein family (6-8); these ribonucleoproteins have
a variety of functions including the modification, stabilization,
and transport of RNA. The TDP maodifies the splicing of exon
9 of the cystic fibrosis transmembrane conductance regulator
gene (9) and of exon 3 of the apolipoprotein A-1l gene (10),
Recently, it also has been reported that loss of TDP in vitro
results in nuclear dysmorphism, misregulation of the cell
cycle, and apoptosis (11).

Neuronal inclusions, such as Lewy body-like hyaline
inclusions (LBHIs), or the aggregation of mutant SODI in
ALSI (3, 12) are known to be important pathological fea-
tures in the pathogenesis of neurodegenerative diseases,
The TDP is a component of the ubiquitin-positive inclusions
and neurites observed in frontotemporal dementia and ALS
(13, 14). The TDP-positive round or filamentous inclusions
in the cytoplasm and mislocalization of TDP from the
nucleus to the cytoplasm have been observed in all cases
of SALS (135) and FALS, but not in ALS! (16, 17). A novel
missense mutation in TDP was recently identified as caus-
ative in familial motor neuron disease and SALS (18, 19).
Although the concept of TDP proteinopathy has been sug-
gested (14, 20), the presence of TDP-positive inclusions in
other diseases, including hippocampal sclerosis, Alzheimer
disease (21), Parkinson discase (22). Pick disease (23), and
neoplastic lesions (24), complicates this issue. Furthermore,
Sanelli et al (25) have reported that TDP is not a major
ubiquitinated target within the pathological inclusions
of ALS.
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Nuclear TDP Correlates With ALS Clinical Course

To clarify how TDP may be involved in pathogenetic
mechanisms in ALS, we examined SALS and ALS] patients
clinically and pathologically by immunohistochemistry using
an anti-TDP antibody. We also examined the lumbar spinal
cords of mutant SOD1 transgenic mice (G93A mice) that
have lower copy numbers of the mutant SOD/ gene than the
GY93A mice previously examined by Robertson et al (26):
G93A mice with low copy numbers of the mutant SOD/ gene
show pathological changes that are similar 10 those in
patients with ALS (27).

MATERIALS AND METHODS

ALS Cases and Pathological Assessment

Fixed paraffin-embedded 4-pm-thick sections through
the lumbar spinal cord at the LS level were obtained from
Osaka University Graduate School of Medicine (Suita) for
clinicopathologic analysis. These patients had SALS (n = 18;
age at death 62 [median, 45-79] years; disease duration,
2 [0.7-7.3] years) or ALS| (n = 6: age at death, 58 [42-71]
years; disease duration, 9 [2-11] years; Table). All neuro-
pathologic analyses were performed by trained neuropathol-
ogists. Sporadic ALS patients who did and did not have a
history of respirator use and whose deaths were caused by
respiratory failure or pneumonia were examined. Clinical

data including the localization of imitial symptoms, history of

respirator use, cause of death, and family history are shown
in the Table.

Deparaffinized sections were incubated for 30 minutes
with 0.3% hydrogen peroxide to quench endogenous perox-
idase activity and then washed with PBS. The primary
antibodies used were rabbit polyclonal antibodies against
TDP-43 (1:3000. Protein Tech Group, Chicago, IL) and
ubiquitin (1:2000, Dako, Glostrup, Denmark), mouse mono-
clonal antibodies against human SODI! (0.5 pg/mL, clone
1G2, MBL, Aichi, Japan) and phosphorylated neurofilament
(1:10,000, SMI31, Covance. Berkeley, CA), and a sheep
polyclonal antibody against human SOD1 (1:20,000, Calbio-
chem, San Diego, CA): these were applied to serial sections
as primary antibodies. Goat anti-rabbit and anti-mouse
immunoglobulins conjugated to peroxidase-labeled dextran
polymer (ready to use, Dako Envision+, Dako Corp,
Carpinteria, CA) and rabbit anti-sheep immunoglobulin
(1:1000, Abcam PLC, Cambridge, United Kingdom) were
used as secondary antibodies. Reaction products were
visualized with 3.3"-diaminobenzidine tetrahydrochloride
(ImmPACT DAB, Vector Laboratories, Burlingame, CA),
and hematoxylin was used to counterstain cell nuclei.

To estimate the numbers of TDP-positive cytoplasmic
inclusions, large ncurons that had clear nucleoli and cell
bodies with a diameter greater than 37 pm (28) (presumed to
be a motoneurons) and the numbers of neurons with TDP
mislocalization from the nucleus to the cytoplasm in the gray
matter, from video images of each section obtained with a
digital camera (Keyence VB-7010, Keyence, Osaka) attached
to a light microscope (EclipseER00, Nikon, Tokyo), were
counted. The diameters of the neurons were measured with
the aid of image analysis sofiware (VH-HIAS, Keyence).

© 2008 American Association of Neuropathologists, Inc.

Mislocalization of TDP was defined as the presence of a
TDP-negative nucleus and TDP-positive cytoplasm. In
mislocalizations of TDP, there can also be diffuse staining
patterns in the cytoplasm and TDP-positive filamentous or
round inclusions in the eytoplasm. Cells containing TDP-
positive inclusions were classified as neurons or glia on the
basis of the shape of their nuclei and cytoplasm.

