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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 (€, 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. Inmunohistochemistry: (A, €, E, G) = TDP; (B, D, F) = SOD1; (H) = ubiquitin. (B, D, F, and H)
are adjacent serial sections of (A, C, 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 nucler was weaker in Patient
ALSI-3,who had more LBHIs than Patient ALS1-2. 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 SOD1 was demon-
strated in LBHIs in serial sections (Figs. 3A, B). The LBHIs
were scarce in other ALSI patients. Although TDP-IR was
retained in the nuclei of most of the residual neurons in
Patients ALSI-4 (G37R) (32) and ALSI-5 (L1268) (33),
there were a few neurons with TDP-negative nuclei and
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cytoplasm, The TDP-negative nuclei were atrophic or
deformed (Fig. 3D), whereas most of the TDP-positive nuclei
were circular (Fig. 3F). In ALS] patients, there was no
apparent relationship between nuclear TDP-IR and disease
duration. The SMI31-positive conglomerate inclusions
(Fig. 3E) in Patients ALS1-5 and ALSI-6 were mostly TDP
negative (Fig. 3F) or had only very faint staining (Fig. 3D),

G93A Mice

In normal littermates, TDP-IR was found in the
neurons and some glia in the gray matter (Fig. 4A): the
white matter was negative for TDP. In G1L mice, the nuclei
of neurons and reactive astrocytes were stained for TDP. The

oy i _"

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, €,
D, F) = TDP; (B) = 50D1; (E) = phosphorylated neurofilament (SMI31). (B) and (E) are serial sections of (A) and (D),

respectively, Scale bar = 20 pm,
42
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cytoplasm of a few anterior horn cells showed a punctate
TDP staining pattern, but most of the neuron nuclei were
TDP positive (Figs. 4E, 5C). Neurons with TDP-negative
nuclei and TDP-positive cytoplasm were rare (Fig. 4B). 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 1-4,
Figs. SA-D). In G1L mice showing a rapid clinical course
and prominent LBHI-formation, nuclear TDP-IR was weak

(Stage 1, Figs. 5A, 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 disease 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
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FIGURE 4. TAR DNA binding protein (TDP) pathology in G93A 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 (C, 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
mouse. Immunohistochemistry for TOP (A-C, E, F) and S0D1 (D). (D) is a serial section of (C). Scale bars = (A, C-E) 50 pm;
(B, F) 20 pum.
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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. (C) 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; ghal inclusions,
p = 0.0002). The numbers of large neurons (>37 wm) 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% ClI).

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

44

correlated with the formation of LBHIs (r = —0.87; 95% CI,
—0.97 to —0.47). The correlation between life span and the
number of LBHIs was also high (- = —0.64; 95% CI, —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 discase-specific
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FIGURE 6. Kolmogorov-Smirnov test of the weak TAR DNA
binding protein immunoreactivity (TDP-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).
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change not present in ALS1. 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

Our observation that diffuse staining 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 gha, 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 patiern 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 a rapid clinical course.

Previous studies have shown that LBHIs are not stained

changes in SALS patients and in ALS1 model mice. for TDP in ALS] patients (16, 17, 26) and G1H mice (26)

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.
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On the other hand, mislocalization of TDP to the cytoplasm
in ALS1 cases (A4T, 11137T) has been reported by Robertson
et al (26). In the present study, TDP-positive LBHIs were
clearly demonstrated in 1 ALS1 patiemt showing a slow
disease progression, and in GIL mice, which also show
slower disease progression than GIH 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 LBHIs
among ALSI1 cases or between the 2 kinds of G93A mice
might be a result of the difference in the clinical course or
speed of SODI aggregation (34). The difference in morphol-
ogy between TDP-positive inclusions in ALS1-1 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 SODI in LBHIs also suggests a
biological relationship between SOD1 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
cyele, and apoptosis. Because the TDP-IR stage was
positively correlated with life span in GIL mice, nuclei 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 transcription and splicing of unknown
genes (7, 8).

We hypothesized that rapid disease progression result-

ing from some msult 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 eytoplasm (Fig. 7B), occurs first, and cytoplasmic
TDP later forms aggregates in the atrophic neurons (Figs. 7C,
D). In contrast, neurons that succeed in maintaining 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 to investigate the mechanism responsible
for regulating the nuclear cxpression level of TDP, as this
might yield a new strategy for treating not only ALS, but also
other neurodegenerative disorders, including frontotemporal
lobar degeneration.
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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 Warita,” Masashi Aoki, and Yasuto Itovama

Division of Newology, Department of Neuroscience, Tohoku Univemity Graduate School of Medicine

and Tohoku Uriversity Hospical 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 cord 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
horn 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) s a relentess
and progressive neurodegenerative disease characterized
bv adult-onset selective loss of motor ncurons, which
causes skeletal muscle atrophy and weakness, and uln-

+ 2008 Wiley-Liss, Inc.

mately death. In approximately 10% of all ALS pauents,
this condinon s famihial, manly wiath mherntance of an
autosomal domunane trair (Haverkamp et al., 1995). De-
spite climeal and genetc heterogeneity, the pathologies
of fanilial ALS and char of sporadic ALS are stimular, sug-
gesung a common pathomechanism. In about 20% of
farmilial ALS families, this disease 15 hnked to mutations
in the Cu/Zn superoxide dismutase (SODT) gene (Aoki
et al., 1993; Rosen et al, 1993). Several lines ol rans-
genic (Tg) rodents ubtquitously overexpressing a mutant
SOD1  transgene  recapitulate the  ALS  phenotype
(Gurney et al.,, 1994; Nagai et al., 2001), whereas SOD/1
knockout mice do not develop motor neuron degenera-
non (Reaume er al., 1996), indicating a gain of roxiciry
of mutane SODI1. However, the precise mechamsms of
motor neuron death remain to be cluadated (Boillee
et al., 2006a).

Recent dara from wild-type/mutant SOD1 chi-
meric mice (Clement et al., 2003) and mice carrying a
deletable mutant SOD1T gene in a cell type-selecuve
manner (Boillee et al,, 2006b) demonstrated the noancell-
autonomous toxicity of mutint SOD1. These studies
have mghhghred the involvement of nonneuronal cells,
suggesting the sigmticance of the microenvironment sur-
rounding motor neurons. Although no cell-restorative
therapy for ALS has been estblished to date, the posa-
bility of replacing neuronal or nonneuronal cells is of
growing interest. Among nonncuronal cells, ghal cells
constitute the largest cell population in the adult central
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nervous system (CNS). Furthermore, glial cell hypertro-
phy. proliferanion, and accumulation in the affecred
region are promment features m CNS damage, including
ALS. These ghal responses under disease conditons are
referred to as reactive ghesis, which leads to ghial scar lor-
matton (Silver and Miller, 2004).

