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Conditional ablation of Stat3 or Socs3 discloses a dual
role for reactive astrocytes after spinal cord injury

Seiji Okada'~?, Masaya Nakamura?, Hiroyuki Katoh?, Tamaki Miyao', Takuya Shimazaki', Ken Ishii*,
Junichi Yamane'*, Akihiko Yoshimura®, Yukihide Iwamoto?, Yoshiaki Toyama® & Hideyuki Okano'?

In the injured central nervous system (CNS), reactive astrocytes
torm a glial scar and are considered to be detrimental for
axonal regeneration, but their function remains elusive, Here
we show that reactive astrocytes have a crucial role in wound
healing and functional recovery by using mice with a selective
deletion of the protein signal transducer and activator of
transcription 3 (Stat3) or the protein suppressor of cytokine
signaling 3 (Socs3) under the control of the Nes promoter-
enhancer (Nes-Stat3", Nes-Socs3). Reactive astrocytes in
Nes-Stat3” mice showed limited migration and resulted in
markedly widespread infiltration of inflammatory cells, neural
disruption and demyelination with severe motor deficits after
contusive spinal cord injury (SCI). On the contrary, we observed
rapid migration of reactive astrocytes to seclude inflammatory
cells, enhanced contraction of lesion area and notable
improvement in functional recovery in Nes-Socs3™ mice.
These results suggest that Stat3 is a key regulator of reactive
astrocytes in the healing process after SCI, providing a potential
target for intervention in the treatment of CNS injury.

Because the regenerative capability of the mammalian CNS is poor,
limited functional recovery occurs during the chronic phase of SCI. At
the subacute phase of SCI, however, gradual functional recovery is
observed 10 some extent in both rodents and humans (except in cases
of complete paralysis). The mechanism behind this functional recov-
ery remains unclear. Here, we investigated this issue by focusing on the
action of reactive astrocytes in o mouse model of SCL.

To interpret the process of paralysis improvement in the subscute
phase, we examined serial histological sections of contused spinal cords
and followed motor function for 6 weeks after injury in wild-type mice
and found that the area of neural cell loss gradually enlarged in a
rostral-caudal direction within a few days after SCI (acute phase) and a
portion of Hu-expressing neurons were positive for cleaved caspase-3,
indicating that the secondary injury process lasted for several days in
this model (Supplementary Fig. 1 online) during which we observed
limited functional recovery (Fig. la). Astrocytes surrounding the

lesion underwent a typical change of hypertrophy, process extension
and increased expression of intermediate filaments such as GFAP and
Mestin by 7 d after SCI (Fig. 1b), characteristic of "reactive astrocytes.
Notably, these astrocytes eventually migrated centripetally to the lesion
epicenter and gradually compacted the CDI1b™ inflammatory cells,
contracting the lesion area up until 14 d after SCI (subacute phase;
Fig. 16d). During this process, we observed repair of injured tissue
and gradual functional improvement, and reactive astrocytes formed a
physical barrier against inflammatory cells, commonly referred to as
glial scar. After the migration of reactive astrocytes and completion of
glial scar (reactive gliosis), functional improvement reached a plateau
around 2 weeks after injury (Fig. la,c). Although the glial scar has a
crucial part in the lack of axonal regeneration in the chronic phase of
SCI', our data strongly suggest that the emergence and migration of
reactive astrocytes have a prominent role in the repair of injured tissue
and the restoration of motor function in the subacute phase (before
completion of the glial scar).

To confirm that the compaction of the lesion results from migration
and not from proliferation of reactive astrocytes, we labeled proliferat-
ing cells with bromodeoxyuridine (BrdU). Analysis of mice that
received a single injection of BrdU at 7 d after SCI showed that the
population of BrdU~ cells was composed of reactive astrocytes and in-
flammatory cells, which were gradually compacted to the lesion center
as time progressed (Fig. 1e and Supplementary Fig. 2 online). Analysis
of mice that received daily injeations of BrdU showed limited astrocyte
proliferation after 7 d postinjury, suggesting that the development of re-
active gliosis is mainly brought about by cellular hypertrophy and upre-
gulation of GFAP of the astrocytes surrounding the lesion (Fig. 1f.g).

To address the regulatory mechanisms behind the reactive response
of astrocytes, we investigated the role of Stat3 signaling (Figs. 2 and 3).
Stat3 is a principal mediator in a variety of bialogical processes®™
including cancer prog , wound healing and the movement of
various types of cells. In addition, Stat3 mediates certain aspects of
astrogliosis downstream of the action of cytokines such as interleukin
(IL)-6, leukemia inhibitory factor (LIF) and ciliary neurotrophic
factor (CNTF) after CNS injury™>,
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Figure 3 Enhanced aclivation of Stal3, prompl compaction of inflammatory celis and marked functional improvemenl in Nes-Socs3™ mice. (a) Wesiern blot
analysis of Stat3 phosphorylation in injured spinal cord of wild-type (WT) and Nes-Socs3™ mice. pStal3, phosphorylated Stat3. (b) Changes in the ratios of
pStat3 to tolal Stat3 after SCI (mean £ s.eam., a = 4 per group), *P < 0.05. (¢) Immunostaining of pStat3 and reactive astrocyles al 7 d after SCI. GFAP,
red; pStat3, green. Scale bar, 100 pm. (d) Luxol Fast Blue (LFB) staining in litlermates and Nes-Socs3™- mice at 2 weeks afler SCI. Arrows indicale the
spared myelin in the dorsal part of the lesion epicenter. Scale bar, 300 pm. () Time course analysis of reactive astrocytes and CD11b" cells. The sarly
development of reactive astrocyles and compaction of inflammalory cells in Nes-Socs37 mice was visible as early as 7 d afler 5CI. Scale bar, 500 ym.

(f) Quantitative analysis of GFAP- area, CD1 1b* amea and LFB-posilive area (mean £5.d., n = 4), *FP < 0.01, *P = 0.05. (g) Time course of functional
recovery and Lhe score of each mouse at 7 d after SCI. Data are mean = s.e.m. *P < 0.01. (h) SHT staining of Lhe ventral hom distal to the lesion in
wilg-type (WT) littermates and Nes-Socs3' mice al & weeks alter SCI. Arrow indicales spared GHT* fibars. Scale bar, 100 pm. (i) Quantitative analysis

ol serolonergic innervation of the distal cord in Lhe Lhreée groups (mean + 5.8.m., 1 = & per each group), *F < 0,01,

signaling on neuronal survival was minimal compared with its effect
on the development and migration of reactive astrocytes (Supple-
mentary Fig. 1).
The majority of studies on CNS injury have shown that the glial
@ scar formed in part by reactive astrocytes hinders axonal regeneration.
In mice lacking both GFAP and vimentin, reduced astroglial reactivity
@rcsulle in improved sprouting of axons and functional restoration

2006 Nature Publishing Group http:fiwww.nature cominaturemedicine

after SCI®. But reactive astrocytes are also important for supporting
repair of the blood-brain barrier. They prevent infiltration of CD45*
leukocytes and protect neurons and oligodendrocytes as shown by the
selective ablation of dividing astrocytes using gancicovir and GFAP-
TK transgenic mice**®, Here, we showed that Swai3 signaling in
reactive astrocytes have a considerable role in the repair of injured
tissue and the recovery of motor function. Although these results seem
to conflict with one another, consideration of the timeframe in which
these events were observed suggests a possible phase-dependent role of
reactive astrocytes. In mice lacking both GFAP and vimentin, func-
tional recovery was observed later than 2 weeks afier injury®, whereas
substantial recovery was completed within 2 weeks after injury in Nes-
Stat3~= and Nes-Socs3™= mice, suggesting that reactive astrocytes in
the subacute phase repair tissue and restore function, whereas in the
chronic phase of injury they impair axonal regeneration as a physical
and chemical barrier.