Animals

Transgenic mice expressing the mutated human SOD/
(GY3A) gene at a low level (B6SIL-TgN[SODI ]-G93A)1 Gur”
[GIL]) were obtained from Jackson Laboratory (Bar Harbor,
ME). These mice carry 18 transgene copies because of a
reduction in the copy number compared with (B6SJL-
TgN[SODI]-G93A)1 Gur (GIH) mice, which express 25
copies (3). The GIL mice were bred and maintained as
hemizygotes by mating with wild-type B6.SIL mice. Non-
transgenic littermates were used as controls, All amimals were
genotyped and handled as previously described (29). We
examined control (n = 6,292 [median, 240-296] days old) and
GIL (n = 9,256 [224-281] days old, end stage) mice. One
G IH mouse (120 days, end stage), also obtained from Jackson
Laboratory, was examined to confirm the lack of TDP-43
abnormalities reported previously (26). End stage was defined
as occurring when the mouse was so severely paralyzed that it
could hardly move or drink water. The mice were killed with
an overdose of sodium pentobarbital and perfused with PBS
followed by 4% paraformaldehyvde. The lumbar enlargement
of the spinal cord was removed, immersed in 4% paraformal-
dehyde overnight at 4°C, and then dehydrated and embedded
in paraffin blocks. Paraffin sections, 4-pum-thick, were
prepared and stained with hematoxylin and eosin. Every fifth
section (cut at 20-pm intervals) was obtained, and 4 sections
from each mouse were used to count the total number of
LBHIs in the sections. For immunohistochemistry, the primary
antibodics used on the serial sections were against TDP-43
(1:600, Protein Tech Group) and human SODI1 (0.5 pg/ml.,
clone 1G2, MBL, Nagoya, Japan).

Semiquantitative Analysis of Immunoreactivity
for TDP

Because vanation in the TDP immunoreactivity (TDP-
IR) was evident among GIL mice, the patterns of TDP
immunostaining were divided into normal (0) and abnormal
(1 to 4), the latter showing TDP-positive neurites and
inclusions and varying degrees of nuclear positivity. The
stages of normal or abnormal patterns were classified by
TDP-IR of the neuron nuclei as follows: normal pattern
(Stage 0): same as in normal littermates, with immunoreac-
tivity apparent only in nuclei: abnormal pattemn (Stages 1-4):
Stage 1, weak immunoreactivity in nuclei: Stage 2, weak to
moderate immunoreactivity in nuclei; Stage 3, moderate to
strong immunoreactivity in nuclei; Stage 4, strong immuno-
reactivity in nuclei.

Quantitative Analysis of LBHIs
The numbers of LBHIs with a core and halo in neurons
of the lumbar spinal cord were counted in hematoxylin and
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eosin-stained sections (100x objective) from each GIL
mouse as previously described (29).

Statistical Analysis

Differences in the numbers of TDP-positive inclusions m
neurons and glia and in large neurons (>37 wm) between SALS
patients with a rmpid course and those with a slow course were
analyzed by Wilcoxon rank sum test. The relationships among
the numbers of large neurons and TDP-positive inclusions in
neurons and glia were also analyzed using Spearman
correlation coefficient with a 95% confidence interval (Cl).
In GIL mice, the relationships among age at the end stage,
number of LBHIs, and TDP-IR were analyzed using Spearman
correlation coefficient with 95% Cl. Exploratory subgroup
analyses for age at the end stage were done in the TDP-IR
weak groups (Stages | and 2) and the TDP-IR strong groups
(Stages 3 and 4) by Kolmogorov-Smimov test. All statistical
analyses were performed with SAS version 9.1 (SAS Institute
Inc, Cary, NC).

RESULTS
ALS Cases

In the lumbar cords of SALS patients with discase
durations less than or equal to 2.5 years (SALS r-1 to -13),

mislocalization of TDP was frequently observed (Figs. 1B, C;
Table); this was not evident in controls (Fig. 1A). There was
a diffuse cytoplasmic staining pattem, especially in large
neurons (=37 um, Fig. 1B) and TDP-positive filamentous or
round inclusions were evident in atrophic neurons and in glia
(Figs. 1C, D); the nuclei m the neurons and glia were
negative for TDP. In SALS patients with mild to moderate

" neuronal loss, there was often a diffuse TDP staining pattemn

in the cytoplasm of large neurons (Table). No extracellular
TDP-positive inclusions were apparent. By contrast, in SALS
patients with disease durations longer than 5 years (SALS s-1
to -5), neurons with diffuse cytoplasmic staining patterns
were not evident, and TDP-positive inclusions were only
rarely detected (Table). The TDP-IR of the nuclei of residual
neurons appeared to be preserved.

