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sphice varant) polvelonal IgG (1:200; Chenmcon Intemanonal)
ratsed aganst amine acd residues 535-598 of mouse versican,
mouse anti-phosphacan/receptor protein ryrosine phosphatase-
B (RPTPB) core protemn monoclonal IgM  (1:5.000; clone
1222, Chemicon Intermarional), mouse anti-phosphorylated
neurofilament-M and -H (pNF) monoclonal 1gG (1:1,000;
Chemucon International), rabbit anu-ubiquinn (Ub) polyclonal
IgG (1:100; Dako), and biotn-conjugated mouse anti-human
newronal prorem Hu C/1D) monoclonal TgG (1:200; Invitro-
wen, Carlsbad, CA). Afier extensive ansing in TBS, the sec-
fions were incubated with a combinauon of approprate sec-
ondary anabodies diluted ac 15000 an antibody diluent solu-
ton (Dako) overmight (4°C). The secondary anobodies used
in this study were as follows: goat anti-mouse 1gG, anti-mouse
IeM, and anu-rabbit IgG comugated to Alexa Fluor 488
(hughly cross-adsorbed; Invitrogen): goat anti-rabbar gt con-
jugated w Alexa Fluor 368 (highly cross-adsorbed; Invitro-
een); and strepraviding conjugated to Alexa Fluor 647 (Invi-
trogen). After extensive washing in TBS, the shdes were
dipped it disnlled water and covernhipped with Shandon
Permalluor (Thermo Electron Corporation, Pittsburgh, PA),
then kept in the dark ar 4°C unnl analysis. A< a negauve con-
trol, the above-deswribed procedures were repeated withour
cach primary antibody. No specific labeling was idennfied n
these controls, For double- and triple-immunofluorescence
labeling, secrions were sequennally processed with each pni-
mary antibody and detected wath approprate Alexa Fluor-
conjugated secondary annbodies or streptavidin as desenbed
above.

SDS-PAGE and Immunoblotting

The lumbar spmal cord was quickly removed  after
decapitation under deep anesthesia with diethyl ether. Each
spial cord tisue was homogenized i a lysis buffer contmng
10 mM Tns-HCL pH 7.4, 100 mM NaCl 5300 mM EDTA.
and a protease mhibtor cocktail (Complete; Roche Diagnos-
tics. Mannheim, Germany) for 30 se¢ ae 47 C. The lysate was
centmfuged at 13,000 rpm for 15 min (47°C), and the superna-
tant was collected and asayed for protein concentration using
a Bradford assay kit (Bio-Rad Laboratories, Hercules, CA).
After digesnion with protease-free chondroimase ABC (0.5
U/ml; Seikagaku, Tokyo, Japan) for 3 hr at 37 C, the protein
samples were diluted with an equal amount of loading butfer
1125 mM Trs-HCL. 5% wt/vol sodium dodecyl sulfate (SDS),
pH 6.8], then denatured at 70°C for 3 min. SDS-polyacryl-
amide gel clectrophoresis (SDS-PAGE) was performed in 5—
1% gradient gel {Bio-Rad) for neurocan or 5-211% gradient
gel (Ateo. Tokyo. lapan) for phosphacan, versican, a-tubulin,
and B-actin. Lysate equivalent to 3.75 pg protemn sample was
run on the gel for 180 mun for neurocan, 450 mun for versi-
can, and 300 min for phosphacan at 100 V, together with size
markers (WIDE-VIEW Western size marker; Wako Pure
Chemical; Chemilununescent-BlueRanger Prestuned Molecu-
lar Weight Marker Mix, Thermo Fisher Scientific, Rockiord,
IL). Protein samples were then mransferred o palyvinyhidene
diftuoride (PVDF) membranes (Immobilon-P; Millipore, Bed-
ford, MA). The membranes were blocked with 6% <kim nulk
m THS-T (THS wach 0.05% Tween-20) for neurocan and

phosphacan or 4% skim munlk i TBS-T for versican overnight
at 4°C, then incubated with a pnmary antibody for 1 hr ar
RT. The prunary anubodies employed for iummunobloting
were as  follows: mouse lg(G
(1: 2000 Chemicon Internanonal); rabbit ant-GAGa domain
of vemican V2 polyclonal 1gG (1:500; Chemicon Intema-
nonal), mouse ant-phosphacan/BITPE core protein mono-
clonal 1gM, which recognizes secreted phosphacan fragments
and  full-length phosphacan/RPTPR  (1:1,000;  Chemicon
International);  mouse  ano-o-mubulin - monoclonal  1eG
(1:2,000; Sigma-Aldnch, St. Lows, MO); and mowe anu-B-
actin monoclonal [gG (1:2,000; Abcam, Cambndge, Umited
Kingdom). After three washes in TBS-T. the membranes
were incubated with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody for | br at RT as fol-
lows: goar ant=mouse IgG + IgM (H + L 1:1000: Kirke-
gaard and Perry Laboratones, Gaithersburg, MD), and donkey
ant-rabbit lgG (1:1,000; GE Healthcare UK.}, We detecred
the specific bindings using an ECL Plus kit (GE Healthcare)
and luminescent image analyzer (LAS-3000 mm; Fup Photo
Film, Tokye, Japan). To ascertain specific binding of the anti-
body for cach protem. another membrane was stamed m a
smilar way  wathour the primary annbody. The  protemn
cxpression levels of mterest were normalhized to those of a-
tubulin or B-acrin.

anti-neuarocan  monoclonal

Image Analysis and Quantification

We analyzed six to eight transverse sections from each
lumbar spinal cord by ndividual immmeRuorescence (n =
34, for cach experimental group). The selected sections were
separated by at least 30 pm from cach other. At %200 magni-
ficaton under a confocal laser scanmng microscope (CLSM)
system equipped with HeNe-green (543 nm), HeNe-red (633
um), and Ar (488 nm) laser umes (FV300; Olympus Optical,
Tokvo. Japan). we caprured images of the detined arcas (1,024
X 1,024 pixels for 3532 pm X 352 pm) n the ventral horn
(VH) and the venwal fumcalus (VF) bilaterally, with acquusi-
Ihe VH
image was routinely obtaned from the ventrolateral pornon
of ¢ach ventral hormn, which covers Texed’s lamina IX ar a
maximun. The VF image was routmely obrained from the
ventral superficial area of white matter in close proxinuty to
the VH. In addition, we captured equal-sized images of the
dorsal homs (Rexed’s lamimae 1T and V1) and the dorsal fum-
cult (beeween the gracile and cuncare fascicult) for compara-
tve analysis. On double immunofluorescence, mmages were
captured by sequential wavelength  exatanon and  separate
detection for each wavelength in order to avoid cross-talk.
The collected images were pseudocolored and merged with
Fluoview (Olympus). All images of each antbody were col-
lected at 1denncal sectings for confocal aperture, laser strength,
scan velocity, photomultiplier tube sensitivity, gain. and offset
The images were digitally swored on a PC (ThinkPad; 1BM
Japan, Tokyo, Japan) as TIFF files wath 4,095 shades of gray.
We evaluated the immunoreactive area (pixels) in each
defined area using compurenzed software (Image] 1.35s;
Wayne Rasa, NTH). The thresholds for posinve were set at
constant (1,590 on 04,095 grav scale), and the number of

tion software (Fluoview version 4.3 Oiyrnpm)
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pixels above the threshold was caleulated o expres the
CSPG-immunoreactive area. To assess the histologieal pro-
gression of MNID phenotype, we evaluated the ubiquitin-im-
munarcactive arca in the same way, We also estunated the
number of VH neurons in the lumbar spinal cord (L3), In the
caprured VH images, as descnbed above, Hu C/D-immuno-
reactive neurons (Liu et al, 1995) with distiner nuclel and a
diameter greater than 25 pm (Gadomski et al,, 2000) were
counted in a fixed area (470 pun X 470 jwm) usjog Tmage)
(NTH), The average number of bilateral VH images from
eight secnions separated at least 50 pm from each other was
submiitted for stansocal anabysis in individual animals. For
(lll.!ll"ﬁt..lllllll of ||1||!|ul||'h|ullm!;, the AVETag upliml densities
(expressed in arbitrary units) for the speafic bands were mea-
sured m Tmagel (N1, The area showing negative immmunore-
action was treated as background density. The value was nor-
malized with the average opuical densiues of the immunoreac-
tive band for a-tubulin or B-actin i cach lane individually.