Together, these results show that reactive astrocytes have a
pivotal role in the repair of injured tissue and the recovery of
motor function in the subacute phase after SCI, and that the function
of reactive astrocytes is largely dependent on Stat3 signaling.
This work also raises Stat3 signaling and reactive astrocytes as a
potential new therapeutic target for the treatment of traumatic injury
in CNS.

METHODS

Generation of conditional knockout mice. Star3le mice Spae3be®ic mice,
Socs3P mice. Nis-Cre mice and CAG-CAT*F_EGFP transgenic mice
were as described elsewhereh! MLININS. To  generate  Nes-Sttd’™ or
Nes-Sacs3'~ mice, we crossed Nes-Cre mice with Stap3/hed, gppghoct-
mice’?® or Socs3 P mice!> We used wild-type littermates (St Ferilod
or Socsd=Pl=P) ¢ controls in histological and functional evaluations, We
performed genotyping with primers described elsewhere® %141, All mice were
e- and b idi trolled t on & 12-h

¥ 1

housed in a te
light-dark cycle

SCI model. We anesthetized adult C57BL/6] mice, wild-type littermates and
conditional knockout mice (lemale, 8 weeks old) using an intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). After laminectomy
at the tenth thoracic spinal vertebrae, we exposed the dorsal surface of the dura
mater and induced SCI using a commercially available SCI device (60 kdyn
using Infinite Horizon UTEUSCER Precision Sy'\[rmli & [nstrumentation) as
previously described?”, We evaluated motor function of the hind limbs with the
locomotor rating test on the Basso-Beattie- Bresnahan (BBB) scale®® for 6 weeks
after injury. The obesity of Nes-5tat3™ mice was not a problem in this study,
because their functional recovery was limited to the point at which weight
bearing was not an issue. All procedures were approved by the ethics committee
of Keio University and were in accordance with the Guide for the Care and Use
of Laboratory Animals (US MNational Institutes of Health],

Immunchistochemistry. We anesthetized mice and transcardially perfused
them with 4% paraformaldehyde in 0.1 M PBS. We removed spinal cords,
embedded them in OCT compound and sectioned them sagittally at 20 pm on
a cryostat. We stained tissue sections with primary antibodies to GFAP
(DAKO), cleaved caspase-3 (Cell Signaling), CD11b (a marker of monocyte/
macrophages and granulocytes; MBL), BrdU (Chemicon), Nestin (Rat 401,
Chemicon), GFP (MBL), phosphorylated Stat3 (Cell Signaling), GSTr (BD
Biosciences), serotonin (SHT: DiaSorin, Inc.), GAP43 (Chemicon), E-cadhenn
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Figure 4 Involvement of Stat3 signaling In the development of reactive gliosis in vivo, the migration of reactive astrocyles in vitro and the transcriptionat
activity of LIVL. (a) Morphology of reaclive astrocytes around Lhe lesion area and Infiltration of inflammatory cells in wild-type (WT), Mes-Stat3+ and Nes-
Socs3- mice. Scale bar, 100 um. (b) The amount of reactive gliosis was measured as GFAP*Nestin® (EGFP) area in the three groups (n = 3). Error bar
indicates s.e.m. * P < 0.05, (¢) /n vilro scratch injury of monolayer cullured astrocytes derived from wild-type (WT), Nes-Stat3* and Nes-Socs3™ mice
Scale bar, 20 um. (d) Magnified image of reactive astrocytes derived from Nes-Stal3* and Nes-Socs3* mice. Scale bar, 20 um. (s} Migrating cells were

quantified as mean number = s.e.m. per millimeter squared beyond Lhe wound edge (n

= 3). *P < 0.01. () In situ hybridization of Sic39a6 mRNA in

injured spinal cord, Slc3986 mRNA was observed in GFAP* reactive astrocytes In wild-type bul was rarely found in Nes-Stal3* mice. Scale bars, 200 um
(upper lelt panel), 50 pm (upper middie panel) and 50 um (upper right panel), (g) Expression of Sic39aé mRNA in injured spinal cords as determined by

real-time RT-PCR in the three groups (n

3). Each group was normalized Lo Gapdh values. There are significant dilferences (P < 0.01) among the three
£

groups at each lime poinl. Emor bar indicates s.e.m. (h) Expression of E-cadherin (red) was nol observed in reaclive astrocyles of wild-type mice, whereas

its aclive expression was observed in Nes-Stal3* mice al 2 weeks after SCI

(Santa Cruz) and Hu™ (a gift from K. Darnell, The Rockefeller University). We
33342 (Molecular Probes)

Axtoskop 2 Plus: Carl Zeiss)

performed nuclear counterstaining with Hoecl
Ty
ar confocal microscopy (LSMS510; Carl Zeiss). To quantify the immunopositive
and immunonegative area in vivo, we selected five representative midsagital
sections in each mouse and measured the area with the MCID system (lmaging
Research, Inc.). We quantified the immunopositive area using grain counting
and detected the immunonegative area by quantifying the dark area after image

ges were obtained by fluorescence microsco

binarization. For myelin staining, we performed Luxol Fast Blue (LFB) stain.
For comparison of LFB positive area, we selected five representative sagittal
sections (3 mm long) of injured spinal cords (2 weeks after SCI) from positions
0.25 mm and 0.5 mm right of the midline, at the midline, and 0.25 mm and
0.5 mm left of the midline and LFB-positive area (blue area), and measured
them by MCID system (grain counting), and calculated the ratio to normal
section. it GEAP™Brd U
sections and randomly capture
tion by confocal microscopy.

cells, we selected five representative sagittal
« 200 magnihca-

fo o

I Feons in each sechion al
or quantification of SHT* fibers, we ran
* 200 magmbcation,

captured ten regions in each axial section of distal cord at
SHT* e MCID system. We mamtained

and we quantified the t area using th

ily

GFAP, green; Hoechst stain, blue, Scale bar, 100 pm,

passages in DMEM with 10% FBS, we trypsinized cells and plated them to
rlips coated with poly-t-lysine. After reaching subcon-

contluency on <o
1 cells w
nd then subjected them to scratching. We created a cell-
free area by scratching the monolayer with a pipette tip and evaluated the
migration of cells to the cell-free area from the surrounding area at 24 hand 48 h.

We counted the number of migrating astrocytes afier taking photographs of ten

e Lreat

Hluency, h 10 pg/ml mitomycin C for 2 h to avoid the effects

ol cell proliferation

nonoverlapping fields

Western blotting. We anesthetized 5C1 mice, transcardially perfused them with
saline, and isolated and lysed o 4-mm long section of the injured spinal cord. We
resalved lysates with SDS-PAGE and immunobloted membmnes with antibody

) and antibody 1o Stat3 (Cell Signaling).