In ALS1 patients, diffuse cytoplasmic TDP staining of
large neurons was found only in | patient, i.e. ALSI-2 (126
2bp del), who had a clinical course of 2 years (Table). Some
small neurons in Patients ALSI-2 and ALS1-3 (126 2bp del)
also showed diffuse cytoplasmic TDP staining (Figs. 3A, ),
The TDP-positive inclusions were prominent in the glia and
in small neurons or their neuntes in Patient ALS1-1 (CLIIY).
who had no remaining large neurons. The nuclei of cells with
TDP-positive inclusions were TDP negative (Figs, 2A, E),
Colocalization of TDP and SOD1 was frequently evident as

i AU o= B : Mg )
FIGURE 1, Mislocalization of TAR DNA binding protein (TDP) in cases of sporadic amyotrophic lateral sclerosis (SALS) with
rapid clinical courses. (A) Normal control. The nuclei of large neurons are positive for TDP (arrows). Some glia (arrowheads) are
weakly stained. (B-D) SALS patients. (B) There is diffuse punctate cytoplasmic staining in the neuron on the left (arrow), and
heterogeneous staining in the middle (arrow) is observed in the cytoplasm. Nuclei of neurons on the left and in the middle are
negative for TDP, whereas the nucleus of the neuron on the right is stained, (C) Variable appearances of cytoplasmic TDP inclusions
(arrows). The structure on the left (arrow) is rounded, whereas the one in the middle neuron is elongated and filamentous
(arrow). (D) Glial inclusions are positive for TDP (arrows). Immunohistochemistry against TDP. Scale bar = 50 um.
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FIGURE 2. Colocalization of TAR DNA binding protein (TDP) and superoxide dismutase 1 (SOD1) in neurons of an amyotrophic
lateral sclerosis 1 (C111Y) patient. (A, B) Heterogeneous cytoplasmic staining patterns for TDP (A) and for SOD1 (B). The
nucleus is TDP negative. (€-F) Neuronal inclusions are positive for TDP (C, E) and SOD1 (D, F). (G, H) The halo portion of a
Lewy body-like hyaline inclusion (LBHI) is stained strongly for TDP (G) and ubiquitin (H). The upper panels are high-
magnification views of each LBHI. Immunohistochemistry: (A, C, E, G) = TDP; (B, D, F) = SOD1; (H) = ubiquitin. (B, D, F, and H)
are adjacent serial sections of (A, €, E, and G), respectively. Scale bars = (A F) 10 pm; (G, H) 50 pm; insets in (G, H) = 16 um.
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an aggregation pattern (Figs. 2A-F). The TDP and ubiquitin
were also colocalized in inclusions (Figs. 2G, H). Patients
ALS1-2 (30) and ALS1-3 (31) possessed the same SODI
mutation; TDP-IR of the nuclei was weaker in Patient
ALSI-3.who had more LBHIs than Patient ALSI-2. The
TDP-IR of some of the LBHIs observed in these patients

was weak, but stronger than that in most of the nuclei |

(Fig. 3A). Colocalization of TDP and SODI was demon-
strated in LBHIs in serial sections (Figs. 3A, B). The LBHIs
were scarce in other ALS| patiems. Although TDP-IR was
retained in the nuclei of most of the residual neurons in
Patients ALSI-4 (G37R) (32) and ALSI-5 (L126S) (33),
there were a few neurons with TDP-negative nuclei and

cytoplasm. The TDP-negative nucler were atrophic or
deformed (Fig. 3D), whereas most of the TDP-positive nuclei
were circular (Fig. 3F). In ALSI patients, there was no
apparent relationship between nuclear TDP-IR and discase
duration. The SMI31-positive conglomerate inclusions
(Fig. 3E) in Patients ALS1-5 and ALS1-6 were mostly TDP
negative (Fig. 3F) or had only very famt staining (Fig. 3D).

G93A Mice

In normal littermates, TDP-IR was found in the
neurons and some gha in the gy matter (Fig. 4A): the
white matter was negative for TDP. In GIL mice, the nuclei
of neurons and reactive astrocytes were stained for TDP. The

" : E‘S_ HPA ARG L - WA

FIGURE 3. TAR DNA binding protein (TDP) staining patterns in the other amyotrophic lateral sclerosis 1 patients. (A, B)
Superoxide dismutase 1 (SOD1)-positive Lewy body-like hyaline inclusions (B) are weakly stained (left, arrow) and very faintly
stained (right, arrow) for TDP (A). There is mislocalization in a small neuron (arrowhead) in (A). (€) The neuron cytoplasm is
diffusely stained for TDP (arrows). (D, E) A conglomerate inclusion is positive for SMI31 ([E] arrowhead) and is negative for TDP
([D] arrowhead). The nucleus ([D] arrow) is atrophic and deformed. (F) The TDP-positive nucleus (arrow) in a neuron
containing a TDP-negative conglomerate inclusion (arrowhead) appears round and intact. Immunohistochemistry: (A, C,
D, F) = TDP; (B) = SOD1; (E) = phosphorylated neurofilament (SMI31). (B) and (E) are serial sections of (A) and (D),
respectively. Scale bar = 20 pm.
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cytoplasm of a few anterior hom cells showed a punctaie
TDP staining pattern, but most of the neuron nuclei were
TDP positive (Figs. 4E, 5C). Neurons with TDP-negative
nuclel and TDP-positive cyloplasm were rare (Fig. 48). The
TDP-positive inclusions and neurites were numerous (Figs.
4C, 5A-D), and the nuclear TDP-IR of these cells was weak
(Fig. 5A). Some vacuoles were also stained for TDP
(Fig. 4C). Colocalization of TDP and SODI was also
detected in LBHIs in serial sections (Figs. 4C, D). Nuclear
TDP-IR varied widely from mouse to mouse (Stages -4,
Figs. 5A-D). In GIL mice showing a rapid clinical course
and prominent LBHI-formation, nuclear TDP-IR was weak