Reactive ghosis is usaally accompanied by up-regu-
lation of the regeneranon-inhibitory molecules in the
extracellular matnix (ECM). This process 1s believed to
create a nonpermissive microenvironment for regenera-
von. Among the inhibitory molecules, chondroitn sul-
fate proteoglycans (CSPGs) are the major components m
the ECM. Previous reporns have demonstrated  thae
CSPGs are inhibitory to neurite outgrowth i vitro and
are up-regulated and accumulated after vanous types of
CNS imury m vivo. However, under chromic disease
conditons such as neurodegenerauon, the expression
and distribution o CSPGs have not been investigated
previously, except for a few ecarlier reports (DeWitt
et al,, 1993, 1994)

The ghal role in ALS pathophysiology remains
controversial (Neusch et al., 2007), however, the reac-
tive ghosis in the spinal cord has already been reported
as a pathological event. Although previous studies have
suggested the presence of neural stem/progemtor cells in
the muact spmal cord (Gage, 2000; Homer et al., 2000),
recent reports have provided controversial results on
spontancous neurogenesis and insufficient evidence for
minnsic  regeneratlon i the spuu] cord of mutant
SODI Tg mice (Wanta et al, 2001; Chy et al,, 2006;
Liu and Martin, 2006; Guan et al., 2007). These previ-
ous studies suggest an absence of mter-/intracellular sig-
uals and an inappropriate microenvironment for promot-
ing an endogenous repmr mechanmism: Thus, substannal
mterest has recently been paid to the mcroenvironment,
i the context of possible development of cell-restoranive
therapy with bath cell mansplintanon and endogenous
neural progemitor activanon (Busch and Silver, 2007).

The present study, therefore, focused on CSPGs
such as neurocan, versican, and  phosphacan m the
microenvironment surrounding degeneraung moror neu-
rons. We examined a possible change of the CSPPG
expression i the adule spmal cord of a rar ALS model
and found a sgmificant and differental accumulation of
the CSPGs in the neurodegenerative lesion,

MATERIALS AND METHODS
Experimental Animals

Tg ras expresang AlLS-associated muranon, Hhsd6Arg
(H46R) i the human SODI gene (Aoki et al., 1993), were
used in this study. They were established in our laboratory, as
was the case in our previous report (Nagai et al., 2001). The
T rats hennzygous for H3GR maanon were crossed with
wild-type Sprague-Dawley (812} rats (Sle:SD; Japan SLC, Inc.,
Shizuoka, Japan) to produce Tg and non-Tg ofspnng. The
Tg progeny were genotyped by polymerase chain reaction
amphficaion of wil DNA with specific primers for exon 4
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(Nagm et al., 2001), The H46IR Ty rars display an sdult-onset
motor neuron discase (MND) with Liter onset, slower
gression, and less variability in the phenotype than in the case
of Gly23Ala (GY3A) wansgemic mas (Nagu et al, 2011:
Muatsumoto ¢t al.,, 2006). At abour 24-25 wecks of age, the
Tg ran develop progressive spastic paralysie beginning with a
untlateral lundhmb, leading o death about 4 weeks later. The
onset of clinical phenotype 15 delaved by approximarely 4-5
weeks in the present Ty ras compared with the orgnal
HA46R Tg line (Naga et al., 2001) through mulaple passage
The female H46R Tg rats were divided o three experi-
mental groups: presymptomane (aged 24 weeks, designated
Pre), early svmpromatic (aged 26 weeks, ES), and late svinpro-
matic {aged 28 weeks, LY). We exannmed o total of 16 Ty rats
and 18 age-matched non-Tg litermutes as controls. The ran
were housed an a speatic pathogen-tree ammal tacihty and
allowed access to food and warter ad libitam. Throughour this
study. the anmimals were handled in the accordance with the
Guide for the care and wse of Taboratory aninals specified by the
Laboratory Ammal Welfare Acc (Nanonal  Institutes  of
Health). All expenmental protocols and procedures were
.'|pprn\'vd l‘ly the Ammal Commttee of the Tohoku Univer-
sity Graduare School of Mediamne.