Statistical Analysis

All the results are expressed as mean = S0 Differences
among the rat groups were examined for sigmficance using
one-way ANOVA among means of value, with the category
of rats s the mdependent fictor. Muluple pairwise compari-
sons between means were tested by the Tukey-Kramer post
hoc rest when ANOVA showed stgnibhicant differences (P <
0.05). For quanutication  of  immunoblotting,  differences
between the two groups were evaluated by means of Student's
-test for paired data. All stanstical amalysis was performed with
PC sofrware (GraphPad Prsm 5; GraphPad Software, San
Diego, CA), and the null hypothesis was réjected at the 0,05
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 mple immunofiuorescence for Hu C/D,
pNFE, and Ub i lumbar spmal cord at three different
stages, The number of large ventral horn neurons we
examined was immunoreactive for Hu C/T) (Liu et al.,
1995), with the distinet nuclei and a diameter greater
than 25 pun. Therefore, the estumated number was essen-
tally miterpreted as the number of mortor neurons n rat
spinal cord (Gadomskr et al., 2006), For the sections of
non-Tg rars, we observed no significant neuronal loss or
significant pNF- and Ub-immunoreactive aggregates in
the ventral homs (Fig. 1Aa—c,B.C). At the Pre suge,
there was no significant difference in the number of
large VH neurons between Ty rars and the age-matched
Non-Tg litermates (Fig. 1Aa,d.B). From the ES stage,
however, the number of large VH neurons m Ty rats
showed a progressive and significant decrease compared
with their age-matched lictermates (Fig. 1Ab,c,e,tB: P <
0.01), The progressive loss of neurons was consistent
through the disease progression, as was reported previ-
ously (Nagar et al,, 2001). and was sigmficant between
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I'g rats at the Pre and ES stages (Fig. 1B; ' < 0.01),
whereas the statistics did not show signincant ditference
in the symptomatic phase (berween the ES and 1S
stages; Fig. 1B). To address the neurodegeneranion aside
from the nevromal los m Ty rats, we quantified the
emergence of abnormal protein aggregates in the ventral
homs, From the ES stuges, Ty raws showed o progressive
mcrease of Ub- and/or pNF-immunoreacnive dot- or
rod-shaped aggregates in the VH newropl (Fig. 1Ac.f).
Ar the LS stage, we found abnormally pNF-accumulared
neuronal cell body (Fig. 1Ag, arrows) with more fre-
quent Ub- and/or pNF-immunoreacnive aggregates in
the ventral homs of Tg mais (Fig, 1Afinset,g, armows).
The Ub-positive aggregates were often colocalized with
or surrounded by pNFE-immunorcactive structures (Fig.
1Ae fanset,g), suggesting mtrancuronal accumuladon of
abnormal proteins, Furthermore, staustical analysis of
immunolabeling for Ub revealed 4 sigmificant and pro-
gressive increase of Ub-positive structures in Tg rats
compared with non-Tg rats ar the ES and LS stages (Fig,
1C; P < 0.01), and also among Tg rats at the three
stages (Pre, ES, and LS: Fig, 1C: P < 0.01),

Increased CSPG Immunoreactivity in Tg Rats

To examine a posible accumulition of CSPG in
the spmal cord with ALS-like motor neuron degenera-
uon, we employed a senes of immunofuorescence using
antibodies specific for CSPG core proteins such as neuro-
can, versican, and phosphacan at different stages. In the
spinal cord of non-Tg rats, mild and sparse perineuronal
unmunoreactivity for neurocan was observed throughout
the parenchyma (Fig. 2a,¢). The dorsal horns of the gray
matter (data not shown) and the subpial zone of the
white matter (Fig. 2¢) were predonunantly immunoreac-
uve for neurocan in non-Tg sections, In contrast, Tg rats
showed markedly increased immunoreactiviey at all the
examined stages compared with age-macched non-Tg lit-
termates (Fig. 2b=d,f-h). Nowbly, the up-regulanon of
ueurocan ummunoreactivity was predominant in the ven-
oal spinal cord (VH and VF; Fig. 2b-d,f~h) 1 Ty rat and
spread over the doral spinal cord (not shown) at the
symptomatic (ES and 1S) stages, In additon, we fre-
quently observed distinet perineuronal inmunoreactiviey
for neurocan m VH of Tg ras (Fig. 2b—d. arrows). Fur-
thermore, quantficanon of immunolabeling revealed 2
significant and progressive increase of nearocan -
noreactvity i Ty rats even from Pre stage compared
with non-Tg rats. Among Tg rats. there was a significant
increase of neurocan immunoreactivity 11 both ES and
LS stages compared with Pre stage (Fig. 3)

As for versican, we detected & constitutive expres-
sion at low levels in both the gray and the white matter
n non-Ty spinal cord (Fig. 21m), In Ty rats, versican
unmunoreactivity. was also up-regulated in the ventral
spinal cord (VH and VF) even at the Pre stage (Fig. 2j~L1—p).
Quanaticanon of immunolabeling showed a sigmiticant
ncrease of versican immunoreacoivity n the ventral spi-
nal cord of Ty rats compared with non-Ty rats (Fig, 3).
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In contrast to neurocan, the up-regulanon of versican
peaked at the ES stge and diminished at the LS stage in
VH of Tg rats. Among Tg rats, versican immunorcactiv-
ity i the VH was significantly higher at the ES stage
compared with the Pre stage (Fig. 3). However, the ver-
s1can neurocan unmunorcacoviey i the VF
showed a progresave mcrease in Tg rats (Fig. 3). Among
T'g rats, the mmmunoreactivity in the VF was sigmiticantly
higher at the ES and LS stage compared with the Pre
stage (Fig. 3). In the dorsal hom of Tg rats as well as in
the VH, the immmunoreactivity for versican was signifi-
cantly mcreased but less prominent than that n the ven-
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tral horns at the ES and LS stage (data not shown). On
the other hand, there was no sigmticamt ditference in
versican immunolabehng of the domal fumcub among
Tg rats at the three stages (data not shown).

For phosphacan immunofluorescence, we detected
low levels of immunorcactivity - non=-Tg spinal cord
(Fig. 41,m). As well as neurocan, phosphacan immunor-
cactivity in non-Tg was predominant in penneuronal
structures 1n the gray mater and subpial/outer zone of
the white matter (Fig. 41,m). In contrast, Tg rats showed
up-regulation of phosphacan at the sympromance (ES and
LS) stages (Fig. 4n). Quantification of phosphacan
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immunolabelng in VF revealed a progressive and signifi-
cant increase in g rars ar both the ES and the LS stages
compared with non=-Tg rars (Fig. 3), Among Tg rats,
there was a significant increase ot phosphacan immunor-
cactvity - both ES and LS stages compared with Pre
stage (Fig. 3). In VH, however, we found a significant
increase m Ty rats only at the ES stage (Fig. 3). At the
LS stage, phosphacan immunoreactivity m VH of Ty
rats returned to the normal level and was not signifi-
cantly different compared with non-Tg (I 3). There
was no sigmbicant difference i phosphacan immunor-
cachivity the doral homs and dorsal funcull between
Tg and Non-Tg raws ar any stage (data not shown).

Association Between CSPGs and GFAP-Posi
Astrocytes in Tg Rats

GFAP-posinive reactive astrocytes increased even at
the Pre stage, preceding loss of VH neurons i Ty rats
(data not shown). As the discase progressed, the GFAP
immunoreactivity became  prominent  contninually  not
onlv in the VH bur also in che white matter surrounding
the VH, especilly i the ventral side of spmal cord in
Te rats (Fig deg ko) In a similar way, Tha-1-posinve
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L]
Pre ES LS

mucroglia mereased
I'g rats from the Pre
stage, we  observed

ogressively i the spinal cord ot
stage (data not shown). At the LS
numerous  hypertrophi
astrocytes and reactive microgha predominantly in the
ventral spial cord gray and white maceer.

To clnfy the cellular accumulaced
CSPGs m the spinal cord, we performed double immmnn-
notuorescence CSPG protems
with cell type-selective markers as follows: GFAP, an
astrocyte mmarker (Pegram et al, 1985), GST-m,
oligodendrocytes (Tansey and Cammer. 19915 Tamura
et al, 2007) newroliliment-H, large-diameter myehin-
ated neurons (Perrv and Lawson, 1993); and Iba=1, rest-
g and acuvated microgha (Ito ec al, 1998; Ahimed
et al, 2007). The combinatorial  immunolabelings
revealed a partial colocahization between neurocan/phos-
phican and GFAP (Fig. 4« _d,g_h for newrocan/GFAT:
Fig. 4kl op for phosphacan/GFADP). Colocalizatnon was
observed predonumantly in the ventral spinal cord (VH
and VF), especially in the perineuronal areas immunore-
acnve for CSPGs in VH (Fig. 4d.) In contrast, we did
not observe any disunct colocalizanon berween CSPGs
and  other markers such as GST-n, neurofila-
ment-H. and [ba-1 (data not shown).
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Increased Levels of CSPGs in Tg Rats