AL,

*

FIGURE 4. TAR DNA binding protein (TDP) pathology in G93A

(Stage 1, Figs. 3A, E), whereas GIL mice showing a slow
clinical course and less LBHI formation had strong nuclear
TDP-IR (Stage 4. Figs. 5D, F). In Stage 4 mice, most of the
nuclel were strongly positive and circular, but some weakly
stained nuclei were atrophic or deformed (Fig. 4E). In GIH
mice with a rapid discase course, TDP-IR of the neurons was
weak, and nearly all LBHIs in the lumbar spinal cord were
negative for TDP (Fig. 4F).

Statistical Analysis

The numbers of TDP-positive inclusions in neurons
and glia were significantly lower in SALS patients with a

- r - iy L ’ -

mice. (A) Nuclei in large neurons in a normal littermate (arrows)

are TDP positive; their nucleoli are not stained. (B-E) G1L mice. (B) A degenerated neuron containing small vacuoles (arrowhead)
in the cytoplasm has a TDP-negative nucleus and TDP-positive cytoplasm. (€, D) There are numerous Lewy body-like hyaline
inclusions (LBHIs) that are TDP positive (€) and superoxide dismutase 1 (SOD1) (D) (arrows). Some vacuoles that are SOD1
positive (D) are partly stained for TDP (€, arrowheads). (E) Most of the nuclei in the neurons are strongly positive for TDP. A
few nuclei that are stained only weakly (arrows) are atrophic and deformed. (F) The LBHI in the lumbar cord of the G1H mouse
stains extremely faintly for TDP (arrow). (A) Normal littermate (Stage 0), (B-E) G1L mice, (B-D) Stage 3, (E) Stage 4, (F) G1H
:ns?qu)e. Immunchistochemistry for TDP (A-C, E, F) and SOD1 (D). (D) is a serial section of (C). Scale bars = (A, €-E) 50 pm;
20 pm.
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FIGURE 5. Four stages of TAR DNA binding protein (TDP) immunoreactivity in spinal cord neuron nuclei of G1L mice. (A) In
Stage 1, nuclear immunoreactivity (arrowhead) Is weak. Lewy body-like hyaline inclusions (LBHIs) (arrows) are only faintly stained
or negative, (B) In Stage 2, nuclear immunoreactivity of neuron nuclei (arrowheads) is similar to that of normal littermates
(Fig. 4A). Neurites or tiny vacuoles (arrow) also show immunoreactivity. (€) Immunoreactivity in Stage 3 in most of the nuclei
(arrowheads) is stronger than in the normal control, but less than in Stage 4. There is diffuse and punctate cytoplasm staining and
immunoreactivity in neurites (arrows). (D) Nuclear immunoreactivity in Stage 4 is very strong (arrowheads), and there are
numerous TDP-positive neurites (arrows). (E) Prominent LBHIs (arrows) are evident in a Stage 1 mouse. (F) In a Stage 4 mouse,
there are many vacuoles detected, but there is no LBHI formation. Immunohistochemistry for TDP (A-D); hematoxylin and eosin

stain (E, F). Scale bar = 50 pm.

slow course than in those with a rapid course (Wilcoxon rank
sum test: neuronal inclusions, p = 0.0002; glial inclusions,
p = 0.0002). The numbers of large neurons (>37 pm) were
also lower in SALS patients with a slow course than in those
with a rapid course, although the level of significance (p =
0.0264) was lower than that for TDP-positive inclusions. The
relationships among the numbers of large neurons, and TDP-
positive inclusions in neurons and glia were not significant in
SALS patients as a whole (Spearman correlation coefficient
with 95% C1).

In GIL mice, the TDP-IR stage was positively
correlated with life span (Spearman correlation coefficient
with 95% Cl, r = 0.77; 95% CI, 0.22-0.95) and negatively

44

correlated with the formation of LBHIs (r = —0.87: 95% ClI,
=097 to —0.47). The correlation between life span and the
number of LBHIs was also high (r = —0.64; 95% Cl, —0.92
to 0.04). A cumulative probability plot of age at the end
stage (Fig. 6) showed a higher value for the group with
strong TDP-IR (Stages 3 and 4) than for those with weak
TDP-IR (Stages 1 and 2); age at the end stage in the strong
TDP-IR group was significantly greater than that in the
weak TDP-IR group (Kolmogorov-Smimov test, p = 0.015).