Pl'i

Immunofluorescence

The rats were deeply anesthetized with diethyl ether
and perfused transcardially with heparinized saline, followed
by ice-cold 4% pamformaldehyde m 0.1 M phosphate butfer
(PB), pH 74, Their lumbar spinal cords (L4-1L5) were imme-
diately removed and furcher fixed by wnmersion in the same
fixatve overmight at 47C, followed by cryoprotection with a
seres of MCreasing  concentragon aof sucrose (1046 and 2004
wt/vol) m (L1 M PB at 4°C. The nssue samples were embed-
ded in Tisue-Tek O.CT. compound (Sakura Fineck, To-
kyo, Japan) and quickly frozen m 2-methylbutane cooled with
liquid nitrogen, then stored at =80 C, Ten-micrometer trans—
VeTse SeCtinns ("I |ll!1|l1ar SFIILII l.")l'll\ were cut on a L'n'n‘-{-'lt
(CM3050; Letca Instruments, Nussloch, Germany), collected
on MAS-coated glass shdes  (Superfrost: Marsunam Glass,
Oxaka, Japan), and stored at =80 C. The cryosections were
washed - Trs-buffered salme (TBS), pH 7.4. Nanspeafic
binding was blocked with 5% normal goat serum (Vector Lab-
oratores, llur]in_mmu'. CA) and 0.3% Tnton X-100 in TBS
for 30 min at room temperature (RT). After blocking, the
secnions were incubated with primary antibodies in the block-
mg soluuon overmght at 4°C. We employed the following
primary anubodies: rabbiv anu-ghial fibnlluy acdic protemn
(GFAP) polvclonal 1gG (1:1,500; Dako, Glostrup, Denmark),
rabbit anti-glutathione S-transferase-n (GST-m) polyclonal 1pG
(1:1.500; Assay Designs, Ann Arbor. M), mbbit anuneurafila-
ment-H polyclonal IgG (1:1,000; Chemucon Internatonal,
Temecula, CA), rabbit anu-1onized caloum-binding adapter
molecule-1 (Iha=1) polvelonal TG (1:1,500; Waka  Pure
Chemical, Osaka, Japan), mouse anti-neurocan monoclonal
IpG (1:3,000; clone 630.24; Chemicon Intermanaonal) that s
specific tor the full-length neurocan core protem and also
reacts with the C-terminal fragment, rabbit anti-glycosanino-
glvean-a (GAGa) dommn of versican V2 (a3 CNS-speaific
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sphice vanant) polyclonal IgG (1:200; Chemicon International)
raised against amino acid residues 535-398 of mouse versican,
mouse ant-phosphacan/receptor protein ryrosine phosphatase-
B (RPTPB) core protein monoclonal IgM (1:3.000); clone
122.2; Chenmicon Intermational), mouse ano-phosphoryvlated
nevrofilament-M and -H (pNF) monaoclonal IgG (1:1,000;
Chemucon Internanonal), rabbuit anu-ubiquinn (Ub) polyclonal
IgG (L:100; Dako), and biotn-conjugated mouse anti-human
newronal protein Hu C/D monoclonal TgG (1:200; Invitro-
gen, Carlsbad, CA). After extensive rinsing in TBS, the see-
tons were incubated with 3 combinanon of approprate sec-
ondary anabodies diluted at 1:500 0 an anobody diluent solu-
aon (Dako) overnight (4°C). The secondary annbodies used
in this study were as follows: goat anti-mouse 1gG, anti-mouse
1eM, and anti-tabbit 1gG conugated to Alexa Fluor 488
(hughly cross-adsorbed; Invitrogen): goatr ant-rabbit [gG con-
Jugated w Alexa Fluor 568 (highly cross-adsorbed; [nvitro-
wen); and streptaviding conjugated to Alexa Fluor 647 (Invi-
rogen). After extenave washing m TBS, the shdes were
dipped into distilled water and coverslipped with Shandon
PermaFluor (Thermo Elecoron Corporavon, Picsburgh, PA),
then kept i the dark at 47C untl analysis. As a2 negative con-
trol, the above-deseribed procedures were repeated without
cach primary antibody. No speaific labeling was identified in
these conwols, For double- and triple-immunofluorescence
labeling, sections were sequentially processed with each pri-
mary antibody and detected with appropriate Alexa Fluor-
conjugated secondary anubodies or strepravidin as described
above

SDS-PAGE and Immunoblotting

The lumbar spinal cord was quickly removed after
decapiavion under deep anesthesta wath diethyl ether, Each
spinal cord msue was homogemized in a lysis buffer containing
10 mM Tos-HCL pH 7.4 100 mM NaCl, 500 mM EDTA,
and a protease whibitor cocktul (Complete: Roche Diagnos-
tics, Mannheim, Germany) for 30 sec ar 4 C. The lysate was
centnfuged at 15,000 rpm for 15 mun (4°C), and the superna-
tant was collecred and assayed for protein concentration using
4 Bradtord assay kit (Bio-Rad Laboratories, Hercules. CA).
After digesnon with protease-free chondroitimase ABC (05
U/ml; Seikagaku, Tokyo, Japan) for 3 hr at 37" C, the protem
samples were diluted with an equal amount of loading butfer
1125 mM Trs-HCL, 3% wi/vol sodium dodecyl sulfate (SDS),
pH 6.8], then denatured at 700C for 3 min. SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed in 5-
1% gracdhent gel (Bio-Rad) for neurocan or 5-20% gradient
gel (Atto. Tokyo. Japan) for phosphacan, vemican, a-tubulin,
and B-acnn. Lysate equivalent 1o 3.75 pg protemn sample was
run on the gel for 180 mun for neurocan, 450 min for versi-
can, and 300 min for phosphacan at 100 V, rogether with size
markers (WIDE-VIEW Woestern size marker; Wako Pure
Chemical; Chemiluminescent-BlueRanger Prestained Molecu-
lar Weight Marker Mix; Thermo Fisher Sciennfic, Rockford,
IL). Protein samples were then transferred to polyvinyhidene
difluoride (PVDF) membranes (Immobilon-%; Millipore, Bed-
ford, MA). The membranes were blocked with 6% skim milk
in TBS-T (TBS with 0.05% Tween-20) for neurocan and

phosphacan or 4% skim nulk i TBS-T for versican overnighe
at 4°C, then incubated with a primary antibody for 1 hr at
RT. The prunary anubodies employed for immunoblotung
were as follows: mouse anti-ncurocan monoclonal 1gG
(1:2,0005, Chemmicon Intermnanonal); rabbit anti-GAGa domain
of versican V2 polyclonal IgG (1:500; Chemicon Intema-
vonalj, mouse ant-phosphacan/RITPR core protein mono-
clonal IgM, which recognizes secreted phosphacan fragments
and  full-length  phosphacan/RITPR  (1:1,000; Chemicon
International);  mouse  anti-g-tubulin - monoclonal  1gG
(1:2,000; Sigma-Aldrich, St Louts, MO); and mouse ant-f-
actin monoclonal TgG (1:2,000; Abcam, Cambndge. United
Kingdom). After three washes i THBS-T, the membranes
were incubated with the appropriate horseradish peroxidase
(HRP)-conpugated secondary antibody for 1 he at RT as fol-
lows: goat ant-mouse IgG + IgM (H + L; 1:1.000; Kirke-
gaard and Perry Laboratonies, Gathersburg, MDD, and donkey
anti-rabbie 1gG (1:1,000; GE Healthcare UK.). We detected
the spearfic bindings using an ECL Plus kit (GE Healtheare)
and lumnescent image analyzer (LAS-3000 mini;, Fupr Photo
Film, Tokyo, Japan), To ascertain specific binding of the anti-
body for each protem, another membrane was stamed in a
amilar way without the prnmary annbody. The protein
expression levels of interest were normalized to those of a-
tubulin or B-actin.