To contirm the resuls of immunohistochemical
analysis. we examined the cumulative species of CSPGs
in Tg ras by quantmave immunoblotting wich speafic
anubodies for the core proteins. According to the im-
munofluorescence data (Fig. 3). we selected the exam-
ined stages for the CSPG immunobloting: LS stage for
neurocan and ES stage for both versican and phospha-

can. The immunoblotting revealed increased levels of

disunct CSPG species in whole lumbar spinal cord lysate
of Ty rats. For neurocan, immunoblotwng showed the
mereased levels of two isoforms of newrocan in the spmal

cord of 'I;'_ rats at the LS stage

In non-Tg rarts, only
thin bands for the proteolytic fragments of neurocan
were detected ar approxamarely 150 kDa, without spe-
¢ific bands for the full-length neurocan (Fig. 5A). In
contrast, we detected distnet bands spes ihic for both the
full length at 245 kDa and for the proteolytic fragments
at approximately 150 kDa i Tg rats (Fig. 5A). Densi-
wometry revealed an approximacely H-fold increase of
full-length neurocan and fourfold increase of proteolyvtic
fragments of neurocan in the spinal cord of Ty rats com-
pared with those of non-Tg rats (Fig. 5A). As for vemi-
can, we found the mcreased levels of the CNS-specific
V2 soform in the spinal cord of Tg rats at the ES stage
A disunct band corresponding to versican V2 ar =220
kDa was evident m Tg rats, whereas very thin bands at
the same molecular weight in non-Tg rats (Fig. 58)
Densitomerry  revealed  an approximately  tourtold
increase of versican V2 in the spinal cord of Tg rats
compared with those of non-Tyg rats at the ES stage
(Fig. 58). We also found a similar result in the quanrita-
uve immunobloting for phosphacan at the ES smage.
The wmmunoblotting showed a smear=like bund corre-
sponding to phosphacan/IPTPR core protem at =220
kDa. Other bands corresponding o splice vamants of
phosphacan were also detected ar approximarely 180
kDa (Fig. 5C). Densitometry revealed an approximaccly
threefold increase of phasphacan/RIPTPR i the spimal
cord of Tg rats compared with those of non-Tyg rars at
the ES stage. Although a similar tendency was observed
in rhe splice vanants of phosphacan, there was no signifi-
cant difference between Tg ras and non-Tyg rats at the
stagze (Fig. 5C). In contrast to the case for the ES stage,
we found no sigmficant increase in the levels of versican
and phosphacan in Tg rats at the LS stage (data not
shown)

DISCUSSION

In the present study, we found a significant aceu-
mulaton of CSPGs in the adule spinal cord of a rat ALS
model. The accumulatgon was predominant in the ven-
tral spmal cord, where the neuropathology primarily
occurred, and subsequently spread throughout the dorsal
spinal cord. Moreover, in parallel with disease progres-
ston even from the Pre stage, we detected an accelerated
mncrease in both neurocan and versican immunoreactiv-
iny. I'herefore, it 15 suggested  that  the
up-regulation of CSPGs 15 closely related to the neuro-
degeneration in the present model. However, up-reguls-
non of phosphacan was less pronunent as well as less
significant only in the ES stge i the ventral horns
Previous studies have reported diverse resules for phos-
phacan after vanous forms of CNS mjury (McKeon
et al., 1999; Moon et al., 2002; Tang et al., 2003) or
demvyehmaong lesions (Sobel and Ahmed, 2001), Thus,
the differential accumulation of CSPGs suggests a disunct
property of each CSPG and 4 complicated regulanon of
CSPG metabolism under disease condinons (Galerey and
Fawcett, 2007).
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cousntutes a

major component of the ECM. During development,
CSPGs regulate axonal pathtinding, synaptogenesis, and
cell mugraton  and  resmice  plasocity.  Furthermore

CSPGs are reported to bind and interace with 4 variery
of molecules such as growth factors, cytokmes, and cell-
surface receptors. In gray matter of adult rat spinal cord.
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CSPGs are distnbuted mainly e the neuropil, and the
VH neurons are surrounded by disinct ECM containing
CSPGs, which s called perinenronal nets (Vitellaro-Zuc-
carello et al,, 2007). Our findings of immunofuores-
cence for CSPGs i non=Tg raws are fundamentally com-
patible wath the previous report. Therefore, CSPGs play
a physiologically pivotal role such as signal transnussion
n the mnwace adule ~|.-m.1f cord and are believed o pre-

vent unnecessary synapne connections for stabilizing the
CNS structure

Extensive mvestigations have pin'\'1|!1|\|\
up-regulavon of CSPCGs insults of

evealed

I CNS. In

@
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A Neurocan

(=) Full-length
Nm—Tg Tg (LS) . -Ts |
]
.l Lm i
-i ”. 150 1
B bk . g
Non-Tg Tg(Ls) Non-Tg Tg(Ls)
B Versican (=) Versican V2
Non-Tg Tg (ES) :c:-.-r. -
w0y ? & 1 ——
20
. g 1
! 150
p-sctn [T ]
Non-Tg Tg(ES)
C Phosphacan
Non-Tg Tg (ES) (=#) Phosphacan (RPTPB) (-2) Fragments of phosphacan
I Mory Tg
e

atative mumunoblotting analysis of different chondroitin
}-.\'| an (CSPGy) levels m the whole lumibar \illll.ll vond

sulfute rrotes
of HI6IL trmsgeme (Ti) rats and the age-matched brtermate contrls

fron=Tg) tur.lp}h reprosent relative  optic i denwty valie of the

bands: ratox of those of CSPG o those of the mtemal contral pro-

tein are shown (inean * 5D, Asterisks mdeate o sigmbficany ditfer-
ence beeween Ty vars and non-Tyg ras (*P < 005, *%P < (bl n

v, Stodent’s ctea) Ar Timunobloting G scarocan o Te ras at
the Lie sympronane (LS) stage and non-Tg contrals. The level of

With sOlorig o j neurocan. the 2 _:|- 4 MU=ICHED neurocan (solid
buoth sof I he 245-k124 full-lengt Iidd
arrow) and the cleavage products (open arrow) were up-regulated

most cases of acute CNS insults, including cerebrocorti-
cal wound wury (McKeon et al, 1991), ischenna
(Deguchi et al.. 2005), demyelinating lesions (Sobel and
Ahmed, 2001), kamic acd-induced excitotoxic lesions
(Matsun et al., 2002; Okamoto et al,, 2003), and spmal
cord mpury (Jones et al,, 2002; Tang et al.,, 2003), high
levels i the expression of CSPGs peak after a certan
peniod and recover to the normal levels. We tound a
similar up-regulation of CSPGs even under conditions
ot a chromc neurodegencranve disease. However, pro-
gressive accumulanion  of neurocan in concert with
relentless neuronal loss showed a temporal profile distnct
from that of acute CNS injury. Much evidence suggests
that CSPGs have inhibitory potentials on axonal regen-
eration n vitro and i vivo (Galorey and Faweett, 2007).
Furthermore, mare recent studies have shown thae the
gliosis-associated CSPGs play an additional inlubitory
role i cell migravon in vive (Keamns er al, 2003;

gz
31

(upper pancl), a-Tubulin was wsed as an intemud control for applied
lower panel). Bz Innounoblowing

=

Non-Tg Tg(ES)

unounts of protem in eah lane
fior CNS—speatic woform of vensiean V2 i T rats at the eardy symp-
tomatic {ES) atage aruld nnn-!!_' comirols. The
wotorm (=220 k1, solid arrow) was up-regulated (upper panel). B-
Acom was wed a4 conerol (lower panel). G: Tunnanoblottg tor
phosphacan i Ty racs ar the ES stage and non-Ty controbe. The level
of buth phosphacan/RPTPR core protem (220 kT
and the fragments (open arrow) were up-regulated (upper panel). B-

level of vemican V2

soliel arrow)

Actin was wsed as o control (lower panel)

Tkegami et al., 2003). Thus, the accumulation of CSPGs
could mhibit  endogenous/exogenons  regeneranve

potential as a molecular barmer. The inhibitory property
of CSPGs 1s denved from both the GAG side ¢hains and
the core protems themselves. Thus, the suppression of
CSPG oexpression or enzymane degradanon of CSPGs
may change the microenvironment of spinal cord m the
present model. In face, local digesnon of GAG ade
chans i vivo by chondroitinase ABC, a bactenia-
derived enzyme, has previowsly been shown to induce
axonal t.long.ll:loll and promote funcnonal recovery
spmal cord mjury models (Moon et al., 2001; Bmdhun'
et al., 2002) and also to create a pernussive environment
conducive to axonal growth from penpheral nerve graft
into spinal cord (Houle et al., 2006)