DISCUSSION

The TDP mislocalization from the nucleus to the
cytoplasm was previously considered to be a disease-specific

© 2008 American Association of Neuropathologists, Inc.
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FIGURE 6. Kolmogorov-Smirnov test of the weak TAR DNA
binding protein immunoreactivity (TOP-IR) groups (Stages 1
and 2) and strong TDP-IR groups (Stages 3 and 4) of GIL
mice. Age at end stage in the TDP-IR strong group was
significantly greater than that in the TDP-IR weak group
(p = 0.015).

change not present in ALS 1. Here, we analyzed TDP pathology
in SALS and ALS| patients and in ALS1 model mice. Our data
suggest that the level of expression of TDP in the nucleus is
associated with the clinical course and neurodegenerative
changes in SALS patients and in ALS1 model mice.

rapid progression

Our observation that diffuse staiming pattern was
frequently observed in the cytoplasm of large neurons in
SALS patients with rapid clinical courses showing mild
neuronal loss suggests that TDP mislocalization starts
gradually in the early phase of neurodegeneration. Most of
the TDP-positive inclusions were found in atrophic neurons
and glia, suggesting that the inclusions appeared later.
Because no extracellular TDP-positive inclusions were
apparent, neuronal TDP-positive inclusions likely disappear
along with the death of the neurons.

In contrast, in SALS patients with slow clinical
courses, no neurons with a diffuse TDP staining patiem in
the cytoplasm were found, and TDP-positive inclusions in
both neurons and glia were significantly less frequently
found. Because relationships among the numbers of large
neurons, those of TDP-positive inclusions in neurons, and
those of TDP-positive inclusions in glia were not significant,
the rarity of TDP pathology in SALS patients with a slow
clinical course might not necessarily have resulted from
severe neurodegeneration. The TDP pathology might be
associated with a rapid clinical course in SALS. The
influence of TDP-43 on the disease would then be less
marked in SALS patients with a slow clinical course than in
those with 2 rapid clinical course.

Previous studies have shown that LBHIs are not stained
for TDP in ALS| patients (16, 17, 26) and G1H mice (26).

S 4 K
°

= " neuronal

death

FIGURE 7. Hypothetical course of neuronal degeneration associated with changes in nuclear TAR DNA binding protein (TDP)
expression in sporadic amyotrophic lateral sclerosis (SALS). (A) A morphologically normal neuron is subjected to an insult
associated with a disturbance of TDP nuclear trafficking. The upper neuron diagrammed, from a patient with SALS, showing a
rapid clinical course has marked disturbance of TDP nuclear trafficking, whereas the lower diagrammed neuron from a patient
with SALS showing a slow clinical course, is only mildly affected. (B-D) Images show degenerating neurons at the time of rapid
disease progression. (B) Early occurrence of TDP redistribution, i.e. low expression in nuclei and high expression in cytoplasm.
(<€) Later occurrence of cytoplasmic TDP aggregate in an atrophic neuron. (D) Similar aggregate of cytoplasmic TDP in a more
degenerative neuron than that in (C). (E, F) Images represent degenerative neurons at the time of slow disease progression.
(E) Preservation of a high level of TDP expression in the nucleus of an atrophic neuron. (F) Successive maintenance of a high level
of TDP expression in the nucleus of a more degenerative neuron. The lower 6 photographs are from SALS patients showing a rapid
clinical course (A-D) and a slow course (E, F), which correspond to the diagrammatic illustrations for each letter,

© 2008 American Association of Neuropathologists, Inc
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On the other hand. mislocalization of TDP to the cytoplasm
in ALS| cases (A4T, 1113T) has been reported by Robertson
¢t al (26). In the present study, TDP-positive LBHIs were
clearly demonstrated in 1 ALS!] patient showing a slow
disease progression, and in GIL mice, which also show
slower disease progression than G1H mice. The ALSI
patients with TDP-negative LBHIs reported by Tan et al
(17) showed very rapid progression within less than | year,
and another ALS] patient with TDP-negative LBHIs reported
by Robertson et al (26) also showed rapid progression within
2 years. The difference in TDP immunoreactivity of LBHI1s
among ALSI cases or between the 2 kinds of G93A mice
might be a result of the difference in the clinical course or
speed of SOD1 aggregation (34). The difTerence in morphol-
ogy between TDP-positive inclusions in ALSI-1 and GIL
mice and those in SALS patients would be caused by
trapping of TDP-43 by SODI aggregation or LBHIs, The
colocalization of TDP and SODI1 in LBHIs also suggests a
biological relationship between SOD| and TDP, although the
specifics of that relationship are unclear.

Ayala et al (11) reported that loss of TDP in vitro
results in nuclear dysmorphism, misregulation of the cell
cycle, and apoptosis. Because the TDP-IR stage was
positively correlated with life span in GIL mice, nucler with
low TDP-IR were atrophic and deformed in GIL mice and
ALSI patients, and an absence of TDP in the nucleus (such
as that occurring through mislocalization) was frequently
observed in SALS patients with a rapid clinical course, a high
level of expression of nuclear TDP may play a protective
role in neurons exposed to various insults. Because TDP-IR
in the nucleus was inversely correlated with LBHI forma-
tion in GIL mice, TDP might have a suppressive effect on
LBHI formation or toxic aggregation of SODI, possibly
through changes in the transeription and splicing of unknown
genes (7, 8).