Image Analysis and Quanufication

We analyzed six ro eight transverse sections from each
lambar spinal cord by individual immunefluorescence (n =
3—4, lor each experimental group). The selected sections were
separated by at least 50 pum from each other. Ar 2200 magmi-
ficanon under a confocal laser scanming microscope (CLSM)
system equipped with HeNe-green (5343 nm), HeNe-red (633
nm), and Ar (458 nm) lser wmn (FV300: Olympas Opacal,
Tokyo. Japan). we captured 1mages of the defined areas (1,024
X 1,024 pixels for 352 pm X 352 pm) in the ventral horn
(VH) and the venwral fumculus (VF) bilaterally, with acquisi-
ton software (Fluoview version 4.3: Olympus). The VH
image was rouninely obtuned from the venwolateral portion
of cach ventral hom, which covers Rexed's lamina 1X at a
maximum. The VF mage was routnely obtained from the
ventral superficial area of white matter in close proxinuty ro
the VH, In addition, we captured equal-sized images of the
dorsal homs (Rexed's lamunae 1 and V1) and the dorsal fum-
culi {between the gravile and cuneate fasciculi) for compara-
tive analysis, On double immunofluorescence, 1mages were
captured by sequential wavelength excitaton and sepamte
detecaon for each wavelength mn order to avoid cross-talk.
The collected 1images were pseudocolored and merged with
Fluoview (Olympus). All 1mages of each anunbody were col-
lected at identical sertings for confocal aperture, laser strength,
scan velocity, photomulnpher tube sensinvity. gain. and offset
The mages were digitally stored on a PC (ThinkPad; 1BM
Japan, Tokyo, Japan) as TIFF files with 4,095 shades of gray.
We evaluated the immunorcactive area (pixels) in ecach
defined area using computenzed software (Image] 1.35s;
Wayne Rasa, NIH). The thresholds for positive were set at
constant (1,590 on 04,095 gray scale), and the number of
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pixels above the threshold was caleulated o express the
CSPG-immunoreactive area. To asess the listologcal pro-
gression of MND phenotype, we evaluated the ubiquitin-im-
munorcactve area i the same way, We also estmated the
number of VH neutons i the lumbar spmal cord (L3), [n the
captured VH images, as descnibed above, Hu C/D-immuno-
reactive newvons (Lin et al, 1995) with distunct nucler and a
diameter greater than 25 pm (Gadomski et al., 2006) were
counted 10 a fixed area (470 pm X 470 ) ospong Fmage]
(NTH). The average number of bilateral VH images Irom
eight sections separated at least 50 pm from each other was
submitted for sadstical analvsis o individual amimals, For
quantfication of immunubloting, the average optical densities
(expressed m arbitrary units) for the speatic bands were mea-
sured i fmage] (NTH). The area showing neganve immunore-
action was treated as background density. The value was nor-
malized with the average oprical densines of the immunoreac-
nve band for a-tubulin or B=actin in cach lane individually

Statistical Analysis

All the resules are expressed as mean = SI. Differences
among the rat groups were examined for significance using
one=way ANOVA among means of value, with the category
of rats s the independent factor. Multiple pairwise compari-
sons between means were tested by the Tukey-Kramer post
hoc test when ANOVA chowed signiticant differences (P <
0.03),  For quanuficaton  of mmunoblotting,  differences
between the two groups were evaluated by means of Swdent's
t-test for pared data. All smostical analysis was performed with
PC software (GraphPad Prsm 3; GraphPad Sofrware, San
egn, CA), and the null |i}'|'fulil|_"\h Wi l'L'Jl:t'lL'd at the D05
level

RESULTS

Neuropathology in Tg Rats

To evaluate the lstopathological hallmarks such as
neuronal loss and abnormal protein aggregates (Watanabe
et al, 2001; for review see Kabashi and Durham, 2006),
we performed miple immunofluorescence for Hu C/DD,
pNFE, and Ub wn lumbar spmal cord at three different
stages. The number of large ventral horn neurons we
examined was immunoreactve for Hu C/T) (Liu et al.,
1995), with the distinct nuclei and o diameter greater
than 25 pm. Therefore, the esumated number was essen-
vally interpreted as the number of motor neurons 1 rat
spinal cord (Gadomski et al.,, 2006). For the sectons of
non=Tg rats, we observed no significant neuronal loss or
significant pNF- and Ub-immunoreactive aggregates in
the venmal homs (Fig. 1Aa—c,B,C). At the Pre stge,
there was no significant difference in the number of
large VH neurons berween Tg rats and the age-marched
Non-Tg litermates (Fig. 1Aa.d.B). From the ES stage,
however, the number of large VH neurons in Tg raws
showed a progressive and sigmiticant decrease compared
with their age-matched licermates (Fig. 1Ab,ce,fiB: PP <
0.01). The progressive loss of neurons was consistent
through the disease progression, as was reported previ-
ously (Naga er al, 2001), and was sigmificant between

Journal of Newoscwrnce Research

CSPG Accumulates in ALS Rats

2515

Tg rats ar the Pre and ES stages (Fig. 1B; P < 0.01),
whereas the stanstes did not show sigmticant difference
in the symptomatic phase (between the ES and LS
stages; Fig. 1B). To address the nevrodegeneration aside
from the neuronal loss in Ty rats, we quantified the
emergence of abnormal protein aggregates in the ventral
horns, From the ES stages, Ty rats showed o progressive
merease of Ub- and/or pNF-immunoreacnve dot- or
rod-shaped aggregates in the VH newropil (Fig, 1Ae.f).
Ar the LS stage, we found abnormally pNF-accumulated
neuronal cell body (Fig. 1Ag, arrows) with more fre-
quent Ub- and/or pNF-immunoreactive aggregates
the ventral horms of Tg ras (Fig. IAfinset,g, arrows),
The Ub-positive aggregates were often colocalized with
or surrounded by pNF-immunoreacuve structures (Fig.
1Ae.fanset,g), suggesting intraneuronal accumulanon of
abnormal proteins. Furthermore, staustical analysis of
immunolabeling for Ub revealed a sigmificant and pro-
gressive increase of Ub-posinve structures in Tg ras
compared with non-Tg rats ar the ES and LS stages (Fig.
1C: P < 0.01), and also among Ty rats at the three
stages (Pre. ES, and LS; Fig, 1C; P < 10.01),