On the other hand, a neuroprotectve role aof
CSPGs has also been \'ug_q:t'\(cd in several CNS insults,
such as spinal cord injury, exciotoxicity, and B-amy-
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loid-induced neurodegeneration models (Rhodes and
Fawcetr, 2004) Considering  the  posible  beneficial
aspects of CSPGs, the up-regulation of CSPGs surround-
ing residual VH neurons may reflect an endogenous pro-
tective process aganst the neurodegeneration in the
present inodel. Although enzymatic digestion of CSPGs
has not been reported to exacerbate CNS damage o
date (Galtrev and Fawcetr, 2007). the significance of the
abnormally accumulated CSPGs i vanous typey of CNS
insules s still a matter of debate. Reactive ghosis, one of
the prominent pathological events in ALS spinal cord
(Newsch et al., 2007), consists mamly of reactive astro-
cytes (Silver and Miller, 20004), In addition to the astro-
cytie reaction, mucroghal acovaton s also an early and
distinet response in Tg rodent models of ALS (Hall
et al. 1998 Alexianu et al,, 2001). In the present study.
double immunofluorescence revealed partial assocuanons
berween neurocan/phosphacan and GFAP-positive astro-
cyres, but not Tha- I-positive microglia, in the degenerat-
ing spinal cord of Ty rats. Hypertrophic astrocyees are
principal source of neurocan and secrete 1t o the
ECM i adult ©NS, In addinon, neurons are reported
to synthesize neurocan.  Astrocvtes have also been
reported o produce phosphacan followig brain injury
(McKeon et al., 1999; Thon et al., 2000). Consistenty
with these data, we observed the penneuronal dense
staming  around VI neurons, where GFAP-positive
processes surround the neuronal cell body. mn the spinal
cord of Ty rats. More systemane investigation to identify
the cellular source of CSPGs using this model 15 neces-
sary. Because reacoive astrocvtes are considered 1o play
paradoxical roles both beneficial and harmtul to neurons
(Sofronicw, 2005), wdenuficadon of the mechamsims that
regulate the molecules in the ECM could lead o control
of the expression of CSPGs. In fact, a recent study dem-
onstrated the CSPG-regulating molecules i astrocytes.
Xylosvitransferase and chondroitin d-sulfotransterase are
responsible for chondromn sulfate side chain synthesis by
astrocytes (Gris er al,, 2007), Transtorning prowth fac-
tor-B2, mterleukin-6, and platelet-denved growth factor
are also reporred to regulate differenially the expression
of CSPGs i astrocytes (Gris et al, 2007). In addition,
proteases mvolved i the turnover of CSPG core pro-
teins are reported, such as the matrix metalloprotemases
(MMPs) and a disintegrin and  metalloproteinase  with
thrombospondin repeats (ADAMTSs). MMPs are rapidly
up-regulated after almost all types of CNS insule, includ-
g spinal cord imury (de Castro er al., 20009, ischemia
(Rosenbere, 1995; Muir et al.. 2002), and Alzheimer's
disease (Yoshiyama er al,, 2000), Further study will be
needed to cluaidate the posable roles of these regulatory
molecules in CSPG metabolism i vivo.

Neurocan 15 one of the maor CSPGs in the mtet
CNS, Dunng development. expression of both the full-
lengeh (245 kDa) neurocan and its cleaved tragments, C-
terminal (150 kDa) and N-termuinal (130 kDa) neurocan,
18 regulated o the normal brain (Rauch et al., 1991;
Mever-Putthtz et al, 1993). In the e adult CNS,
full-length neurocan is scarcely detected, whereas the N-
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termmnal fragment has been detecred  throughour  life
(Matsut et al,, 1994), Moreover, both full-length and N-
terminal neurocan, bur not C-ternunal fragients, show
an inhibitory acuvity against neunte outgrowth (Karoh-
Semba et al,, 1998; Asher et al,, 2000). Thus, it is sug-
gested that full-length neurocan plays the most impaortant
role amiong it isolorms i regulating neural plisticity
Immunoblottng analysis 1 the present study showed o
robust increase of che full-length neurocan and its frag-
ments at the LS <tage, further suggesting an inhibitory
microenvironment for regeneration i this model. Sii-
lar changes have been reported i excaitotoxie epileptic
conditons (Matsur er al., 2002) and after mechanical
incision, schemua (Deguchr er al., 2003), and spinal cord
njury (Tang et al., 2003). In contrast to those of neuro-
can, functional properties of versican, phosphacan, and
their isoforms under physiological or pathological condi-
tons remamns to be estabhshed. Among three alterna-
tively spliced variants, versican V2 15 abundant i the
adult CNS and s expressed by ulrgmh’mh'm \.'U,'-]inc.l.gc
cells, whereas V1 ssoform 1s distributed widely around
the other tissue. Among the soforms. vermican V2 i
considered to be inhibitory to neurire outgrowth, but
how the soforms of versican are controlled after CNS
msults 15 unclear (Viaprano and Marchews, 2006), On
the other hand, phosphacan s an extracellular part of the
RPTPB recepror, and the phosphacan/RPTPR has ar
least four spliced varne. In addinon to the presence of
vanous 1soforms of phosphacan/ RPTPR, their tunctional
roles have been shown to be hughly complicated. Previ-
ous reports showed diverse function (promonon or mmhi-
bition) on axonal regrowth, which depends on the
mode of expression and molecules wich which to inter-
act (Faissner er al,, 2006). As well as neurocan, both
Herons .“H* TEACIVe Jsroc )"I.'\ Are |‘t‘pUT=fll [$8] t‘NprL'\&
phosphacan/RPTPR. The significance of mereased phos-
phacan in this study remaings w be defined.

In summary, this is the fisst study to show the spa-
aotemporal accumulation of CSPGs under chronie neu-
rodegenerative condition i a Tg rat model of ALS.
Although the possible neuroprotecnve implication remains
to be invesigated, the increased CSPGs and their associa-
ton with reactive ASTrOCYLes suggest the existence of a non-
permissive microenvironment for regeneration. Consider-
g the future development of cell-restorative therapy in
ALS, both the regulation of the microenvironment sur-
rounding motor neurons and the control of reactive
glioss nuay be an important strategy i facilitating sur-
vival, mgration, neurite: outgrowth, and synaptogeness
ol newborn cells.
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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by a selective Inss of motor
neurons in the motor cortex, brainstem. and spinal cord. It has been shown that oxidative stress plays a pivotal
role in the progression ol this motor neuron loss, We have previously reported that L-745 870, a dopamine D4
receplor antagonist, selectively inhibits oxidative stress-induced cell death i vitro and exerts a potent
neuroprotective effect against ischemia-induced neural cell damage in gerbil. To investigate the efficacy of
[-745 870 in the treatment of ALS, we here conducted a chronic admimistration of L-745,870 to transgenic mice
expressing a mutated form of human superoxide disimutase gene (SOD1"*%*}: 2 mouse mode! of familial ALS,
and astessed 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
transgenic mice. These ammals showed a delayed loss of antenior hom cells in the spinal cord concomitant
with a reduced level of microghal activation ar a late symptomatic stage. Further, the post-onset admimistranon
of L-745,870 to the SOD11#5R rransgenic mice remarkably slowed the disease progression and exrended their
life spans. Taken together, our findings in a rodent model of ALS may have implication that L-745870 15 a

possible novel therapeutic means to the treatment of ALS

Introduction

Amyotrophic lateral sclerosis (ALS) is a heterogeneous group of
mexorable neurodegenerative disorders charactenzed by a selective 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 are familial ALS
[TALS) (Cleveland and Rothstein, 2001 ), among which an approximately
20% are linked to mutations in the gene encoding copper-zinc
superoxide dismutase (SOD1) (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 15 associated with oxidative stress, excitotoxicily, mitochondrial

* Corresponding author, Neurodegenerative [hicases Research Centre, Graduate
School of Medicine, Tolau Umiversity Isehara, Kanagawa 259-1193, Japan. Fax: <81 463
91 49213

E-moil address: jeikeda 3800 u-tokaiac jp (] -E Ikeda)

0014-4BEGIS - sce fron matter © 2008 Elsevier Inc. All nghis reserved
don: WV I expreurol, 2008, 02004

© 2008 Elsevier Inc. All nghts reserved

dysfunction, neurofilament accumulation, neural inflammation, and
protein misfolding (Barber ¢t 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 glutamate uptake
via glutamate transporter (EAAT2) in astrocytes, which is implicating
in excitotoxic neuronal cell death [Rao et al, 2003; Rao and Weiss,
2004; Trotti et al. 1999). Thus, oxidative stress appears to play a
central role in the pathogenesis for ALS,

Recently, we have identified L-745870 as a neuronal apaptosis
inhibitory protein (NAIP/BIRC1 }-upregulating compound (Okada et al.,
2005), NAIP is a member of the inhibitor of apoptosis protein (IAP)
family and 1s known to exert potent protective activity against oxidative
stress-induced cell death (Liston et al., 1996]. In fact, although it has
originally reported that 1-745870 acts as an antagonist for the
dopamine D4 receptor (Patel et al, 1997), we found that L-745870
selectively inhibited oxidative stress-induced cell death in virro (Okada
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et al. 2006). Further, it was revealed that the oral administration of
L-745,870 attenuated ischemia-induced damage of the hippocampus
CA1 neurons in a gerbil model (Okada et al. 2005). Taken together.
1.-745,870 may have a potency in the treatment of neurodegenerative
diseases associated with oxidative stress, such as ALS.

Therefore, the aim of the present study was to investigate the
efficacy of L-745,870 i the treatment of ALS through the study m
which the systemic administration of L-745,870 (o mice expressing a
mutated form of human SOD1 gene (SOD1"%%) was conducted. We
here demonstrated that the pre-onset administration of L-745.870
significantly retarded the disease-onset and prolonged survival in
transgenic SOD1"*** mice. The L-745,870 treatment also delayed loss
of motor neurons in the spinal cord accompanying with the reduced
level of microglial activation and TNF-a expression. Intriguingly, the
post-onset administration of L-745 870 resulted in a slowed progres-
sion and prolongation of a post-onset survival span in a same mouse
ALS model. Collectively, 1-745,870 may provide a novel therapeutic
means towards the treatment of ALS,

Materials and methods
Chemicals and antibodies

3-{|4-(4-chloraphenyl Jpiperazin- 1=yl jmethyl |- L H-pyrrolo] 2,3-b)
pyridine (1-745,870) (Molecular Weight: 326,82) was purchased from
Ishihara Sangyo Kaisha, LTD (Siga, Japan), and subjected to animal
experiments. All other chemicals are from commercial sources and of
analytical grade. Antibodies used in this study included rabbit
polyclonal anti-SOD1 antibody (#sc-11407; Sanra Cruz), rabbit
polyclonal anti-ionized calcium binding adaptor molecule 1 (Iba-1)
antibody (#019-19741; Wako), rabbit polyclonal anti-ghal fibrillary
acidic protein (GFAP) antibody (#RB-087-A0; LABVISION |, anti-mouse
TNF-u/TNFSFIA antibody [AF-410-NA; R&D SYSTEMS), and ant-
mitrotyrosine antihody | #06-284, UPSTATE).