We hypothesized that rapid disease progression result-
ing from some insult to neurons might lead to disturbance of
TDP nuclear trafficking (Fig. 7A) (35). Redistribution of
TDP, with a low level of expression in the nucleus and a high
level in the cytoplasm (Fig. 7B), occurs first, and cytoplasmic
TDP later forms aggregates in the atrophic neurons (Figs. 7C,
). In contrast, neurons that succeed in mamtaining a high
level of expression of nuclear TDP (36) because of a slow
shift of TDP (Fig. 7A, lower) show rather slower degener-
ation, and the disease progresses more slowly (Figs. 7E, F), It
will be important 1o investugate the mechanism responsible
for regulating the nuclear expression level of TDP, as this
might yield a new strategy for treating not only ALS, but also
other neurodegencrative disorders, ncluding frontotemporal
lobar degeneration,
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SOD 1 = ORI TFET SRR THS LA 5, Neuro
blastoma cell line @ SK-N-SH W #§#iliz L 84 V-SOD |
B FEBLX ¥ ER stress £#MA A L 25, KHNIZIE
LBHI R Al A MICER S (5 A), MR
15~25 nm @ granule-coated-fibril 2K 2 417- (4 5
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B, C) kw9 k¥ Yamagishi & &£ ®#% 5 L OHEIERS
Wad 5. oL, EWS0D 1 DFERN hallmark
T#H 2 15~25 nm %D granule-coated-fibril B IZ 12,
ER stress #F ALS 1 S84F I8 S B4 L Ty 2 & Z 00N
GERLTuwe 3,

3. BMEA M LARE

Peroxynitrate Z /4 H 8L A F L R SBIERRE (812,
Oatt—RE{L 44 (NO) I3 2 R5G1EAS SOD | 124 S &Y
GREDTI 3 HTH S Lo ) L EBUGERRBLIC AT 2 ]
BThHs, ENSODIMHFETHILIZLD, MlulT
RU T T AT O ENR L HFERD SOD 1 £ FIGTE
T, —Wo N0 L ORIGICHlE, HREED Y
peroxynitrate %* hydroxy radicals 259 4 Z 41, fhFEMIT
ez LdaRKETHS, £k ZTRSODII
BT, DL Cu oRRME G FLEICED, W
Wiz, WERGEDEKIZ XD Cu DiftEP LA A L
TLEw, ez s 2 Co HUHHE TIREE L 2w
ERIGT S L TiftERER T EE LT L 9 LT ARELA
FLARHRTSHS, L L, BIETEHMERICHL T,
MM e EHG P <, LA F L AHALS | @ %A
CME5 32 EiHE-TYH, LML ENEREZLTHA
wiEzeahTwaY, —J, G93A-SOD1 transgenic
mouse ORERITFIZIE, BEPICEELA F L ADFEEL T
ALVARFARMBEEIITHS, WL, SOD1 [t
it ahiTwT, ZoOfLRE SOD 1(Cys ll1-peroxide
SOD1)ASLBHI ICHEDAFH T3 & v 5 YR (1 6) 49
Fujiwara 6" kWi ahTws, ZoWdid, G93A-
SOD 1 transgenic mouse D FEIE (LRl z L Tw 5
SODI1 H&IZMEA b L 2B IZMboTLE I L E
HYHcigL Tw 5,

1. T PO RUTER

(93 A-SOD 1 transgenic mouse & 5t 4 45 B 2§ (2,
motor neuron death, LBHI/Ast-HI @ [H Bl (inclusion
pathology), vacuolation pathology ® 3 2TH 2%, Z @
vacuolation pathology @ E# M Far FUTTHE L
W ARG, S b o P RS K

T2, FEREERPOM G0 SOD 1 3 £ filatiz i
(2 LI 2 b oy Y 7o L FEEL To
%, €T, BN IC R SOD | SFEET 572012, i
#0912 apoptosis #4| EE T L LG RBIRE S LT Y
', 2 hav Y 7HESHIE, G93A-SOD I transgenic
mouse B2 Favy FUTHELEELGRTVS
vacuole 2%, WO PLMENA 2T GI3A £RSOD 1
I pE IS L v RIERE LRI o T
bahTwa® #£L, &+ ALS | FBHRIZ 1E vacuola-
tion pathology (2 IEASMIZ (A 17(E L Zeva?,

5. RENR7 I /ERRER

ALSTIZEOTHLHEE 7 = /7 MERSBHEIATY
5, BNz WLTIRILRNE ALS @ RIERFO X2 21 L
ThiEiw,

6. TOfh

ALS 1 @ 2 Ok FHERIF ORIz >LTIE, BH LD
N IZIERL ChHDTEMLTHE 2V,

WEE . RRRO -8, KHEHEETR it &, %
MRAHZ (C) ¢ 17500229 (SK) & 9 FeEaf e femiil & = = 2
ORMERFENFAR WS c H18-2 2 5- —42-025(SK) &5 £ A
U7 TS 0B O 95 T o TR R IO O ¢ 17
H- -0 (SK) Oz £ D f7 -7,
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Accumulation of Chondroitin Sulfate
Proteoglycans in the Microenvironment of
Spinal Motor Neurons in Amyotrophic
Lateral Sclerosis Transgenic Rats

Hideki Mizuno, Hitoshi Warira,* Masashi Aoki, and Yasuto Itoyama

Division of Neurology, Department of Neuroscichce
and Tahoku Univerary Hospial ALS Center, Sendar, Japan