In situ hybridization. For detection of Sle3%a6 mRNA, we subcloned a 774-bp
DINA fragment corresponding to the nucleotide positions 3311104 of mouse
Slc39ab into pGEMT-Easy vector (Promega) and used il to generate sense or
antsense RNA probes. We hybridized paraffin-embedded spinal cord sections
igenin-labeled RNA probes at 60 “C for 16 h. We detected the

(6 ) with digy

light intensity and threshold walues at constant levels for all analyses. In all  bound label using NBT-BCIP, an alkaline phosphate color substrate. We
sagittal sections shown here, the left side is rostral counterstuned sections with Kemechtrot.

migration assay. We prepared prmary astrocytes from 2-d-old wild-  Resl-time quantitative PCR. We isolated total RNA from the injured spinal

1 conditional knockout mice as previously described™, After several  cord (4 mm long) using the RMNeasy Kit (Qiagen) and obtasined ¢<DNA by

TE 7 833
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reverse trunicriptase reaction. For quantitative snalysis of Sk3%a6 mRNA
expression, we used the cDNA as a template in & TagMan real-time PCR assay
using the ABI Prism 7000 sequence detection system (Applied Biosystems)
sccording to the manufacturer’s protocol. We performed the amplification
using the following primers: forward primer, 5-TGAAGGCAGCAUCAATAG
CA-Y'; reverse primer, 5-GGCCTGGATGGTGATCATG-3"; and Taghan probe,
5 -FAM-CGTCACTGAAATTGTGCAGCCCGTC-TAMRA-3.

Statistical analysis. We performed statistical analysis with an unpaired two-
tailed Student t-test for single comparisons, and ANOVA followed by the
Tukey-Kramer test for multiple comparisons. For the open-field score, we used
repeated-messures ANOVA and the Mano-Whitney U-test. In all statistical
analyses, significance was sccepied at P < 0.05.

Accession codes. GenBanke Mus musculws solute carrier family 39 (metal ion
transporter) number 6 (Slc39us), NM_139143.

ble on the Nature Medicine website.

Note Supph ¥ info o 15 1k

ACKNOWLEDGMENTS

This work was supported by grants from Ministry of Education, Culture, Sports,
Science and Technology (MEXT), Jupan, the General [nsurance Association in

Japan, Terumo Foundation Life Science Foundation (1o H.OL), and 4 Grant-in-Aid
for the 21" century COE program, Keio Gijuku Academic Development Funds.

AUTHOR CONTRIBUTIONS

5.0. performed most of the experi to characterize mouse phenotypes. MiN,
instructed group b nbom_r ental H.K. helped prepare the
manuscript TM. and T.5. d and prepared knockout mice. K.L and LY.

p:qm«ll}imlmd-lnjmtd animals. A.Y. provided Nes-Socs™ mice. Y.L
advised experiments by 5.0, Y.T. and H.O. designed exy and prepared

the manuscript.

COMPETING INTERESTS STATEMENT
The authors declire that they have no competing financial lnterests.

Published ondine al mp-.‘m nature cominaturemedicing’
and | 1.3 onkine at hitg://nog nature com/

H
i

-

. Silver, J. & Miller, J H, Regeneration beyond the glial scar. Nat. Rew. Neurcsct. 5, 146-
156 (2004),

Wang, T« af. Regulation of the nnate and adaptive immune responses by Stat-3

signaling in lumor cells. Nar. Med. 10, 4B-54 (2004).

Sano, S. af al Keratinocyle-specific ablation of Statd exhibits impaired skin

remodeling, bul does not affect skin morphogenesis. EMBO J 18, 4657-4568

(1999).

. Hwano, T., Ishihara, K. & Hity, M, Roles of STAT3 wn mediating the call growih,
differentintion and survival signals relayed through the IL& family of cylckine
receplon. Oncogene 18, 2548-2656 (2000)

5. Sriram, K., Benkovic, SA., Hebert, MA., Miller, 0.8 & O'Callaghan, J.P Induction of
§0130-related cylokines and activation ol JAK2/STATS paltway m asirocyles precedes
up-reguistion of glial fibritlary mex protein in ihe 1 -mwtivyl-2-phenyl- 1,23 6-1stra-

model of by ling pathway for v i
mv? J'. Biod, Chem, 278, 19936—1994? IZOOﬂ-J

6. Kerr, BJ. & Patterson, PH. Polent pro-inflammatory actions of leukema whibilory

factor in the spinal cord of the adull mouse. Exp, Neurol, 188, 391-407 (2004),

. e

=

7. Xia, XG., mlmmn.ﬂb Deller, 7. & Kiesch, M Induction of STAT3 signaling in
septal neuroms following entochinal cortas lesion
muwmmmn 3?9—3?1(3.'02!

8. Kiein, MA. of o, i g 0 interleukin-6 muce. Gl
18, 227-233 (19972

El FrmJ h-mcs Torck, C. mm;wumm

of nestin bules L0 the of glial scar Vissun

mcm-...-, J. Cell Biol. 131, 453-464 (1995),

. Johansson, C.B., Lothian, C., Moln, M., Okano, H. & Lendahi, U. Nestin enhancer
wuwmwnmﬂmxmmu
784-794 (2002).

. Takeda, K. uum &

wp aa Mll.-‘
and

Tenll p
Iwough ¢ of Tealkspecific Stat3-
deficiant mica. J. Immunol, 161, 4652-4660 (1998).
. Betz, UA., Vosshenrich, CA, mu&wwwdmum
mmmuwwmmmwmmw-
1316 (1996).
. Gao, Q. & &l Distuption of neural signal 4 o 3
causes obesity, diabetes, mwhmmm Mlﬁd.‘k
USA 101, 4661-4666 (2004).
. Kawamoto, 5. af al A novel reporter mouse sirain that espresses entanced green fluo-
rescant protes upon Cre-mediated recombination, FEBS Left. 470, 263-268 (2000).
15. Mori, H. &f al. Socs3 deficrancy in the brain elevales leplin sensitivity and confers
resistance o disl-induced obesily. mmnrw—aumt
16. Kubo, M., Hanada, T. & Yoshi A5
Nat. Immunol, 4, nm-mstmaa
l?FdﬂEhﬂnA JA, oveky, M. & Sch M.
of wound Immul&muummmmwub
axonal injuryy in vitro simulstion. J. Clin. Invest, 97, 162-171 (1996).
18. ¥; hits, S. of sl Zinc LIV controls epithelial-mesanchymal transition in
:Mﬂ;ﬁtuhw Nature 428, 298-302 (2004),
l?anlulu Gnllll ‘I'InmmPs Carrasco, J. & Hidalgo, J. Zinc or copper
¥ 10 brain trauma may be caused by
the L i changes. J. 18, 447463 {2001)
20. Penkowa, M., Glmj Glil ll MT&HﬂUJCNSmMMNIs
dn and |l -daficint mice. J 19, 2535-

severely d
2545 (1999).
Pankowa, M. af al Astrocyte-largeted expression of IL-6 protects the CNS against o
focal brain injury. Exp. Mewrol, 181, 130-148 (2003).

Lacrow, 5., Chang, L., Rose-John, 5. &Tmmuh MH, D!Mydnjw-mun-ﬁ

1o the injuied spinal cord § and inhibits

axonal growth. J. mm.m.ns—m|m.

Menet, V., Prieto, M., Privat, A. & Gimenszy Ribotta, M. Asonal plasticity and

functional recovery after spinal cord injury in mice deficient in both glial fibeillary

acidic protein and vimentin genes. Proc. Natl Acad Sci. USA 100, 8999-5004

(2003).

Bush, TG & o, Leuk 4 and neurite oulgrowth

lﬂt“mdﬂMﬂMﬂManmmmn

297-308 (1999).