Increased CSPG Immunoreactivity in Tg Rats

To examime a possible accumulation of CSPG
the spinal cord with ALS-like motor neuron degenera-
non, we employed a series of immunofiuorescence using
antbodies specific for CSPG core proteins such as neuro-
can, versican. and phosphacan at different stages. In the
spinal cord of non-Tyg rats, mild and sparse perineuronal
immunoreactivity for neurocan was observed throughout
the parenchyma (Fig. 2a,¢). The domal horms of the gray
matter (data not shown) and the subpial zone of the
white matter (Fig, 2¢) were predommantly immunoreac-
uve for neurocan i non-Tg sections. In contrast, Tg rats
showed markedly increased immunoreactivity at all the
examined stages compared wath age-matched non-Tyg li-
termates (Fig. 2b=d.f~h). Notably, the up-regulation of
neurocan immunoreactivity was predominant in the ven-
tral spinal cord (VH and VF; Fig. 2b=d f~h) i Ty rat and
spread over the doral spimal cord (not shown) at the
sympromatic (ES and LS) stages. In addivon, we fre-
quently observed distinct penneuronal immunoreactivity
for neurocan in VH of Tyg rats (Fig. 2b—d, arrows). Fur-
thermore, quantficanon of immunolabeling revealed a
significant and progressive inerease of neurocan immu-
noreactivity in Tg rats even from Pre stage compared
with non-Tg rats. Among Tg rats. there was a significant
increase of neurocan mmmunoreactivity in both ES and
LS stages compared with Pre stage (Fig. 3)

As for versican, we detected o constitutive expres-
ston at low levels in both the gray and the white marter
in non-Tg spmal cord (Fig. 21m). In Tg rats, versican
immunoreactivity was also up-regulated m the ventral
spinal cord (VH and VF) even at the Pre stage (Fig. 2f~1n—p).
Quanttication of immunelabeling showed a signinicant
increase of versican immunoreactivity n the ventral spi-
nal cord of Ty rats compared with non-Tg rats (Fig. 3).
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In contrast to neurocan, the up-regulanon of versican
peaked at the ES stage and dimnished ar the LS stage in
VH of Tg rats. Among Ty rats, versican immunoreacty-
ity in the VH was sigmificantdy higher at the ES stage
compared with the Pre stuge (Fig. 3). However, the ver-
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tral homs ar the ES and LS stage (data not shown). On
the other hand, there was no sigmificant ditierence n
versican  immunolabehing of the dor tuniculi
I'g rats at the three stages (data not shown).

For phosphacan immunofluorescence, we detected
low levels of immunoreactvity in non-Tg spinal cord
(I 41,m). As well as neurocan, phosphacan immunor-
cactivity i non-Tg was predominant i penneuronal
structures in the gray matter and subpial/outer zone of
the white martter (Fig. 4i,m). In contrast, Tg rats showed
up-regulation of phosphacan at the sympromanc (ES and
LS) 41,n)

among

stages  (Fig Quannification  of  phosphacan
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immunolabelng m VFE revealed a progresaive and signihi-
canr increase 1 Tg rats at both the ES and the LS stages
compared with non-Tyg rars (Fi Among Tg raws,
there was o significant merease of phosphacan immunor-
cacuvity m both ES and LS stages compared with Pre
stage (Fig. 3). In VH, however, we tound a significant
increase i Ty ras only at the ES stage (Fig, At the
LS stage, phmph.u an immmunaoreactvity in VH of Ty
rats returned o the normal level and was not signifi-
cantly different compared wath non-Tg (Fig. 3). There
was ho o sigmficant difference o phosphacan immunor-
l‘-ll'll\-’ll\_.‘ m lhl' l{i“\.l{ }\l‘TTi\ .lll[l li\ll'\.l[ LIERRTE llll l\l'l\\'i'cn
Tg and Non-Tg rans at any stage (data not shown),

3)

Association Between CSPGs and GFAP-Positive
Astrocytes in Tg Rats

GEAP-positive reactive astrocvees ncreased even at
the Pre stage, preceding loss of VH neurons in Ty rats
(data not shown), As the discase progressed, the GFAP
immunoreacnvity  became  prominent  contimually  not
ouly m the VH but also i the white mutter -.mmumhm,
the VH, especiilly m the ventral side of spmal cord
Fe rats (P degko). In a siilar way, Tha-1-posinve
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L]
ES

microglia increased progressively in the spinal cord of
Tg rats from the Pre stage (data not shown), At the LS
stage, we  observed  numerous hypertrophic
astrocyres and reactive microgha predonunantly
ventral spimal cord gray and white marteer

To clanty the cellular accumulaced
CSPGs i the spinal cord, we performed double inmimu-
nofluorescence for the series of CSPG core proteims
with cell type-selecuve markers as tollows: GFAP,
astrocyte marker (Pegram et al,, 1985); GST-n. mature
oligadendrocytes (Tansey and Cammer. 1991; Tamura
al., 2007): neurofilament-H, large-diameter myelin-
ated neurons (Perry and Lawson, 1993); and Iba-1, rest-
and

reachive
in the
of

souree

o

el

ng activated microgha (Ito et al, 1998, Ahmed
et oal, 2007), The combmatorial immunolabelings

revealed a partial colocalizadon between neurocan/phos-
phacan and GFAP (Fig. 4c.dgh for neorocan/GEADP;
Fig. 4k lLo.p for phosphacan/GFAP). Colocahzanon was
observed predoninantly in the ventral spinal cord (VH
and VF), especially in the penmneuronal arcas immunore-
acave for CSPGs in VH (Fig. 4d0). In contrast, we did
not observe any disunct colocalizaton between CSPGs
and other cellular markers such as GST-n, neurofila-
ment-H, and Tha-1 (data not shown)
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Increased Levels of CSPGs in Tg Rats

l'o contirm the results of immunohistochemical
analysis. we examined the cumulative species of CSPGs
in Tg rats by quanttanve immunoblotting with speafic
antibodies for the core proteins. According to the im-
munofluorescence data (Fig. 3), we selected the exam-
med stages for the CSPG immunobloting: LS stage for
nearocan and ES stage for both versican and phospha-
can

distinct CSPG species i whole lumbar spinal cord lysate
of Ty rass. For neurocan, immunoblomng showed the
mcreased levels of nwo isoforms of neurocan in the spinal