Chondroitin sulfate proteoglycans (CSPGs) are the major
components of extracellular matrix in the central nerv-
ous system. In the spinal cord under various types of
injury, reactive gliosis emerges in the lesion accompa-
nied by CSPG up-regulation. Several types of CSPG
core proteins and their side chains have been shown to
inhibit axonal regeneration in vitro and in vivo. In the
present study, we examined spatiotemporal expression
of CSPGs in the spinal card of transgenic (Tg) rats with
His46Arg mutation in the Cu/Zn superoxide dismutase
gene, a model of amyotrophic lateral sclerosis (ALS). Im-
munofluorescence disclosed a significant up-regulation
of neurocan, versican, and phosphacan in the ventral
spinal cord of Tg rats compared with age-matched con-
trols. Notably, Tg rats showed progressive and promi-
nent accumulation of neurocan even at the presympto-
matic stage. Immunoblotting confirmed the distinct
increase in the levels of both the full-length neurocan
and their fragment isoforms. On the other hand, the up-
regulation of versican and phosphacan peaked at the
early symptomatic stage, followed by diminishment at
the late symptomatic stage. In addition, double immuno-
fluorescence revealed a colocalization between reactive
astrocytes and immunoreactivities for neurocan and
phosphacan, especially around residual large ventral
hormn neurons. Thus, reactive astrocytes are suggested
to be participants in the CSPG accumulation. Although
the possible neuroprotective involvement of CSPG
remains to be investigated, the present results suggest
that both the reactive astrocytes and the differential
accumulation of CSPGs may create a nonpermissive
microenvironment for neural regeneration in neurodege-
nerative diseases such as ALS. © 2008 Wiley-Liss, Inc.

Key words: amyotrophic lateral sclerosis; chondroitin
sulfate proteoglycan; microenvironment; SOD1; transgenic
rat

Amyotrophic lateral sclerosis (ALS) 15 a relentess
and progressive neurodegencrative disease charactenzed
by adult-onset selective loss of motor neurons, which
causes skeleral muscle arrophy and weakness, and ulao-

« 2008 Wiley-Liss, Inc.
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mately death. In approximartely 10% of all ALS pauents,
this condition 1s familial, mainly with inhenrance of an
autosomal donunane traic (Haverkamp et al., 1995). De-
spite clinical and genetic heterogeneiry, the pathologies
ot familial ALS and that of sporadic ALS are sumilar, sug-
gesting a common pathomechanism. In about 20% of
familial ALS famulies, this disease 15 linked to mutations
in the Cu/Zn superoxide dismutase (SOD1) gene (Aoki
et al, 1993; Rosen et al, 1993), Several lines of trans-
genie (Tg) rodents ubiquitously overexpressing 4 mutant
SODI  transgene  recapitulate  the ALS  phenorype
(Gumey et al., 1994; Nagai et al., 2001), whereas SOD1
knockout mice do not develop motor neuron degenera-
ton (Reaume et al, 1996), mdicating a gain of toxiciry
of mutant SOD1, However, the precise mechanisms of
motor neuron death remain to be cluaidated (Boillee
et al., 2006a)

Recent dam from wild-type/mutant SOD1 chi-
merie mice (Clement et al., 2003) and mice carryving a
deletable mutant SOD? gene in a cell wype-selecnve
manner (Boillee et al., 2006b) demonstrated the noncell-
autonomous toxicity of mutant SOD1, These studies
have highlighted the involvement of nonneuronal cells,
suggesting the significance of the microenvironment sur-
rounding motor neurons. Although no cell-restorative
therapy for ALS has been established to date, the possi-
hility of replacing neuronal or nonneuronal cells is of
growing nterest. Among nonneuronal cells, glial cells
constitute the largest cell population in the adult central
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nervous system (CNS), Furthermore, glial cell hypertro-
phy. proliferanon, and accumulation i the affected
region are promment features i CNS damage, mcludmg
ALS, These ghal responses under disease conditions are
referred to as wactive ghosis, which leads to ghial scar for-
mation (Silver and Miller, 2004),

Reactive ghosis 1s usually accompanied by up-regu-
lation of the regencration-inhibitory molecules in the
extracellular matnx (ECM). This process is believed to
create a |'Il)l'll.'lt‘ﬂl“i‘i\'c microenviramment for regencra-
tion. Among the inhibitory molecules, chondroinn sul-
fate proteoglycans (CSPGs) are the major components in
the ECM. Previous reports have demonstrated  thar
CSPGs are inhibitory to neunite outgrowth m viro and
are up-regulated and accumulated after various types of
CNS injury in viva. However, under chronic disease
conditions such as neurodegeneranon, the expression
and distribution o CSPGs have not been investigated
previously, except for a few carlier reports (DeWitt
et al, 1993, 1994).

The ghal role in ALS pathophysiology remains
controversial (Newsch et al,, 2007), however, the reac-
tve ghosis i the spimal cord has” already been reported
as a pathological event. Although previous studies have
suggested the presence of nearal stem/progenitor cells in
the muact spinal cord (Gage. 2000, Horner et al., 2000),
recent reports have provided controversial results on
spontncous neurogenesis and msufficient evidence for
mtrisic regeneration 1 the spimal cord  of mutant
SOD! Tg muce (Wanea et al, 2001; Chi et al., 20006;
Liu and Martin, 2006; Guan et al., 2007). These previ-
ous studies suggest an absence of inter-/intracellular sig-
tals and an mappropriate pucroenviromnent for promot-
ing an endogenous repair mechanisi. Thus, substanual
imterest has recently been paid o the microenvironment,
in the context of possible development of cell-restorative
therapy with both cell vansplantatnion and  endogenous
neural progemtor activation (Busch and Silver, 2007).