25, Faulkner, J.R. ol al. Reaciive astrocyles prolect lissue and pressrve function after
spimal cord injury. J. Meurosci. 24, 2143-2155 (2004),

26. Ozawa, Y. af al Dy Istion of STAT3 activation d for rod
pholorecaptor cells 1o differentiate in the postnatal reting, Mol, Cell. Neurosci. 26,
268-270 (2004).

27. Schelt, 5.W., Rabchevaky, A.G., Fugaccia, |, Main, JA. & Lumpp, J.E, Jr. Expen-
mental modeling of spinal cord injury: characterization of o force defined injury device.
J. Neuroirauna 20, 179-193 (2003).

28, Basw, DM, Beallis, M.5. & Brasnahan, J.C. Graded histological and locomotor
outcomes after spimal cord confusion using the NYU weight-drop device versus
transection. Exp Newrol, 138, 244-256 (1936),

29. Okarno, H.J, & Damell, R.B. A hierarchy of Hu RNA binding proteins in developing and
adull neurons. J. Neuroscr, 17, 3024-3037 (1957).

30. Sanai, N. &f al. Unique astrocyle ribbon in adull human brain contains neural stem
cells bul lcks chan migration, Nature 427, 740-744 (2004),

21
22,

23

24,

VOLUME 12 | NUMBER 7 [JULY 2006 NATURE MEDICINE




T BWILEY ;
.~ InterScience*

Journal of Neuroscience Research 83:119=133 (2006)

Disease Progression of Human SOD1
(G93A) Transgenic ALS Model Rats

Arifumi Matsumoto, " Yohei Okada," " Masanori Nakamichi,’

Masaya Nakamura,” Yoshiaki Toyama,“' Gen Sobue,”

Makiko Nagai,:‘

Masashi Aoki,” Yasuto Itoyama,’ and Hideyuki Okano'*

:‘I.):-par[mmr of Physiology, Keio University School of Medicine, Tokyo, Japan
“Department of Orthopaedic Surgery, Keio Umiversity School of Medicine, Tokyo, Japan
Department of Neurology, Tohoku University Graduate School of Medicine, Sendai, Japan
‘Department of Neurology, Nagoya University Graduate School of Medicine, Nagoya, Japan

“Takeda Chemical Industries, Led., Osaka, Japan

“Core Research for Evolutional Science and Technology (CREST), Japan Science and

Technology Agency (JST), Saitama, Japan

The recent development of a rat model of amyotrophic
lateral sclerosis (ALS) in which the rats harbor a mu-
tated human SOD1 (G93A) gene has greatly expanded
the range of potential experiments, because the rats’
large size permits biochemical analyses and therapeutic
trials, such as the intrathecal injection of new drugs
and stem cell transplantation. The precise nature of this
disease model remains unclear. We described three
disease phenotypes: the forelimb-, hindiimb-, and gen-
eral-types. We also established a simple. non-invasive,
and objective evaluation system using the body weight,
inclined plane test, cage activity, automated motion
analysis system (SCANET), and righting reflex. More-
over, we created a novel scale, the Motor score, which
can be used with any phenotype and does not require
special apparatuses. With these methods, we uniformly
and quantitatively assessed the onset, progression, and
disease duration, and clearly presented the variable
clinical course of this model; disease progression after
the onset was more aggressive in the forelimb-type
than in the hindlimb-type. More importantly, the disease
stages defined by our evaluation system correlated well
with the loss of spinal motor neurons. In particular, the
onset of muscle weakness coincided with the loss of
approximately 50% of spinal motor neurons. This study
should provide a valuable tool for future experiments to
test potential ALS therapies. © 2005 Wiley-Liss, Inc.

Key words: amyotrophic lateral sclerosis; evaluation
system; behavioral analyses; phenotype; variability

Amyotrophic lateral sclerosis (ALS) is a fatal neuro-
degenerative disorder that mainly affects the upper and
lower motor neurons (de Belleroche et al., 1995). It is
characterized by progressive muscle weakness, amyotro-
phy, and death from respiratory paralysis, usually within
3-5 years of onset (Brown 1995). Although most cases
of ALS are sporadic (SALS), approximately 10% are fam-
ilial (FALS) (Mulder et al., 1986). Moreover, 20-25% of

© 2005 Wiley-Liss, Inc.

FALS cases are due to mutations in the gene encoding
copper-zinc superoxide dismutase (SODI) (Deng et al,,
1993; Rosen et al., 1993). More than 100 different
murtations in the SOD1 gene have been idenufied in
FALS so far.

Until recently, animal models of FALS have been
various transgenic muce that express a mutant human
SOD1 (hSOD1) gene. Of these, a transgenic mouse car-
rying the G93A (Gly-93 — Ala) mutant hSOD1 gene
was the first described (Gurney et al., 1994) and is used
all over the world because this model closely recapitulates
the clinical and histopathological features of the human
disease. To evaluate the therapeutic effects of potential
ALS treatments 1n this amimal, many motor-related behav-
ioral tasks are used (Chiu et al,, 1995; Barneoud et al.,
1997; Garbuzova-Davis et al., 2002; Sun et al., 2002;
Wang et al., 2002; Inoue et al., 2003; Kaspar et al., 2003;
Weydt et al., 2003; Azzouz et al., 2004). However, trans-
genic mice have mnate limitatons for some types of ex-
periments because of their small size.

Recently, transgenic rat models of ALS, which har-
bor the hSOD1 gene containing the H46R (His-46 —
Arg) or G93A mutation were generated (Nagai et al.,
2001). The larger size of these rat models makes certain
experiments easier, such as biochemical analyses that re-
quire large amounts of sample, intrathecal administration
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of drugs, and, especially, therapeutic tnals, including the
transplantation of neural stem cells into the spinal cord.
The hSOD1 (G93A) transgenic rats typically present
weakness in one hindlimb first. Later, weakness pro-
gresses to the other hindlimb and to the forelimbs.
Finally, the rats vsually become unable to eat or dnnk,
and eventually die. Only subjective and ambiguous anal-
yses were made with regard to the clinical progression of
this ALS animal model and objecuve criteria for evaluat-
ing the efficacy of these new treatments have not been
determned. For these reasons, we assessed the disease
progression quantitatively using five different measures
(body weight, inclined plane test, cage activity, SCA-
NET, and righting reflex) and established an easy, non-
invasive, and objecuve evaluation system that 1s sensitive
to small but important abnormalities in the hSODI1
(G93A) transgenic rats. In addition, we created a novel
scale, the Motor score, to assess disease progression in
the transgenic rats without using special apparatuses. We
also examined the validity of these measures as assess-
ment tools for the pathology by investigating the num-
ber of spinal motor neurons remaining at the disease
stages defined by each measure.

MATERIALS AND METHODS

Transgenic Rats

All animal experiments were conducted according to the
Guidelines for the Care and Use of Laboratory Ammals of Kelo
University School of Medicine. We used hSOD1 (G93A)
transgenic male rats (Nagai et al,, 2001) from our colony and
their age- and gender-matched wild-type littermates as controls.
Rats were housed in a specific pathogen-free animal facility at
a room temperature of 23 £ 1°C under a 12-hr hght-dark
cycle (light on ac 08:00). Food (solid feed CE-2, 30kGy;, CLEA
Japan, Inc) and water were available ad hib. Transgenic rats
were bred and mamtained as hemizygores by mating transgenic
males with wild-type females. Transgenic progeny were identi-
fied by detecting the exogenous hSOD1 transgene, by amplifi-
canon of pup tail DNA extracted at 20 days of age by polymer-
ase chain reaction (PCR). The pnmers and cycling conditions
were described previously (Nagai er al., 2001).