The mmmunoblotting revealed mcreased levels of

rats

cord of Tg

it the LS stage
thin bands for the protenlvtic fragments of neurocan
were detected at approximately 150 klXa, wathout spe-
cific bands for the full 5A). In
contrast, we detected distinet bands speaific for both the
full Tength at 245 kDDa and tor the prowolytic fragmients
at .|}1|1rn\||n.|lr]_\ 150 kida n 'I'!_'. rats _r!j_‘ 5A
tometry revealed an approximacely 4-fold mcrease of
full-length neurocan and fourfold increase of proteolync
fragments of neurocan in the spinal cord of Tg rats com-
pared with those of non-Tyg rats (Fig. 3A). As for versi-
can, we found the mcreased levels of the CNS-speaifi
V2 soform m the spinal cord of Tg rats ar the ES stage
A disunct band corresponding to versican V2 ac =220
kDa was evident in Tg rats, whereas very thin bands ar
the same molecular weight m non-Tg rws (Fig. 5B).
Densitometry  revealed an  approximarely  tourtold
increase of versican V2 o the spinal cord of Ty rats
compared with those of non-Tg rats at the ES stage
(Fig. 53B). We also found a similar resulr in the quannua-
tuve immunobloting for phosphacan ar the ES s
The immunoblotting showed 4 smear-hke band corre-
sponding to phosphacan/RPTPR core protemn at >220
kD, Other bands corresponding to splice vanants of
phosphacan were alko detected at approxmmuately 180
kDa (Fig. 5C). Densitometry revealed an approximarely
threetold merease of phosphacan/RPTPR in the spinal
cord of Tg rats compared with those of non-Tg rars at
the ES stage Although a similar tendency was observed
in the sphice variants of phosphacan, there was no signifi-
cant difference between Tg rats and non-Tg rats at the
stage (Fig. 5C). In contrast o the case tor the ES stage,
we found no significant increase in the levels of versican
and phosphacan in Tg the LS sage (data not
shown

In non-Tg rats, only

iL'Il_L'_Ti\ neuracan .'|'1g

1 densi-

rats at

DISCUSSION

In the present study, we found a sigmficant accu-
mulation of CSPGs in the adult spinal cord of a rat ALS
model. The accumulanon was predommane i the ven-
tral spinal cord, where the neuropathology primanly
occurred, and subsequently spread throughout the domal
spinal cord. Morcover, in parallel with disease progres-
sion even from the Pre stage, we detecred an accelerated
mcrease 0 both neurocan and versican ymmunoreactiv-
iy I'herefore, n is o that the
up-regulation of CSPGs s closely related to the neuro-
degeneration in the present model. However, up-regula-
non of phosphacan was less promunent as well as less
sigmticant only i the ES smge in the veneral homs
Previous studies have reported diverse results for phos-
phacan after various forms of CNS mjury (McKeon
et al, 1999; Moon et al.,, 2002; Tang et al., 2003) or
demvyelinatng lesions (Sobel and Abmed, 2001). Thus,
the differential accumulation off CSPGs suggests a distinet
property of each CSP'G and a complicared regulanion of
CSPG metabolism under disease conditions (Galorey and
Fawcett, 2007)
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Non-Tg

VH

(T8

teEraphs ol Jdow MY

1 panels) or phiosphacan (lower par
e (GEA. As shown in Fipur
<al 'IJ

eregulanon of the CSPC
and venrral fomculr (VF) in the

juna il ra rly HpLoniate
ES) sty | ph but not 1 the ape-
tatched litenmate controls (non=Ty, 4e for pearocan, i for phos
phacm). Mogeover, partial colocalizanon of neurocan  (preen in

cadgedn or phosphacar non ko) with GFAP (mager

CSPGs are heterogencous, and each has is own
core protein. Each core protemn has a ditferent degree of
chondrowin  sulfate glycosammoglyean  (GAG)  chains
Neuwrocan, as well as versican V2 (which contins only
the GAGa domain), phosphacan, and  brevican, s
t.‘Y}‘N'“i'\l ‘~].‘t'11?h‘.lll\' in the adult CNS and constitutes a
major component of the ECM During development,
CSIPGis Ik'_L‘_llf.ll( axonal p.nhlm.hng, svinaptogenesis, and
cell  migracon  and  restrice plasticity.  Furthernmore,
CSPGs are reported to bind and interact with a variery
of molecules such as growth fictors, cytokines, and cell-
surbice receprors. In gray matter of adule rar spinal cord,
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e panch) was det
in both VIl and VI
olwerved between neu

linages

Vilies mdicate mtense colocalivation

e and GFAP immunoreact

CSPGs
VH neurons are surrounded by distince ECM containing,
CSPGs, which s called perinenronal nets (Vikellaro-Z uc-
carcllo et al,, 2007), Our findings of inunmunofluores-
cence tor CSPGs i non=Tg rats are fundamentally com-
|‘.|r|'[1|r with the Previous report Iheretore, CSPGs play

are distnbuted manly - the newropil, and the

a physiologrcally pivoral role such as signal transmussion
in the intact adult spinal cord and are believed w pre-
vent unnecessary svnaptic connectioms for stabilizing the
CNS structure

Extensive VeSO ranons have F‘IL'\-II\"I\E\ revealed
up-regulanon of CSPGs i acute msules of CNS, In

— 246 -
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A Neurocan (=) Full-langth
Non-Tg 'l'g [LS}
- "-ln.—m g 2
) E = Non-Tg Tg(Ls) Non-Tg Tg(Ls)
B Versican (=) Versican V2 _
NOﬂ-Tﬁ Tg (ES) Non.Tg |
T 2 . Te
sy D) g
220
; B 1
A 150
p-acon (F o] (]
Non-Tg Tg(ES)
C Phosphacan
(=) Phosphacan (RPTPR) (<) Fragments of phosphacan

Non-Tg

Fig. 5. Quantrative immuanoblotting analysis of different chondroin
sulliate proveoy i (CSPG) levels i the whole lumbar spinal cord
of H46W tramsgenace (Tg) rats and the age-matched ictermate controls
(non=Tg). Graphs represent relaove  opucal denary value of the

ration ot those of CSI'G o those of the inte

I + S1Y), Aser

bands

1l control pro-

tein AAWTE (Inean e ddhivate a snbicant ditker-
ence en T vars and non=Tg ras (2P < HOF, 4P < 0011