The present study, therefore, focused on CSPGs
such as neurocan, wversican, and phosphacan in the
microenvironment surrounding degeneraong moror neu-
rons. We examuned a possible change of the CSPG
expression in the adult spinal cord of a rat ALS model
and found a sigmficane and differennal accumulation of
the CSPGs in the neurodegenerative lesion.

MATERIALS AND METHODS
Experimental Animals

Tg rats expresing ALS-asoctated mutation, His6Arg
(H46I) i the human SOD! gene (Aoki et al., 1993), were
used in this study. They were established i our laboratory, as
was the case m our previous report (Nagat et al., 2001). The
Tp rats henuzygous for TH6R mutaton were crossed wath
wild-type Sprague-Dawley (SD) rars (Sle:SD: Japan SLC, Inc.,
Shizuoka, Japan) to produce Tg and non-Tg offspring. The
T progeny were genotvped by polymerase cham reaction
amphficanon of il DNA wath speaific pnmers for exon 4

Truenal of Neurmwienee Reseaich
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(Nagai et al,, 2001} The H46IRR T s display an adult-onset
motor neuron disease (MND) wath licer onser, slower pro-
gression, and less varability in the phenotype than in the case
of Gly3Ala (G93A) ansgenie s (Naga et al, 20010;
Matsumoto et al, 2006). Ar abour 24-25 wecks of age, the
Tg rats develop progressive spastic paralysis beginming with a
unilateral hindlimb, |c'.||i|ng to death about 4 weeks later. The
onset of Jdimcal phenotype 15 delayed by approximarely 4-5
weeks in the present Tg ras compared with the ortginal
HA6IL Tg line Nagn et al, 2001) through muluple passage
The female H46R Ty ras were divided into three experi-
mental groups: presymptomatc (aged 24 weeks, designated
Pre), carly sympromaoe (aged 26 weeks, ES), and late symipro-
matic {aged 28 weeks, [8). We exammed a total of 16 Ty ras
and 18 age-matched non-Tyg littenuates as controls, The rats
were howsed i a speafic pathogen-free animal facility and
allowed access to food and water ad hibwoum. Throughout this
study, the ammals were handled in the accordance with the
Gutede for the care and use of laboratory animls specificd by the
Laboratory  Anmmal Welfare Act (MNagonal Insututes  of
Health), Al expenmental protocols and  procedures were
appraoved by the Ammal Committee of the Tohoku Univer-
sity Graduate School of Medicme

Immunofluorescence

The s were deeply anestheuzed with diethyl ether
and perfused transcardially with heparimzed saline, followed
by ice-cold 4% paraformaldehyde in 0.1 M phosphate butler
(PB), pH 7.4, Their lumbar spinal cords (L4-13) were imme-
diately removed and further fixed by immersion 1 the same
fixanve overnight ar 4 C, followed by crvoprotection with
series of increasing concentration of sucrose (1006 and 200
wr/vol) in 0.1 M PB at 4°C. The nssue samples were embed-
ded n Tissue-Tek O.CT, compound (Sakura Finetek, To-
kyo, fapan) and quickly frozen in 2-methylbutane cooled with
liguadd mitrogen, then stored at =80°C. Ten-micromerer trans-
verse sections of lumbar spinal cords were cut on 4 eryostar
(CM3050; Letca Instruments, Nussloch, Germany), collected
on MAS-coated glass shides  (Superfrose: Matsunamm Glass,
Osaka, [apan), and stored at —80'C, The cryosections were
washed i Trs-buffered salme (TBS), pH 7.4, Nonspecific
binding was blocked with 3% normal goat serum (Vector Lab-
onatories, Burlingame, CA} and 0.3% Trwon X-100 m THS
for 30 mmn at room temperature (IKT). After blocking, the
sections were incubated with primary antibodies in the hlock-
ing solution overnight ar 4'C. We employed the following
primary  antubodies: mbbic anti-glial ribrillary acidic  protein
(GFAP) polyclonal TgG (1:1,500; Dako, Glastrup, Denmark),
rabbir anti-glutathione S—gransferase-x (GST-1) polyclonal IyG
(1:1,500; Assay Designs, Ann Arbor, MI), rabbit antineurofila-
ment-H polyclonal 1gG (1:L,000; Chemicon  International,
Temecula, CA), rabbit anu-iomzed calaum-bmding adaprer
molecule-1 (Tha-1) polyclonal TeG  (1:1,500, Wako Pure
Chemical, Osaka, Japan), mouse anti-neurocan monoclonal
TgG (1:3000; clone 650.24; Chenucon Internanional) that is
speaific for the full-length neurocan core protemn and also
reacts with the C-termunal fragment, rabbat anti-plveosamino-
glycan-o (GAGa) domain of vemican V2 (3 CNS=specific
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