Animals

In this study. we used transgenic mice carrying the H46R mutation
in the human 50D1 gene; SOD1™% (Chang-Hong et al, 2005; Sasaki
etal, 2007) as a model for FALS, Since genetic background is one of the
important factors modulating disease phenotypes in mutant 5001
transgenmic mice {Heiman-Patterson et al, 2005), we first generated
congenic line of SODT*® ransgenic mice by backcrossing more than
12 generations with C57BL{GN mice, and then the line was mamtained
as hemizygotes by mating S0D1'"** males with C57BL/6N females.
The offsprings were genotyped by a PCR assay using genomic DNA
from tail tissue. Mice were housed at an ambient temperature of 23 °C
and at a 12 h light/dark cycle, in which water and food were available
ad hibitum. All ammal experimental procedures were approved by the
Tokar University Medical School Committee on Animal Care and Use.

Administrution of the compound

L-745,870 was dissolved in 0,233 N HCI and then adjusted at an
appropriate concentration by diluting with physiological saline.
Animals were anesthetized with halothane (4%) in a mixture of N,O/
0, (70:30), and were intragastrically {1.g.) received with L-745.870 via
a gastric tube (CAT.N0.4202, Fuchigami) at a dose of either 4 mg/ke,
10 mg/kg or 20 mg/kg body weight. In parallel, two different control
groups of amimals; those treated with anesthesia alone (sham group)
and with anesthesia followed by the vehicle administration (vehicle
group), were adopted. The daily administration of L-745,870 or vehicle
to mice was conducted starting at 12 weeks of age (pre-onset
administration) or at the day at which animals exhibited a sign of
motor dysfunction (see bellow); the onset [post-onset administra-
tion), and was continued until their terminal phase (death).

- 1z

Observation of gross phenotypes in mice

Body weight of each mouse was measured from 12 weeks of age and
weekly thereafter until death. Gross bebavior of each animal was daily
observed through visual inspection. In particular, hind imb movement
and rearing behavior of each animal were weekly monitored by video
camera from 12 weeks of age to the end stage. To determine the age at
onset ol motor dysfunction in transgenic mice, we adopted a balance
beam test using the stainless steel bar (45 cm long and 0.9 cm in
diameter ), Motor function in the hind limbs was assessed at 12 weeks of
age, and weekly thereafter until the day at which mice were unable 1o
stay on the bar, We used the following five arbitrary grades to evaluate the
maotor function of mice; grade 5 (enable to walk and change the directions
on the bar without their hind limb slipping), grade 4 (occasionally
showed a sign of hind limb slipping, but skillfully walk on the bar ), grade 3
[frequently showed a hind limb slipping, but still awkwardly walked on
the bar), grade 2 (stay on the bar, but quickly fall off from the bar when
attempt towalk), and grade 1 {unable to stay on the bar). In this study, the
grade 3 was defined as the sign of the disease onset. Lifespan of animals
was determined by the observations that mice have no longer had a
heartbeat and breathing, and survival interval was calculated by the
subtraction of the day of life span by the day of disease onset,

Assessment of maotor function

We assessed motor performance, coordination, and balance of mice
using the rotarod apparatus (MK-660A, Muromachi Kikar Co. Lid,
Japan). The duration retaining on a rod (diameter, 30 mm; rotation
speed, 8 rpm; a maximum period, 120 s) without falling was measured.
After the training session (20 rpm = 5 trails for 2 days ), mice were tested
ance a week until they could no longer perform the task, Each mouse
was given five trials, and the longest duration an the rod was scored.

Western blot analysis

At 13 weeks (pre-symptomatic stage, | week after the initial
administration of L-745,870) and 22 weeks (late-symptomatic stage:
after the administration of L-745,870 over a period of 10 weeks) of ages,
the mice were anesthetized with halothane (4%) in a mixture of N,0/0,
(70:30) and transcardially perfused with physiological saline contain-
ing 10% heparin, and lumbar spinal cord was removed. Tissues were
homagenized in lysis buffer (50 mM Tris-HCl (pH 75), 150 mM NadCl,
0.1% NP-40, Complete Protease Inhibitor Cocktail (Roche)), and was
centrifuged at 22,000 =g for 30 min. The resultant supernatant was
collected as a NP-40 soluble fraction, The insoluble pellet fraction was
then suspended with phosphate-buffered saline (PBS) (pH 7.2) contain-
ing 5% sodium dodecyl sulfate (SDS), sonicated, and left for 30 min at
room temperature, After the centrifugation at 22,000 =<g for 30 min, the
supernatant was collected as a SDS-soluble fraction. Protein concentra-
tion of each fraction was determined by the Micro BCA system (Pierce)
Ten pg of protein from each fraction was electrophoretically separated
an a 15% SDS-polyacrylamide gel, and transferred onto polyvinylidene
difluoride (PVDF) membrane (Bio-Rad Laboratones, Hercules, CA)
Membrane was blocked with 5% skimmed-milk (Wako) in TBST buffer
(50 mM Tris-HCl (pH 74), 150 mM NaCl, 0.1% (w/v) Tween-20)
overnight at 4 °C and was then incubated with the anti-SOD1 antibody
(dilution 1:10,000) in TBST containing 1% skimmed-milk for 2 h at room
temperature. After washing with TBST, membranes were incubated
with the peroxidase-conjugated secondary anti-rabbit 1gG (#NA934, GE
Healthcare UK Lid, Buckinghamshire, UK) for 1 h at room temperature,
Signals were detected using ECL Plus (GE Healthcare UK Led).

Histopathological analysis

At 13 weeks, 19 weeks, and 22 weeks of ages, the mice were
anesthetized with halothane (4%) in a mixture of N,O/0, (70:30).
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Under the anesthesia, the mice were transcardially perfused with
physiological saline containing 10% hepann, followed by 4% paraf-
ormaldehyde (PFA} in 0.1M phosphate buffer (PB) (pH 7.2). Spinal cord
was removed and post-fixed with the same fixative for 48 h at 4 “C.
Lumbar segment (3-4 mm in length) was embedded in paraffin. Senal
transverse sections (6 ym thickness) of lumbar segment (L4) were
sliced and stained with hematoxylin and eosin (H&E) for histopatho-
logical evaluation

Quantitative assessment of the number of anterior horn neurons in
L4 lumbar segment from mice at 22 weeks of age was also conducted.
Sections (6 pm thickness) were stained with cresyl-violet (Nissl
staining) and observed under hight microscope equipped with a CCD
camera (DP71, OLYMPUS). A total of 9 representative images of every
sixth serial section throughout L4 segment was analyzed. A size of
neuron (cross-sectional area of each soma) was also determuned by
utilizing Image] software version 133u [NIH). The anterior horn
neurons were counted as those fulfilled the following three critena; 1)
neurons located within ventral half of the gray matter of the spinal
cord (see Fig. 4D), 2) neurons with distinct nucleolus, and 3) neurons
whose the cross-sectional area was over 40 ym’,

Immumohistochemical analysis

Immnohistochenical analyses with anti-lba-1 (dilution 1:200),
anti-GFAP [dilution 1:200), anti-TNF-« (dilution 1:50), and ant-
nitrotyrosine (dilution 1:50) antibodies were performed. For immu-
nostaining using anti-Iba-1 antibody, but not using anti-GFAP antibody,
the deparaffinized sections from 22 weeks of age were pre-treated by
autoclaving at 121 °C for 5 min in 10 mM citrate buffer (pH 6.0). The
sections were incubated with 0.3% H;0+ in methanol for 30 min and
then with phosphate-buffered saline [PBS) (pH 7.2) containing 0.3%
Triton X-100 for 30 min. After the treatment with PBS containing 5%
normal goat serum (NGS) (5-1000, Vector Laboratones) for 1 h at room
temperature, the sections were incubated with either anti-lba-1 ar anti-
GFAP antibody in PBS containing 1.5% NGS and 0.05% Triton X-100
overnight at 4 “C. The sections were then incubated with HISTOFINE
simple stain mouse MAX-PO (R) (code 414341, Nichirei Corporation,
Japan) overnight at 4 "C. The sections were visualized using 0.05% 3.3-
diaminobenzidine tetrahydrochlonide (DAB) (Wako) and 0.015% H,0.,
in 50 mM Trs—HCI (pH 7.5) buffer, and the DAB reaction products were
observed under a microscope,

For vmmunostaining using ant-TNF-a and anti-nitrotyrosine
antibodies, microwave treatment of the sections from 19 weeks of
age was performed for 5 min in 10 mM citrate buffer (pH 6.0). The
sections were then incubated with 3% H;0; for 30 min and with PBS
(pH 72) containing 0.3% Triton X-100 for 30 min. After the treatment
with PBS containing 5% normal rabbit serum (NRS) (5-5000, Vector
Laboratories) or 5% NGS5 for 1 h at room temperature, the sections
were incubated with anti-TNF-a antibody in PBS containing 1.5% NRS
and 0.05% Triton X-100 or with anti-nitrotyrosine antibody in PBS
containing 1.5% NGS and 0.05% Triton X-100 overnight at 4 “C. The
sections were then incubated with HISTOFINE simple stain mouse
MAX-PO (G) (code 414351, Nichirer Corporation, Japan) or with
HISTOFINE simple stain mouse MAX-PO (R) overnight at 4 °C, and
were visualized using DAB. The DAB reaction products were observed
under a microscope.