) e’y A Tmmunobloting G neurocan it
the lite symptomane (L) stage and von-Tyg contrals. Th (N
buth wotorms of pewr the 245-k12a full-length neuracan (soldd
arow) and the cleaw. roduce (open arrow) were up-regulated

most cases ol acute CNS insults, including cerebrocort-
cal wound mpury (McKeon et al, 1991), ischemia
(Deguchi et al., 2003), demyelinating lesions (Sobel and
Ahmed, 2001), kaimic acid-induced excitoroxic lesions
(Matsui et al., 2002; Okamoto et al.,, 2003), and spinal
cord jury (Jones et al., 2002; Tang et al., 2003), high
levels 1 the expression of CSPGs peak after a certain
penod and recover to the normal levels, We found a
similarup-regulation of CSPGs even under conditions
of a chronic neurodegenerative discase. However, pro-
aressive .I\.Ll.!.lllll].ltlt‘li of neurocan in concert with
relentless neuronal loss showed a temporal profile distinct
from that of acute CNS mjury. Much evidence suggests
that CSPGs have inhibitory potentials on axonal regen-
eration i vitro and n vivo (Galoey and Faweernt, 2007)
Furthermore, more recent studies have shown that the
ghosis-associated CSPGs play an additional inhibitory
role in cell migravon in vivo (Keams et al., 2003;

MNon-Tg

| e
2 L
B 1
Tg (ES)
(upper pancl). a-Tububn was used

Non-Tg Tg(ES)

woan mtermal control for apphied
lower panel). B: lnnmunobloting
for CNS-speaitic wofonn of versican V2 in T ras ar the carly YT

amounts of protemn i each lae

tomatte (ES) stage and son=Tg controls, The level of versican V2
poform (=220 kf Ya, solid arrow) was up-regulated (upper panel). B
Actin was wsed 4s g conmol (Jower panel). C: muanobloting for
phosphacan in ras at the ES stape and non-Tg controls The level
ut both phe i/ RPTPR core protemn (52200 kDa, sobd arrow

and the fragments (open arrow) were up-regulated lupper panel),

Actun was wed as 2 control (lower panel

Ikegam et al,, 20035). Thus, the accumulation of CSPGs
ihibit  endogenous/exogenous  regenerative
potential as a molecular barmer. The wnhibitory property
of CSPGs is denived from both the GAG side chains and
the core proteins themselves, Thus, the suppression of
CSPG expression or enzymane degradavon of CSPGs
may change the microenvironment of spinal cord n the
present model. In fact, local digestion of GAG side
chains in vivo by chondrominase ABC. a bactena-
denived enzyme, has previously been shown to induce
axonal elonganon and promote funcnonal recovery in
spinal cord injury models (Moon et al., 2001; Bradbury
ct al., 2002) and also to create a permussive environment
conducive to axonal growth from peripheral nerve graft
mto spinal cord (Houle er al., 2006)

On the other hand, a neuroprotecnive role of
i several CNS msults,
excitotoxicity, and B-amy-

[§ lll.lllI

CSPGs has also been suggested
such as spinal cord injury,
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lowd-induced neurodegeneranon models (Rhodes and
Fawcett, 2004)  Consdening  the possible  beneticial
aspects of CSPGs, the up-regulation of CSPGs surround-
ing residual VH neurons may reflect an endogenous pro-
tective process agmnst the neurodegeneraton m the
present model. Although enzymane digestion of CSPGs
has not been reported 1o exacerbate CNS dannage 1w
date (Galtrey and Fawcert, 2007), the significance of the
abnormally accumulated CSPGs in vanous types of CNS
insults 1s sull a matter of debate, Reactive ghosis, one of
the prominent pathological events in ALS spinal cord
{Neusch er al.,, 2007). consists mainly of reactive astro-
cytes (Silver and Miller, 2004). In addition to the astro-
cytic reaction, nucroghal activation s alse an early and
distmer response in Tg rodent models of ALS (Hall
et ul., 1998; Alexianu et al,, 2001). In the present study,
double nnmunofluorescence revealed parual associations
between neurocan/phosphacan and GFAP-positive astro-
cytes, but not Iha-1-positive microglia, in the degenerat-
g spinal cord of Ty rats. Hypertrophic astrocvees are
principal source of neurocan and secrete it into the
ECM m adult ONS. In addioion, neurons are reported
to synthesize  neurocan.  Astrocytes have also been
reported 1o produce phosphacan following bran injury
(McKeon et al, 1999 Thon et al., 2000). Consistently
with these data, we observed the perineuronal dense
staning around VM neurons, where  GFAP-posiuve
processes surround the neuronal cell body, i the spinal
cord of Ty rats, More systemane mvestigation to identify
the cellulir source of CSPGs using this model 15 neces-
sy, Because reacnve astrocvtes are considered to play
paradoxical roles both beneficial and harmitul o neurons
(Sofromew, 2003), dentficanon of the mechamsms that
regulate the molecules m the ECM could lead to control
of the expression of CSPGs. In fact, a recent study dem-
onstrated the CSPG-regulating molecules in astrocytes.
Xvlosvltransterase and chondron  4=sulforansterase are
responsible for chondrostin sulfate side chain synthesis by
astrocytes (Grs et al, 2007). Transtorming growth fac-
tor=-B2, mterdeukin-6, and platelet-derived growth factor
are also reported to regulate differennally the expression
of CSPGs m astrocyres (Gris er al., 2007). In addiion,
proteases involved m the tumover of CSPG core pro-
teins are reported, such as the mamis metalloproteinases
(MMPs) and o dismtegrin and  metalloproteinase with
thrombospondin repeats (ADAMTSs). MMPs are rapidly
up=regulated after almost all types of CNS insult, includ-
ing spinal cord myury (de Castro et al,, 2000), ischemia
(Rosenberg, 1995 Muir et al, 2002), and Alzheimer's
discase (Yoshyama et al,, 2000). Further study will be
needed ro clucidate the possible roles of these regulatory
malecules m CSPG metabolism m vivo,

Neurocan s one of the major CSPGs in the intact
CNS. Dunng development, expression of both the tull-
length (245 kDa) neurocan and s cleaved tragments, C-
termunal (150 kIa) and N-termumal (130 kDa) neurocan,
15 regulated in the normal brain (Rauch et al., 1991:
Mevyer-Putthez et al,, 1995). In the intact adule CNS.
full-length neurocan 1s scarcely detected, whereas the N-