Exploration of Assessment Tools to Measure Disease
Progression in the hSOD1 (G93A) Transgenic Rats

We evaluated the usefulness of four different measures to
assess disease progression in the transgenic rats. All tests were
carried out berween 12:00-16:00 and in a double-blind fashion.

Body weight. Animals (n = 9 for each genotype) were
weighed weekly after 30 days of age with an electronic scale.
To avoid overlooking the beginning of weight loss, the am-
mals were weighed every second or third day after 90 days of
age, the age at which motor neurons are reported to be lost
in the lumbar spinal cord (Naga er al., 2001).

Inclined plane. This test was imually established

mainly to assess the total strength of the forelimbs and hind-
limbs in a model of spinal cord imjury (Rivlin and Tator,
1977). Briefly, rats were placed laterally aganst the long axis
of the inclined plane, and the maximum angle at which they

could maintan their posiion on the plane for 5 sec was meas-
ured. To assess the strength of both sides of limbs equally, ani-
mals were pliced on the inclined plane with the nght side of
the body to the downhill side of the incline, and then with
the left side of the body facing downhill, For each rat, the test
was carried out three tmes for each side, and the mean value
of the angles obtained for the nght side was compared to that
obtained for the left. The lower mean value was recorded as
the angle for that rat. Animals (n = 9 for each genotype) were
tested weekly after 70 days of age and every second to third
day after 100 days of age.

Cage activity. Ammals (n = 8 for each genorype) were
housed individually and monitored every day for all 24 hr
(except for the days the cages were changed) after they were
70 days old. Spontaneous locomotor activity in the home cage
{345 X 403 X 177 mm) was recorded by an activity-monitor-
mg system (NS-ASO1; Neuroscience, Inc., Tokyo, Japan) as
described previously (Ohki-Hamazaki et al., 1999). The sensor
detects the movement of ammals using the released infrared
radiation associated with their body temperature. The data were
analyzed by the DAS-008 software (Neuroscience, Inc., Tokyo,
Japan). To elumnate data vanability owing to differences in the
baseline movement of each rat, the baseline value was calcu-
lated as the mean of movement from 70-90 days of age, during
which all rats were considered to move normally, We analyzed
the dara at each time point as the percentage of the baseline
value 1n defiming disease onset with this test.

SCANET. For short-term acuvity, 10 min of spontane-
ous activity was measured with the automated motion analysis
systen SCANET MV-10 (Toyo Sangvo Co., Lid.,, Toyama,
Japan) (Mikami et al, 2002). Animals (n = 4 for each geno-
type) were tested weekly after 30 days of age and every second
or third day after 100 days of age. Each rat was individually
placed in the SCANET cage for 10 min. Three parameters
were measured: small horizontal mevements of 12 mm or more
(Move 1; M1), large honzontal movements of 60 mm or more
(Move 2; M2), and the frequency of verncal movements caused
by rearing (RG). To distinguish RG movements from incom-
plete stnding acuons, the upper sensor frame was adjusted to
13 cm above the lower sensor frame.

Righting reflex. All affected amimals were tested for
the ability to right themselves within 30 sec of being turned
on either side (nghung reflex) (Gale et al., 1985). Failure was
seen when ammals reached the end-stage of disease (Howland
er al., 2002), and was regarded as a generalized loss of motor
activity. We used this time point, which we call “end-stage,"
as “death” rather than the actual death of the animal, to
exclude the influence of poor food intake and respiratory
muscle paralysis on the survival peniod. All end-stage animals
were sacrificed after being deeply anesthetized.

All stanstical analyses were carried out with the rwo-
tailed unpaired Student’s f-test. A P-value of <0.05 was con-
sidered stansucally significant,

Motor Score

To establish our own scoring system for motor function,
which could be umiformly applicable to any disease phenotype
of this rat model, we examined the common chnical findings

Joumal of Neuroscience Research DOL 10,1002/ jus
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Fig. 1. Chart of Motor score assessment. The degree of motor dysfunction can be assessed by the
Motor score as shown in this chart, This sconng system is meant to be used after disease onset, which
can be prospecnvely diagnosed by the inchned plane rest {muscle weakness onset). A score of 4 means
the same condition as seen for subjective onset (SO). Rats with a score of 5 seem almost as normal as
wild-type rats. The detailed testing procedure for the Motor score is described in the text.

of the transgemic rats in detail and assessed therr motor func-
tions (n = 20). We focused on the following rests: the nght-
ing reflex, the ability to stand in the cage, the extent of drag-
ging their bodies when mowving, and the existence of observ-
able functional deficits. We evaluated these items sequenmally
along with the disease progression and classified the rats into
six groups by gving them scores between 0 and 5. The scor-
ing chart (Mortor score) is shown in Figure 1.

When disease onset in the rats was diagnosed by their
scoring <707 on the inclined plane test (muscle weakness
onser), the affected rats were tested for righting reflex. If they
were umable to nghr themselves from either side, they were
given a score of 0. If they could nght themselves from only
one side but not the other, they were given a score of 1.

Rats that could right themselves from both sides were
examined for the ability to stand in the cage as follows: Rats
were observed in the home cage for 1 nun to see if they
would stand spontaneously (Step 1). When they moved litte
in the home cage or showed no tendency to stand during Step
1, they were sumulated by being transferred to another cake
(Step 2), and then by being returned to their home cage again
(Step 3); the transfers were done to activate exploranon mou-
vaton. During Step 3, the rats were further stimulated by
lightly knocking the cage to intensify the motivation to
explore. Each step was carried out for 1 min and the test was
stopped when the mt stood once. Rats were judged as
“unable to stand” if they did not stand, even after all three
steps.

Rats that did not stand were subjected to the next test
in the open field, where the extent to which they dragged
their bodies when moving was assessed. Those who always
dragged and could not lift some parts of their bodies except
for scrotums and tails at any time were given a score of 2. If

Journal of Neuroscience Reesearch DOI 10.1002/ne

they could lift thewr dragging parts off the ground for even a
moment, they were given a score of 3. The phenotype of
dragging the forelimbs was different from that of dragging
the hindlimbs. As disease progressed, “forelimb-type” rats
first began to touch the tips of their noses on the ground,
and then began to drag thewr head and upper trunk as they
moved backward with their hindlimbs. “*Hindlimb-type™ rats
dragged their lower trunk and moved forward with their
forelimbs.

Finally, rats that had no abnormality in the above-men-
voned assessments were examined in detail to see whether
they had any observable functional deficits such as paralysis of
the limbs or symptoms of general muscle weakness (e.g.,
walking with a hmp, sluggish movement) in the open field.
This condition could be judged subjectively and was defined
as subjective onset. Rats with any of these symptoms were
given a score of 4; otherwise they were given a score of 5.