Statistical analysis

Data in this study were presented as mean+SD or mean +SEM.
Statistical significance was evaluated by ANOVA (analysis of variance)
followed by Tukey's method for multiple comparisons between
groups (Microsoft Office Excel 2003 with Excel statistics 2006),
Survival data were compared using Kaplan-Meier survival analysis
with log-rank test (SP5SS 15.0] software), A P-value -0.05 was
considered as reaching statistical significance.

Results
The L-745,870 treatment improves clinical symptoms in SOD1"F mice

In SOD1"% mice (Chang-Hong et al, 2005; Sasaki el al, 2007), the
first sign of discase symptom was weakness of hind limbs, which was
observed at - 17 weeks of age. As the disease progresses, abnormal gait
became mare apparent, and hind limb movement and reanng activity
were progressively impaired. Further, when suspended by the tail,
SOD1"™ mice exhibited the feet-clasping like posture at an carly

A B

vehicle
(165 days)

10mg'kg L-T45.870
(165 dayx)

vehicle Imp/kg L-T45 870
1165 days) (165 days)
30
25
20 i ’ I
i
¥ s
F a3
g lof =-=#-=- sham
=0 wehicle
5| —— lomgkg L-745.870
— =0 — 20mg/kg L-745 870

ul?l} 14 1S 16 17 18 19 20 21 22 23 24 25 26 27
Age (weeks)

Fig. 1. Effect of the L-745 870 treatment on the gross clinical symptoms in SO0 mice
(A and B) Representative photographs of mice at 165 days of age showing a typical hind
limb posture upon the tail suspension. The velucle-treated mouse shows 2 complete
paralysis in hind limb A ) whereas the L-745 870-treated mouse [ 10 mg/kg) still exhibits a
fert-clasping phenotype (B). (C and D) Representative photographs of mice ar 165 days of
age showing a rearing behavior. The vehicle-treated mouse is unable to keep an upnight
posture (C), while those treated with L-745 870 shows a rearing behavior (D). (E) Changes
in the body weight of SO0 1™ mice in sham, vehicle. and L-745.870 10 mg/kg or 20 mg/
kghtreated groups (each n=BL Data are expressed 45 meanzSD. Mo statistically
significant differences between experimental groups were observed throughout exper
mental periods { 12-27 weeks of age) (ANOVAL Nevertheless, it is notable that 2 reduchon
{approximately 10%) of body weight observed at the end stage of disease | 23-24 werks of
age ) is delayed to 25-27 weeks of age in L-245870-treated animals

=127 =
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symptomatic stage, while non-transgenic litters showed a laterally
extended posture of their hind limbs (data not shown). At the end
stage of discase (- 23 weeks of age), they showed a complete paralysis;
no movement of hind limbs, upon the tail suspension. Ultimately, the
mice were unable to move and died at - 24 weeks of age.

To evaluate the effect of 1-745870 on disease symptoms, the
treatment of SOD1"*® mice with L-745,870 was initiated at 12 weeks of
age (pre-symptomatic stage). The mice were received with 1L-745870
daily at a dose of either 10 mg/kg or 20 mg/kg body weight, and were
monitored their hind limb movement and reanng activity. At 23 weeks

of age, a majonity of the vehicle-treated mice showed a complete
paralysis of hind limbs, and thus never showed a feet-clasping phe-
notype upon the tail suspension and a reanng behavior (Fig, 1A and C).
In contrast, the 1-745,870-treated mice at the same age still showed a
feet-clasping phenotype and rearing activity (Fig. 1B and D).

As S0D1M0% mice had already reached their maximum body weight
at 12 weeks of age, the effect of the L-745.870 on the weight gain could
nol be evaluated in this study. However, the treatment of L-745,870
prevented SOD1'"** mice from early weight loss (Fig. 1E) by retarding
the disease progression. Incidentally, non-transgenic littermares treated

A

100
080

= 0601

£

S 040}

E === = sham 1254227 days
oz} = vehicle 126331 days

= 10mg/kg L-745,870
== 20mg/kg 1.-745,870

130.822.5 days
1308250 days

[ 90 100 110
Age (days)

120 130 140 150

100 =t & T T
— 0350 T
z
fuw
=
Z 040
£ - << - sham 1634100 days
=8 s} — vehicle 16495 59 days

——— 10mgkg L -745,870
—-r— 20mphkg L-745,870

18044 6,6 days
174,62 B9 days

0,00 — -
0 100 120 200
Age (days)
1.00 —
3 LS
g oso}
L.
g 060}
2‘ n40}
'i ===+ sham 381290 days iy
020 T vehike Woxsadays | L., L.
U —— 10mghg L-745.870 49.7xS6days L p.
—--— 20mg/kg L-745,870 41987 days i
0.00
0 10 20 0 40 0 60 70
Age (days)

Fig. 2. Effect of the L-745870 treatment on the disease onset and survival of SO0 miice, The Kaplan-Mewer curves demonstrate the probability of onser (AL survival (BL and
survival interval [ for sham control (n= 13 ) vehiclke control (n= 121, 10 mg/kg L-745.870-treated (n= 12}, and 20 mg/kg L- 745 870-treated | n = 17) SO mice (A) The onsets were
significantly defayed m 10 mg/kg and 20 mg/ig L-745 870-treated groups compared with sham control group (P 0,001 and P=0.001 by log-rank test, respectively ), and in 10 mg/kg
and 20 mg/kg L-745870-treated groups compared with vehicle control group | P=0001 and P=0.006 by log-rank test, respectively ). (B) The life spans for both 10 kg and 20 mg/kg
L-745 870-treated groups were significant longer than those for sham and vehicle control groups (P~ 0,001 by log-rank test). () Survival intervals after the onset were prolonged in
10 mg/kg 1-745870-treated group compared with enher sham (P=0.001 by log-rank test) or vehicle control group (P 0.000 by log-rank test), and in 20 mg/kg 1-745 870-treated
group compared with vehicle control group (P=0013 by log-rank test), Value of the medn 25D in each experimental group is also indicated
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Fig. 3. Effect of the 1-745,870 meaoment an the mutant SOD1 level. The expression of the
SO0 protedn in lumbar spnal cond from SO0 mice { 13 or 22 weeks of age) reated with
wehlche or [=745 870 ( W mgfkg ) and froem non-transgenic {non=Tg ) lintermates { 22 weeks of
age ) were examnined by Western blot analysis using anti-SOD antibody. Tissue extracts wers
separated into owo fractions by cenmifugation; NP-40 solubile fraction (NP40-50l ) and NP-40-
insolubile SDS-soluble fraction | SD5-sol L hSOD1 and mSDD1 represent the mutated (HAGR)
human SO0 protein and endogenous mowse SOD1 proteun, respectively. [hSOD1 ), and
hSOD1 |, indicate the dimerized and oligomenzed forms of SO0, respectively.

with L-745,870 exhibited no ahservahle abnormalities (data not shown),
indicating that the doses of the compound used in this study are not
harmful to mice. Taken together, the L-745870 treatment might
improve clinical symptoms in SOD1%® mice.

Experimenial Nevurology 211 (2008) 378386

The administration of L-745.870 delays disease onsel and progression

We next evaluated the effect of L-745.870 on the disease onset and
progression in SOD1"**® ALS mice using the Kaplan-Meier survival
analysis. The disease onset was defined at which mice showed
symptom of grade 3 in balance beam test (see Materials and Methods ).
The mean onsets of disease for both 10 mg/kg and 20 mg/kg L-745,870-
treated groups ( 130.8+ 2.8 and 130.8+ 5.0 postnatal days, respectively)
were significantly delayed when compared with those for either sham
(125.4£2.7 days) or vehicle group (126.3£3.1 days) (Fig. 2A). The life
spans for both 10 mg/kg and 20 mg/kg [-745.870-treated groups
[180.4:6.6 days and 174.6£8.9 days. respectively) were significantly
longer than those for sham and vehicle groups (163.4+10.0 days and
164.9+ 5.9 days, respectively) (Fig. 2B). Further, survival intervais after
the onset in L-745,870-treated animals, particularly those treated at a
dose of 10 mgfkg (10 mglkg: 49.745.6 days and 20 mg/kg; 439+
8.7 days) were extended when compared with those in sham
and vehicle groups (38.1 £9.0 days and 38.6+54 days, respectively)
(Fig. 2C). These results indicate that L-745,870 acts as a protective
reagent against not only the onset of motor dysfunction but also the
discase progression in SOD1"*** mice.