Fonirmal of Newmoanience Research

CSPG Accumulates in ALS Rats 2521
ternunal fragment has been detected  throughour hife
(Muatsun et al, 1994). Moreover, both full-length and N-
termunal neurocan, bur not C-tenminal fragments, show
an inhibitory acuvity against neunte outgrowth (Katoh-
Semba et al,, 1998; Asher et al,, 2000), Thus, 1t is sup-
gested that full-length neurocan plays the most nportanit
role among its solorms i regulating neural plasticity.
Immunoblotting analysis in the present study showed a
robust increase of the full-length neurocan and s frag-
ments at the 1S stage, further suggesung an imhibicory
microenvironment for regeneration i this model, Simi-
lar changes have been reported m exatotoxic epilepric
condiions (Masui et al., 2002) and after mechanical
mcison, ischenua (Deguchs e al., 2005), and spinal cord
mjury (Tang et al., 2003). In contrast to those of peuro-
can, functional properties of versican, phosphacan, and
their 1sotorms under physiological or pathological condi-
tons remams to be established. Among three alterna-
nvely sphced varuane, versican V2 s abundant in the
adule CNS and is expressed by oligodendrocyte-lineage
cells, whereas V1 soform s distributed widely around
the other ossue. Among the soforms, veracan V2 s
considered to be mhubitory to neurite ourgrowth, bue
how the soforms of versican are controlled alter CNS
insults is unclear (Vigprano and Macthews, 2000). On
the other hand, phosphacan s an extracellular part of the
RPTPR receptor, and the phosphacan/RPTPR has art
least four spliced vartants, In addiion o the presence of
vanous soforms of phosphacan/REPTPR, thewr tunctional
roles have been shown to be lughly complicated. Previ-
ous reports showed diverse function (promotion or inli-
bition) on axonal regrowth, which depends on the
mode of expression and molecules with which to inter-
act (Faissner cr al, 2006). As well as neurocan, both
neurons and reactive astrocytes are n‘imrtcd O express
phosphacan/RPTPR. The significance of mcreased phos-
phacan in this study remans to be defined

[n summary, this is the first study to show the spa-
totemporal accumulation of CSPGs under chrome neu-
rodegencranive condiion i a Tg rat model of ALS.
Although the possible neuroprotective implication renins
to be invesngated, the increased CSPGs and their asocia-
aon with reactive astrocytes suggest the existence of a non-
permissive microenvironment for regeneration. Consider-
ing the future development of cell-restoranve therapy in
ALS, both the regulation of the microenviromment sur-
rounding motor neurons and the control of reactive
gliosis may be an mmportant strategy m facilitatng sur-
vival. migration, neurite outgrowth, and synaptogencesis
of newhorn cells,
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A dopamine receptor antagonist L-745,870 suppresses microglia activation in spinal
cord and mitigates the progression in ALS model mice
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Amyotrophic lateral sclernsis [ALS) is a neurodegenerative disease charactenized by a selective Inss of motor
neurons in the motor cortex, brainstem, and spinal cord. It has been shown that axidative stress plays a pivotal
role in the progression of this motor neuron Joss. We have previously reported that L-745870, a dopamine D4
receptor antagonist, selectively inhibits oxidative stress-induced cell death in vitro and exerts a potent
neuroprotective effect against ischemia-induced neural cell damage in gerbil. To invesngate the efficacy ol
L-745870 in the treatment of ALS, we here conducted a chronic admimistration of L-745 870 to transgenmic mice
expressing a mutated form of human superoxide dismutase gene (5001 4 mouse model of familial ALS,
and assessed whether the mice benefit from this treatment, The pre-onset administration of L-745870
significantly delayed the onset of motor deficits, slowed the disease progression. and extended a life span in
transgeme mice. These animals showed a delaved loss of antenor horn cells in the spinal cord concomitant
with a reduced level of microghal activation at a late symptomanic stage. Further, the post-onset administration
of L-745,870 to the SOD1"*® transgenic mice remarkably slowed the disease progression and extended their
life spans. Taken together, our findings in a rodent model of ALS may have implication that L-745870 is a

possible novel therapeutic means to the treatment of ALS

Introduction

Amyotrophic lateral sclerosis (ALS) 1s a heterogeneous group of
inexorable neurodegenerative disorders charactenzed by a selecrive loss
of upper motor neurons in the motor cortex, and lower motor neurons in
the brainstem and spinal cord, culminating in paralysis and death, While
the majority of ALS cases are sporadic, 5=10% of patients sre familial ALS
(fALS) (Cleveland and Rothstein, 2001), among which an approximately
20% are linked to mutations in the gene encoding copper-zinc
superoxide dismutase (SODI) (Rosen et al. 1993), Currently, there are
a limited number of therapeutic strategies to effectively cure and/or
relieve symptoms and improve the quality of life for patients.

Although the mechanisms for the selective degeneration of motor
neurons are still unclear, several lines of evidence have indicated that
ALS s associated with oxidative stress, excitotoxicity, mitochondrial

* Corresponding author, Neurodegenerative Thscases Research Centre, Graduate
School of Medicine, Tokai Univeraity Isehara, Kanagawa 259-1193, Japan. Fax: +81 463
91 4993

E-mail address. peikeda 38 o u-tokaac jp (| -E Tkeda )

D014-4BR6/S — sev front maller © 2008 Elsevier Inc. All nghis reserved

© 2008 Eisevier Inc. All nghts reserved.

dysfunction, neurofilament accumulation, neural inflammation, and
protein mislolding (Barber et al., 2006; Cluskey and Ramsden, 2001
Leichsenring et al., 2006; Menzies et al., 2002; Pasinelli and Brown,
2006: Shaw, 2005). Remarkably, the elevation of reactive oxygen
species (ROS) leading to oxidative stress are shown to be associated
with mitochondrial dysfunction (Barber et al., 2006; Menzies et al,
2002) and abnormal accumulation of neurofilaments in neurons (Kim
et al., 2004). Further, ROS induces the disruption of glutamarte uptake
via glutamate transporter (EAAT2) in astrocytes, which is implicating
in excitotoxic neuronal cell death (Rao et al, 2003; Rao and Waeiss,
2004; Trott et al, 1999). Thus, oxidative stress appears to play a
central role in the pathogenesis for ALS.

Recently, we have identified L-745.870 as a neuronal apoptosis
inhibitory protein (NAIP/BIRC1 }-upregulating compound (Okada et al,
2005), NAIP is a member of the inhibitor of apoptosis protein [IAP)
family and is known to exert potent protective activity against oxidative
stress-induced cell death (Liston et al., 1996). In fact, although it has
originally reported that [-745870 acts as an antagonist {or the
dopamine D4 receptor (Patel et al, 1997), we found thar L-745,870
selectively inhibited oxidative stress-induced cell death in vitro (Okada