Because the scores were based on subjective judgment,
they might vary depending on the examiner. To examine
inter-rater variability, three transgenic rats of different clinical
types were examined according to the method described
above, recorded on video tape, and subsequently scored by
five observers from different backgrounds (Table ). The
scores classified by the five observers were staustically analyzed
for inter-rater agreement using Cohen'’s K statistics (Table I1).
Kappa values can range from 0 (no agreement) to 1.00 (per-
fect agreement), and can be interpreted as poor (<0.00), slight
(0.00-0.20), fair (0.21-0.40), moderate (0.41-0.60), substantial
(0.61-0.80), and almost perfect (0.81—1.00) (Landis and Koch,
1977). The scores for the three transgenic ras were, on the
whole, quite consistent among the five observers, suggesting
that the Motor score can be used as an objective method for
assessing disease progression.
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TABLE 1. Motor Score of T
Different Observers
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TABLE II. The kappa Statistics for Inter-Rater Agreement
of Motor Score

Days after onset (days)
Observer 0 1 2 3 4 5 6 7 B
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Real-Time RT-PCR and Western Blot Analysis

Tissue specimens were dissected from the cerebral corti-
ces, cerebella, medullae, and spinal cords (cervical, thoracic,
and lumbar spinal cords) of the deeply anesthetized rats, and
divided into two portions for total RNA and rotal protein
preparation. Total RNA was isolated and first strand cDNA
was synthesized as described previously (Okada et al., 2004).
The real ome RT-PCR analysis was carried out using
Mx3000P (Stratagene, La Jolla, CA) with SYBR Premix Ex
Tagq (Takara Bio, Inc., Owu, Japan), The primers used for the
analysis were human SOD! (5-TTGGGCAATGTGACT-
GCTGAC-3, 5-AGCTAGCAGGATAACAGATGA-3), mat
SOD1 (5'-ACTTCGAGCAGAAGGCAAGC-3, 5-ACATTG-
GCCACACCGTCCTTTC-3), and fl-actin (5'-CGTGGGCCG-
CCCTAGGCACCA-3, 5-TTGGCCTTAGGGTTCAGAGG-
GG-3). The results are presented as ratios of mRNA expression
normalized to an inner control gene, f-actin. Tortal proten was
prepared in lysis buffer containing 10 mM Trs-HCI (pH 7.6),
50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM sodium
fluonide, 20 mM glycerophosphate, 1% Triton X-100, and a
protease inhibitor mixture (Complete; Roche Applied Science,
Mannheim, Germany). Western blot analysis was carned out by
a method established previously. In brief, a 5 g protein sample
of an extract was run on 12% SDS-PAGE, wansferred to nitro-
cellulose, and probed with anti-human SOD1 (1:1,000, mouse
lgG, Novocastra Laboratories, Ltd., Benton Lane, UK), and
ant-a-tubulin (1:2,000, mouse lgG, Sigma-Aldnch, Inc., Sant
Louis, MO). Signals were detected with HRP-conjugated sec-
ondary anubodies (Jackson ImmunoResearch Laboratones, Inc..
West Grove, PA) using an ECL kit (Amersham Bioscience UK
limited, Lirtle Chalfont, UK). Quantitauve analysis was carried
out with a Scion Image (Scion Corporation, Fredenck, MD).

Transgenic rat (chnical type)

#1407 Eventual #1470 Pur= #1449 Pure
Observen hindlimb hindlimb forelimb
Avw B 0.82 0.69 1.00
Aw C 0.82 0.82 0.83
AvwD 0.82 081 0.83
Aw E .82 0.70 0.69
Bw.C 1.00 0.83 0.83
Bwvi D 1.00 0.53 0.83
Bw E 1.00 0.66 0.69
Gwvi.D 1.00 (.64 1.00
Cw.E 1,00 0.82 0.54
Dw. E 1.00 0.81 .54

TABLE III. Clinical Types of hSOD1 (G93A) Transgenic Rats

Clinical type Subtype n Yo
Forelimb Pure 4 82
Eventual 5 102
Hindlimb Pure 19 87
Eventual 17 34.7
General . 4 8.2
Toul 449 100

The amounts of proteins loaded in each slot were normalized to
those of a-tubulin.

Immunohistochemical Analysis

Rawrs were deeply anesthetized (ketamine 75 mg/kg,
xylazine 10 mg/kg, 1p.) and transcardially perfused with 4%
paraformaldehyde/PBS (0.1 M PBS, pH 7.4) for histological
examination. Spinal cord ussues were dissected out and post-
fixed overnight in the same solution, Each spinal cord was
dissected into segments that included the C6, T5, and L3 lev-
els, immersed in 15% sucrose/PBS followed by 30% sucrose/
PBS ar 4°C, and embedded 1n Tissue-Tek O.C.T. Compound
(Sakura Finetechnical Co., Ltd., Tokyo, Japan). Embedded tis-
sue was immediately frozen with iquid mitrogen and stored at
—80°C. Serial transverse sections of each spinal segment were
cut on a cryostat at a thickness of 14 pm. The sections were
pre-treated with acetone for 5 min, rinsed with PBS three
times and permeabilized with TBST (Tris-buffered saline with
1% Tween 20) for 15 min at room temperature. After being
blocked in the TNB buffer (Perkin-Elmer Life Sciences, Inc.,
Boston, MA) for 1 hr ar room temperature, the sections were
incubated at 4°C overnight with an anti-choline aceryltrans-
ferase (ChAT) polyclonal anubody (AB144P, Goat IgG, 1:50;
Chemicon International, Inc., Temecula, CA). After being
washed with PBS three times, the sections were incubated for
2 hr at room temperature with a biotinylared secondary anun-
body (Jackson ImmunoResearch Laboratories, Inc.). Finally,
the labeling was developed using the avidin-biotin-peroxidase
complex procedure (Vectastain ABC kits; Vector Laboratories,
Inc., Burlingame, CA) with 3,3-diaminobenzidine (DAB;
Wako Pure Chemical Industmes, Ltd., Osaka, Japan) as the chro-
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RESULTS
Clinical Types of hSOD1 (G93A) Transgenic Rats
Because we noticed variations in the disease phe-
notypes L"{!‘.“U\"L"\l by the G93A rats, we
mnto three clinic
imtial paralysis.

classified 49 rats

the forelimb
type. hindlimb type, and general type (Table III). Rarts
whose paralysis started in the forelimbs and progressed to
the hindlimbs were defined as the “forelimb type.” In
contrast, rats whose paralysis started from the hindlimbs
and }1;:.5:[\-“(-‘5_ to the forelimbs were defined as ¢
A typical appearance for the forelimb
2. Other rats,
d simultaneous paralysis in the forelimbs
and hindlimbs, were categorized as the “‘general type”

In addinon, we classified the forelimb- and hind-
limb-type rats into two subtypes, the pure and eventual
types, | the initial paralysis (Table

clinical types were:

118

1c
“hindlimb type.’
and hindlimb types is shown in Figure

which show

based on the tming of

ries according to the location ®f

66

I11). Rats of the pure type showed paralysis that was lim-
ited to one or more of the four limbs as the ninal ob-
servable deficit. Those of the eventual type imnally

showed general muscle weakness (e.g.,
walk nsh movement), but without
unequivocal limb paralysis. In the eventual type animals,
paralysis of one of the limbs became apparent later. The
ratio of each subtype is shown in Table I1I
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Fig. 3. Disease progression in hSOD1 (G93A) transgenic rats moni-
tored by four effective measures. A: Body weight. The weight gain
of the transgenic group stopped at around 110-120 days. The differ-
ence became statstically significant at 112 days of age (1 = 9 for each
genotype). B: Inclined plane. The wild-type group scored 75 80°
throughout the period, whereas the score of the transgenic group
declined. The difference became statisncally significant at 120 days of
age (n = 9 for each genotype). C: Cage actviry. The movements of
the wild-type group were stable, whereas the scores of the transgenic
group declined. Significance was reached at 125 days of age (n = 8
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for each genotype). D—F: SCANET. For all parameters (M1, M2,
R.G), the movement scores of the wansgemic group became con-
stantly worse than those of the wild-type group after 60 days of age.
The differenices between the groups increased markedly after 90 days
of age. Significance was attained beginning at 67 days of age for M1
and M2, and at 87 days of age for RG (n = 4 for cach genotype)
The companson between the wild-type and transgenic groups was
stopped when the first of the tansgenic rats reached the end-stage of
the disease and was sacrificed. Mean = SEM. "P < 0.05. **P <
0.01; two-tailed unpaired Student’s i-test
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Fig. 4. Schematic presenttion of the results from the body weighe
(A}, inclined plane test (B), and cage activity (C) assessments. The
onset defined by each measure (black arrowheads} and rhe end-stage
of the disease (ED, black arrows) are indicated in the figures. a, pre-
sympromanc onset: the day the transgenic rats scored their maximum
body weight. b, muscle weakness onset: the earliest day the trans-
genic raes scored <707 in the inclined plane test. ¢, hypo-activity