The L-745.870 trearment does not alter the SODI protein level

To ensure that the administration of L-745,870 had not altered the
expression of the human SODI transgene in SOD1™® mice, we
examined the levels of the SOD1 protein in the lumbar spinal cord by
Western blot analysis (Fig. 3). Endogenous mouse SOD1 (mS0D1) was

LA .

e L 7 C A,
] -
s . n 75 ‘ 3
L I i .
() 3 7 B
ol [ i
1]

non-Tg(22w)

i &)
vehiele (22w)

Ventral hom

Total cell number i L4 segment

non-Tg
vehicle

1 Omg/kg
L-745,870

Ome'kg L-745.870 (22w)

F

450

* lnon-Tg
- chicle
BB 1 Omg/kg L-T45.870

150

Number of anterior hom cells
(]
£

100

50

Neuronal arca (ym* )

Fig- 4. Effect of the | -745 870 treatient on motor iewnon boess in the spinal cord. (A<C) Representative omages for the Nisslstaining of the antecior horn in the lumbar (14) spinal cord prepansd
from non-transgetic (non-Tg) (AL vehicle-treated SOD1™™ (B), and L-745870-treated {10 mg/kg) SOD1" (€} mice at 22 weeks of age. Amowheads indicate spinal motor neurons, Scale bar
indicates 200 pm. (D) Sthematic representation of the cross-sectional L4 segment of the lumbar spinal cord. The number of the neurons within the hatched region was counted. (E) The wtal

number and [F} the size distribution of a

n¢ harn cells :z-tl}.-.m",.wuhiu the ventral hall of the gray marter (hatched region shown in D) in the 14 lumbar spinal cord of non-Ty (n=3), vehicle-

treated SODT™™ (n= 31 and L-745.870 (10 mg/kg -treated SOD1™™ mice [n=3) at 22 weeks of age. Data are present as mean £50. =, P< 0.05 by one-way ANOVA wath Tuloy's post hoe test
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present in the NP-40 soluble fractions from all animals including non-
transgenic litters, while mutated human SOD1 (hSOD1) was only
detected in the samples from SOD1"*°® mice. There were no significant
differences in the mutant SOD1 levels from the NP-40 soluble fractions
between vehicle- and 1-745.870-treated groups either at 13 weeks or
22 weeks of age. Further, although the levels of the NP-40-insoluble/
SD5-soluble SOD1 protein were increased at 22 weeks of age when
compared at 13 weeks of age, no significant differences in their levels
between experimental groups were observed. These results indicate
that L-745,870 has no apparent effect on the mutant SOD1 expression,
and that the improvement of disease symptom in the -745870-
treated animals observed in this study is not simply due to the
decreased level of the mutant S50D1 protein.

The L-745,870 treatment protects from motor neuron loss
To determine whether the protective effect of L-745,870 from the

progression of motor dysfunction was due to the delayed motor
neuron loss. we evaluated the number of motor neurons in the spinal

non-Tg (22w)

H&E staining

vehicle (22w)

cord. Non-transgenic and SOD1"%™ mice had similar motor neuron

numbers at 13 week of age (pre-onset stage; data not shown), In
contrast, at a late symptomatic stage {22 weeks of age), SOD1™* mice
treated with vehicle showed an extensive loss of large anterior horn
cells (Fig. 4B) compared with non-transgenic littermate (Fig. 4A).
Notably, large anterior horn cells of SOD1"** mice treated with
L-745,870 were relatively spared (Fig. 4C), suggesting that L-745.870
protected motor neurons from loss at a late symplomatic stage.

To confirm this notion, we conducted a quanritative analysis of the
number of motor neurons whose soma sizes were larger than 40 wm’in
the anterior horn located within ventral half of the gray matter of the
spinal cord (Fig. 4D). At 22 weeks of age, SO mice (n=3) with
vehicle treatment showed a 36% loss of anterior horn cells when
compared with non-transgemic littermates (n=3) (Fig. 4E), In contrast,
L-745,870-treated SOD1™® mice (n=3) showed a 18% loss of anterior
homn cells (Fig. 4E), and a significant difference was detected in the
numbers of cells between non-transgenic and vehicle-treated groups
(p=0.05; Fig. 4E}. Further, while the numbers of large anterior homn
cells (240-560 um?) in SOD1"™" mmice (vehicle controls) were

10mg/kg L-745870 (22w)

Iba-1

GFAP

TNF-u

Fig. 5. Effect of the L-745870 treatment on the activation of microgiia and astocyte and the expression of pro-inflammatory factor in the spinal cord, The lumbar spinal cord sections
prepared from non-transgenic (non-Tg) (A, D, and G), vehicle-treated SOD1™ (B_E, and H), and L-745,570-treated [ 10 mg/ks) SOD1"™ (CF, and |) mice at 22 weeks of ages were stained
with hematoeylin-eosin (HE&E ) (A-C)L and immunostained with anni-Tha=1 [D=F) and anti-GFAP antbodies | G-1), The lumbar spinal cond sections prepared fram non=Tg (), vehicle-treated
SODYMUR(K) and L-745,870-treated | 10 mgfkg) SO01 " (L) mice at 19 weeks of ages were innmunostained with ant<TNF-a anhibody (J-L). Scale bar indicates 200 um
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preferentially decreased when compared with those in non-transgenic
littermates (Fig. 4F), the L-745

870 treatment partly preserved such
larger cells in SOD1"™® Fig These results indicate that L-
5,870 protects molor neurons in the spinal cord from progressive
degeneration in an ALS mouse model
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neuron loss in SOD1"*% ALS mice, we immunostained the lumbar
sections of the spinal cord with anti-lba-1 (marker for activated
microglia) and anti-GFAP (marker for astrocytes) antibodies, At an early
pre-symptomatic stage (13 weeks), there were no apparent differ-
ences in the immunoreactivity for either Iba-1 or GFAP in the lumbar
spinal cord between non-transgenic, vehicle-treated SOD1H*% and
1.-745,870-treated SODI™™® mice (data not shown). In contrast, at
22 weeks of age (late symptomatic stage), vehicle-treated S0D19%
mice showed marked immunoreactivities both for 1ba-1 and GFAP
throughout the white and gray matters of the spinal cord with
predominant localization in the anterior horn (Fig. 5E and H), where
motor neurons were degenerated (Fig. 5B). while the lumbar spinal cord
of non-transgenic siblings was almost devoid of those immunoreactiv-
ities (Fig. 5D and G). The results suggest a broad glial activation in the
spinal cord of SODI™** mice ar this stage. Remarkably, 1-745,870-
treated SOD1'™F mice showed a much less Iba-1 immunoreactivity in
both white and gray matter of the anterior hom (Fig. 5F) and
conservation of motor neurons (Fig. 5C) compared with vehicle-treated
SOD1"* mice (Fig. 58 and F), However, there were no observable
differences in immunoreactivities for GFAP, representing a diffused
astroeytic proliferation in both groups (Fig. 5H and 1), Immunoblot
analysis also showed the decreased levels of Iha-1 in L-745,870-treated
SOD1"K mice (data not shown). These results indicate that the
L-745,870 treatment preferentially suppresses microglial activation,
but not astrocytosis, in the spinal cord of S0D1"*** mice.

The 1-745,870 treatment suppresses the expression of pro-inflammatory
factor

To confirm whether the 1-745.870 treatment suppresses the
expression of pro-inflammatory factor, we carried out immunostaining
of the lumbar sections from spinal cord of SOD1"5® ALS mice using
anti-TNF-u antibody (Fig. 5], K, and L) At 19 weeks of age, vehicle-
treated SOD1"*F mice showed marked i activities for TNF-u
(Fig. 5K) particularly in large anterior hom cells, which was consistent
with the recent findings [ Rigini et al,, 2008; Petn et al,, 2007 ), compared
with those in non-transgenic littermates (Fig. 5]). Notably, the TNF-a
Iminunoreactivity in the corresponding region of 1-745870-treated
SOD1™% mice was reduced (Fig. 51). These results indicate that the
L-745,870 treatment preferentially suppresses the expression of pro-
inflammatory factor, such as TNF-e, in the spinal cord of SOD1'"%* mice.

We further assessed whether the [-745,870 treatment suppresses
the protein oxidation in the spinal cord of SODTM® ALS mice.
Although the lumbar sections were broadly immunostained with anti-
nitrotyrosine antibody, there were no significant differences of their
immunoreactivities between vehicle-treated and 1L-745870-treated
SOD1"M5 mice (data not shown),

The post-onset administration of L-745,870 prolongs survival of
SODIMR mice

It is extremely crucial to evaluate whether the post-onset admin-
istration of 1=745,870 improves disease symptoms, To address this
issue, we conducted a daily administration of L-745,870 to SOp | HaER
mice after showing signs of onset (1259428 days) and observed
disease progression and survival. The mean life spans (£ SD) of the
mice treated with 4 mg/kg, 10 mgfkg and 20 mg/kg of 1-745.870 were
17094110, 173.9£7.9, and 1714285 days, respectively, and signifi-
cantly extended when compared with sham (161.5+98 days) or
vehicle-treated group (1621116 days) (Fig. 6A). Further, survival
intervals in 1-745,870-rreated animals at doses of 4 mg/kg, 10 mg/ke,
and 20 mg/kg (45.7410.2, 476473 and 44.1 +85 days, respectively)
significantly extended longer than those in sham (358499 days) or
vehicle-treated (35.7+10.7 days) mice (Fig. 6B). and were consistent
with the results of the pre-onset administration of L-745,870 (Fig. 20),
The results also showed that 10 mg/kg of 1-745870 was an optimal

dosage for exerting a potent neuroprotective efficacy in these
experimental conditions. Thus, the post-onset admimstration of L-
745,870 might effectively improve the discase symptoms and delays
the disease progression in SOD1"* mce,

To further assess the effect of 1-745,870 on symptoms, a rotarod test
was conducted using the mice treated with L-745.870 after the onset.
Although no statistically significant differences between vehicle control
(n=4) and L-745870-treated mice (n=4) were observed, there was a
tendency showing that the motor function of L-745.870-treated mice
was preserved when compared with that of vehicle control (Fig. 6C).

Discussion

ALS is a fatal neurodegenerative disease, and there are almost no
effective therapeutic strategies to cure and/or relieve symptoms and
improve the quality of life for patients to date. Although the mech-
anisms for the selective degeneration of motor neurons are still
unclear, a complex interplay between multiple pathological factors,
including axidative stress, excitotoxicity, mitechondnal dysfunction,
neurofilament accumulation, neural inflammation, and protem mis-
folding (Barber et al., 2006; Cluskey and Ramsden, 2001; Leichsenring
et al, 2006; Menzies et al,, 2002; Pasinelli and Brown, 2006; Shaw,
2005), is thought to associate with pathogenesis for ALS, and thus
these factors are currently proposed as therapeutic targets. Among
these pathogenic lactors, there is substantial evidence to suppart the
hypothesis that oxidative stress is one of the major processes
implicating 1n the progression of motor neuron loss (Barber et al,
2006). This study aimed to explore the novel therapeutic agent which
could alleviate oxidative stress-induced neural cell damage in ALS.

The small compound L-745870, which 1s a dopamine D4 receptor
antagonist having an excellent oral bivavailability and brain penetration,
was firstly identified as a drug candidate for antipsychotic treatment
(Patel et al,, 1997). However, phase lla clinical trials of 1-745 870 failed to
show clinical efficacy in patients with acute schizophrenia (Bristow et al,
1997). On the other hand, we previously reported that 1-745.870
selectively inhibited cell death induced by oxidative stress in vitro and
exerted a potent newroprotective effect in vive acute ischemic model
(Okada et al., 2005}, In the present study, we sought to examine whether
the chronic administration of L-745870 effectively attenuates motor
neuron loss in 3 SOD1™* ALS mouse model. We here demonstrated
that the pre-onset administration of L-745 870 significantly retarded the
disease-onset and prolonged survival in transgenic SOD1"* mice, The
1-745870 treatment also delayed loss of motor neurons in the spinal
cord accompanying with the reduced level of microglial activation. Most
importantly, the post-onset administration of L-745.870 resulted in a
slowed progression in a same mouse ALS model.

Currently, the pharmaco-mechanisms by which L-745,870 protects
motor neuron loss are still unclear, In order to investigate the mode of
action of 1-745.870 in vitro, we previously performed cell viahility
analyses against cell death induced by various stimuli including
axidative stressors by utilizing non-neuronal (Hela, THP-1, and
fibroblast) and neuronal (SH-SY5Y) cell cultures. As a result, the
L-745870-treatment comparatively protected all examined cell types
from death induced by oxidative stressors such as menadione and
H:0,. but not by other stimuli such as staurosporine and okadaic acid
(Okada et al,, 2005), suggesting that 1-745,870 selectively inhibited
oxidative stress-mduced cell death in a cell type-independent fashion.
It has been reported that the several types of dopamine receptors are
expressed in SH-5Y5Y cells, but notin Hela cells (Kamakura et al, 1997,
Presgraves et al., 2004). Thus, 1-745,870 seems to be effective to the
cells Irrespective to the expression of dopanune receptors. In other
words, the mode of action of this compound could be dopamine
recepror-independent, aithough we could not completely rule out the
possibility that 1-745,870 exerts its potency via dopamine receptors.
Alternatively, as we have originally identified 1-745,870 as a NAIP-
upregulating compound (Okada et al, 2005), and NAIP is known to
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exert potent neuroprotective activity against oxidative stress-induced
cell death (Liston et al. 1996), it is reasonable that 1-745,870 exerts
its potency by enhancing the NAIP-mediated cellular protection from
oxidative stress in transgenic SOD1"** mice,

Several lines of evidence have demonstrated that both microglia and
astrocyte were proliferated in the affected regions of ALS patients and
mutant SOD1 mouse ALS models (Hall et al, 1998; Kawamata et al., 1992;
Schiffer et al. 1996). Two independent groups have reported that
astrocytes have an impact on motor neuron degeneration (Di Giorgio
et al, 2007; Nagai et al,, 2007), while others have reported that microglia
contribute to non-cell-autonomous damage of neurons in neurodegen-
erative diseases (Block et al., 2007; Liu and Hong 2003; Moisse and
Strong, 2006), Further, it has also been proposed that chromogranin-
mediated secretion of mutant SOD1 from neurons and astrocytes
enhances microgliosis and motar neuron death (Urushitani et al., 2006),
These studies suggest a contribution of non-neuronal cells to the ALS
pathogenesis. In the present study, we showed that L-745,870
suppressed the activation of microglia, but not astrocytosis. in the spinal
cord of SOD1"*%® mice. Further, L-745 870 suppresses the upregulation
of pro-inflammatory factor (TNF-a) but not the oxidative modification of
proteins (mitrated proteins) in motor neurons. Recently, it has been
reported that the activation of NADPH oxidase generating ROS from
microglia promotes motor neuron degeneration in the spinal cord (Wu
et al, 2006). NADPH oxidase, which is a membrane-bound enzyme and
catalyzes the production of superoxide from oxygen, has been
implicated as an important source of microglial-derived ROS generation
[Block et al, 2007). It has also been shown that the production of pro-
inflammatory factors is induced by ROS (Barber et al. 2006), Thus, the
L-745,870 treatment may attenuate the microglia activation and coor-
dinarely suppress the expression of TNF-a in the spinal cord, which in
turn results in the protection from motor neuron loss.

In conclusions, our findings in a rodent model of ALS, demonstrat-
ing an obvious neuroprotective efficacy of L-745870. may have
implication that L-745.870 is a promising candidate as a potential
therapeutic drug to the treatment of ALS. Moreover, as reactive
microglia have identified in the spinal cord from sporadic ALS patients
(Kawamata et al,, 1992), L-745 870 might be useful not only for familial
but also for sporadic ALS. Although the mode of action of L-745,870 on
motor neuron protection is not fully understood, future studies on the
target analysis of L-745870 in vive will clarify more therapeutic
potential of L-745,870 in ALS and other neurodegenerative diseases.
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Up-Regulation of Insulin-Like Growth Factor-11
Receptor in Reactive Astrocytes in the Spinal Cord of
Amyotrophic Lateral Sclerosis Transgenic Rats
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease caused by selec-

tive motor neuron death, We developed a rat model of ALS expressing

human cytosolic

copper-zine superoxide dismutase (SODI) transgene with two ALS-associated mutations:
glycine o alanine at position 93 (GY3A) and histidine (o arginine at position 46 (H46R),
Although the mechanism of ALS is still unclear, there are many hypotheses concerning its
cause. including loss of neurotrophic support to motor neurons. Recent evidence suggests
that insulin-like growth factors (1GFs) act as neurotrophic factors, and promote the survival
and differentiation of neuronal cells including motor neurons, Their ability to enhance the
outgrowth of spinal motor neurons suggests their potential as a therapeutic agent for the
patients with ALS. In this study, we investigated 1GF-11 receptor immunoreactivity in the
anterior horns of the lumbar level of the spinal cord in SODI transgenic rats with the
H46R mutation of different ages as well as in normal littermates.  The double-immunos-
taining tor IGE-IT receptor and glial fibrillary acidic protein (GFAP) demonstrated co-
localization on reactive astrocytes (**p < 0.001) in the end-stage transgenic mats, whereas
it was not evident at the pre-symptomatic stage or at the onset of the disease. Our
results demonstrated the 1GE-IT receptor up-regulation in reactive astrocytes in the spinal
cord of transgenic rats, which may reflect a protective response against the loss of TGE-
related trophic factors. We suggest that 1GF receptors may play a key role in the pathogen-

esis, and may have therapeutic implications in ALS, —

— amyotrophic lateral sclerosis:

insulin-like growth factor; transgenic rat; 1GF receptor; SODI
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Amyotrophic lateral sclerosis (ALS) is a fawl
neurodegenerative discase caused by selective
motor neuron death. Approximately 10% of cases
ol ALS are inherited. usually as an autosomal dom-
inanttrait. In ~25% of familial cases. the disease is
caused by mutations in the gene encoding cytosolic
copper-zine superoxide dismutase (SODI1)(Aoki et
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al, 1993: Rosen 1993). The overexpression of
mutant human SODI in mice is used as model for
ALS, however. some experimental manipulations
are difficult in transgenic (Tg) mice because of size
limitations. Thus, we developed a rat model of
ALS expressing a human SOD| trunsgene with two
AlS-associated mutations: glycine to alanine at
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