60 days of age for all parameters (M1, M2, RG), how-
ever, even after the wild-type anmimals showed the
decrease in their movement scores. The differences
between the two groups increased markedly after 90 days
of age for M1, M2, and RG (Fig. 3D-F). The perform-
ance of each rat fluctuated so markedly that the SCANET
test seems to be inappropriate for statistical analysis.

Onset, End-Stage, and Duration of Disease
in hSOD1 (GY93A) Transgenic Rats

Using the quantitative analysis of disease progres-
sion by body-weight measurement, the inclined plane
test, and cage activity, as described above, we defined
three tme points of “objective onset,” as shown in
Figure 4. The SCANET results did not allow us to
define a time of objecuve onset, because we could not
establish a stable baseline level using the data from the
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onset: the earliest day the transgenic ras scored <75% of the mean
movements from 70-90 days of age in the cage acoviry measure. SO,
subjecuve onset: the ecarhest day that observable funcnonal deficits
such as paralysis of the limbs or symptoms of general muscle weak-
ness were observed subjecuvely in the open field (the gray shaded
region in A~C)

highly variable measurements we obrtained, even for
wild-type rats. The righting reflex failure was useful for
detecting the time point of end-stage disease, which we
defined as the generalized loss of motor activity in
affected rats. A total of 20 transgenic rats assessed by
body weight and the inclined plane test were analyzed
for the day of objective onset, end-stage, and duration
of the disease. The cage activity data from the eight
transgenic rats were obtaned simultaneously. The
results are shown in Table IV.

The day the transgenic rats reached their maximum
body weight was defined as pre-symptomatic onset
(113.6 = 4.8 days of age, black arrowhead n Fig. 4A,
Table 1V). This onset was judged retrospectively and
always preceded the subjective onset (gray shaded
region, Fig. 4A), which was determined by observable
functional deficits in the open field, such as paralysis of
limbs and symptoms of general muscle weakness. The
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TABLE IV. Onset, End-Stage, and Duration in Days of Disease in hSOD1 (G93A) Transgenic Rats

Body weight and inclined

Evaluation methods plane (n = 20) Cage activity (n = 8)
Objective onset

Pre-symptomanc onset” 113.6 = 4.8 (103-124)

Muscle weakness onser” 1252 = 7.4 (110-144)

Hypo-acuvity onset’ 1228 + 92 (109-139)°
Subjective onset (SO)* 126.5 = 7.1 (113-147) 121.3 = 9.8 (109-140)
End-stage disease (ED)" 137.8 = 7.1 (128-155) 134.1 = B2 (122-149)
Dunnon'

ED-a" 4.3 =65

ED-b" 126 = 35

ED-¢' 11413

Values are meams = SD
* Maximum of body weight
® Less than 70 degrees in the inclined plane test.

© Less than 75% in the mean movements of 70-90 days in the cage activity

4 Observable funcuonal deficits.

* Righting reflex failure.

f Difference in days berween ED and each onser;
E between ED and pre-symptomatic onset,
" between ED and muscle weakness onser,
" between ED and hypo-activity onset

TABLE V. Comparison of the Onset, End-stage, and Duration in Days of Disease in the Forelimb-

type and the Hindlimb-type Rats

Forelimb type (n = 4)

Hindlimb type (n = 14) General type* (n = 2)

Pre-symptomatic onset’ 1125 = 6.7
Muscle weakness onset” 1258 =28
End-stage disease (ED)° 1340 = 24
Duration’
ED-2" 215285
ED-b' 83 = 1.0

1146 = 43 (108.5)
26773 (113.5)
140.1 = 7.1 (129.5)
25562 {21)
134 £ 30 (16)

Values are mean = SD,

* Values of general-type rats are listed in parenthesis for reference

* Muximum of body weighe
¥ Less than 70 degrees in the inclined plane rest.
° Rughting reflex fatlure,
4 Difference in days between ED and each onset;
* between ED and pre-symptomanc onset,
" hetween ED and muscle weakness anset

pre-symptomatic onset was the most sensitive of all the
onset measures described in this study (Table 1V).

The first day the transgenic rats scored <707 in the
inclined plane test was defined as the muscle weakness
onset (black arrowhead, Fig. 4B). We could judge this
onset prospectively. Muscle weakness onser (125.2 = 7.4
days of age, Table IV) was usually recorded before or at
almost the same time as the subjective onset (8 days
before to 1 day after, gray shaded region, Fig. 4B and
126.5 = 7.1 days of age, Table IV). The day the trans-
genic rats scored 35° or less on the inclined plane test
coincided with the day of righung reflex failure (black
arrow, Fig. 4B).

The first day the transgenic rats scored <75% of
their baseline movements in the cage activity test was
defined as hypo-activity onset (black arrowhead, Fig. 4C
and 122.8 = 9.2 days of age, Table IV). We could also
judge this onser prospectively. Hypo-activity onset was

recorded 1 day before to 4 days after the subjective onset
(SO, shown as the gray shaded region in Fig. 4C and
121.3 = 9.8 days of age, Table IV). A 0% movement
score for cage activity was seen at almost the same time
as nghung reflex failure (black arrow, Fig. 4C).
Although disease onset and end-stage could be objec-
tively defined with these methods, they had a wide
range, of about 1 month, because of the diversity of the
phenotypes (Table IV).

Differences in Disease Courses Between
the Forelimb- and Hindlimb-Type Rats

Because we noticed varability in disease courses
among different clinical types of hSOD1 (G93A) rats,
we next assessed disease progression in 20 transgenic rats
with forelimb- (n 4), hindlimb- (n = 14), and gen-
eral- (n = 2) type, using the probability of objective
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Fig. 5. Comparison of onset, end-stage, and disease progression in
the forelimb-type (n = 4), and the hindlimb-type (n = 14) rats, Data
from the general-type rats are also shown as doued hines. A,B: The
probability of the objective onsets. We did not see any differences in
the probability of the objective onsets defined by body weight meas-
urement (pre-symptomatic onset) and the inclined plane test (muscle
weakness onset) between the forelimb- and hindlimb-type rats
C: The probability of survival as defined by end-stage disease. Sur
vival was significantly shorter in the forelimb-type than in the hind-

onsets (pre-symptomatic onset and muscle weaknes
onset), the probability of survival defined by end-stage
disease (failure in nghtng reflex), and the Motor score
(Table V, Fig. 5). We did not see any differences in the
objective onsets berween the forelimb- and hindlimb-
type rats (Fig. 5AB, Table V). However, survival as
defined by end-stage disease was significantdy shorter in
the forelimb-type than in the hindlimb-type rats (P <
0.05, Log-rank test, Fig. 5C). Moreover, the duration of
the disease calculated from the muscle weakness onset
was also significantly shorter in the forehmb-type (8.3 =
1.0 days) than in the hindlimb-type rats (13.4 = 3.0
days) (see ED — b, P < 0.01, two-tailed unpaired Stu-
dent’s r-test, Table V).

<
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hmb-type rats (/" < 0,05, Log-rank test). D: Assessment of disease
progression using the Motor score, Affected rats were evaluated after
muscle weakness onset. The forelimb type worsened more quickly
than the hindlimb type. Score decline correlated well with the exac-
erbation of symptoms in both clinical types, clearly and objectively
Bars = means * SEM. Swaustically significant differences between
forelimb and hindlimb types are indicated 1n the figures. *P < 0.05
**pP < .01, two-riled unpaired Student’s f-rest

The courses of functional deterioration evaluated by
the Motor score after onset (muscle weakness onset) for
each clinical type were well represented by the declines in
their scores (Fig. 5D). The assessment by the Motor score
also showed that disease progression in the forelimb type
was more rapid than that in the hindlimb type (Fig. 5D).

Our results raise the question of why this variabil-
ity in the disease course of each clinical type was
observed. We speculated that there might be correla-
tion between clinical type in G93A rats and the amount
of locally expressed mutant hSOD1 (G93A) gene prod-
uct. Therefore, we next investgated expression of the
mutant hSOD1 gene in each segment of the spinal cord
(cervical, thoracic, and lumbar) in the forelimb- and
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Fig. 6. The expression of mutant hSOD1 mRINA and protein mn the cerebral cortex, cerebellum,
medulla, and spinal cord (cervical, thoracic, and lumbar) of forehmb- and hindlimb-type rats, A, B:
The amounts of human (A) and endogenous rat (B) SOD1 mRNA normalized to those of fi-actin
were quantified by real ime RT-PCR analysis. C,D: Western blot analysis of the mutant hSOD1
protein was carried out in the same rans. Quanoaove analysis was camed out with a Scion Image
The amounts of proteins were normalized to those of a-tubulin (D)

hindlimb-type rats by real time RT-PCR and Western hSOD1 mRNA. The expression of endogenous rat

blot analysis. However, at least at the stages after the
apparent onset of muscle weakness, neither forelimb-
type (#1587, Score 4 and #15107, Score 4) nor hind-
limb-type rats (#1510, Score 2) necessarily expressed
larger amounts of the mutant hSOD1 (GY93A) transgene
in the cervical cord or in the lumbar cord, respectively,
at the mRNA and the protein level (Fig. 6). We also
investigated the expression of endogenous rat SODI
mRNA in the same rats by REAL TIME RT-PCR
(Fig. 6B). Distmbunon of endogenous rat SODI
mRNA expressed in each segment of the spinal cord
showed almost the same pattern as that of mutant

SODI mRNA was lower than that of mutant hSODI
mRNA. Thus, we could not detect any definite corre-
lation between the hSOD1 (G93A) transgene local
expression profile in the spinal cord and the phenotypes
of G93A rats for either the forelimb-type or the hind-
limb-type rats (Fig. 6).

Reduction in the Number of Spinal Cord Motor
Neurons at Different Disease Stages

We examined histo-pathological changes in the spi-
nal cords of the transgenic rats in comparison with those
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of their wild-type littermates at 70, 90, and 110 days of
age, when the transgenic rats scored <70° in the inclined
plane test (muscle weakness onset), and failed the righting
reflex. To quantify the number of spinal motor neurons,
we stained spinal cord sections of both groups with an
anti-ChAT antbody.

As shown in Figure 7A, the numbers of ChAT
immunoreactive motor neurons in the cervical (C6),
thoracic (T5), and lumbar (L3) segments of the spinal
cord decreased with disease progression. Quantitative
analysis of the residual motor neurons showed that the
total number of motor neurons in the transgenic rats
began to decrease at 90 days of age, rapidly declined
after 110 days of age, and fell to about 50% and 25% of
the numbers in age-matched wild-type littermates at the
ome the score was <70° in the inchned plane test
(muscle weakness onset) and of righting reflex failure,
respectively (Fig. 7B).

DISCUSSION

Factors Underlying the Variability in Phenotypes
of hSOD1 (G93A) Transgenic Rats

In previous studies of this G93A rat, only the hind-
limb-type has been described, and the vanety of pheno-
types and variable clinical courses have not yet been
mentioned (Nagai et al,, 2001). Recently, however,
another line of G93A rats backcrossed onto a Wistar
background (SOD1“#H¥r rarg)  was reported to
present two phenotypes, including forelimb-type, and a
large inter-litter varability in disease onsét (Storkebaum
et al., 2005). In the same way, commonly used FALS
model mice harboring hSOD1 (G93A) gene have been
reported to have clinical variability to some extent, and
some of them dominantly show forelimb paralysis (Gur-
ney et al., 1994). In this study, we recognized various
clinical types, including forelimb-, hindlimb-, and gen-
eral-type and established quantitative methods to evalu-
ate disease progression that can be applied to any of the
clinical types of this ALS model. We have also shown
the variability in disease progression to depend on clini-
cal types, that is, disease progression after the onset was
faster in forelimb-type than in hindlimb-type rats. This
difference may be due to the aggressiveness of the dis-
ease per se because we evaluated the time point of
“death” (end-stage disease) according to nighting reflex
failure (Howland et al., 2002) to exclude the influence
of feeding problems (bulbar region) and respiratory fail-
ure (level C2-C4).

These findings give rise to the next question; why
is this variety of phenotypes and variability in the clinical
course observed in the same transgenic line? There are at
least three possible explanations. One is that the variation
is due to the heterogeneous genetic background of the
Sprague-Dawley (SD) rat (i.e., the strain used to generate
this transgenic line), which might have led to different
phenotypes. This idea is supported by the fact that the
SD strain shows a large inter-individual disease variability
in other models of neurodegenerative disorders, such as

-

TABLE V1. Adequacy of Evaluation Methods in Regard to
Practical Use*

Body Inclined Cage Motor

weight plane  acuvity SCANET  score
Objectvity A B A A B
Senntivity A B C (A) -
Specificity C B L) c A
Motvaton independence A B B D B
Skill requirements A B A A B
Cost of apparatus B B D D A

*A, more appropriate; B, approprate; C, less appropnate; D, inappropriate

\Hnntingmn's disease (Ouary et al., 2000). Similar phe-
notypic vanability takes place in human FALS carrying
the same mutations in hSODI1 gene (Abe et al., 1996;
Watanabe et al., 1997; Kato et al., 2001), which could
be explained by heterogeneous genenc backgrounds,
Thus, the present transgenic ALS model rats may be
highly useful to understand the mechamsms of bulbar
onset, arm onset, or leg onser that are seen in human
disease. There may be modifier genes of these pheno-
types, which should be idenafied in the furure study.

The second is that there is variability in the expres-
sion of the mutant hSOD1 protein. The transcriptional
regulation of this exogenous gene could be affected by
one or more unknown factors, such as epigenetic regula-
tion, and may not be expressed uniformly throughout
the spinal cord of each animal. Therefore, some rats
might express mutant proteins more in the cervical spi-
nal cord and others might express more in the lumber
cord, possibly resulting in the forelimb type and hind-
limb type, respectively. However, we found no definite
correlation between local expression levels of the mutant
hSOD1 mRNA/protein in the spinal cord and the phe-
notypes of these ammals, using real tme RT-PCR and
western blot analysis after the onset of muscle weakness,
when the clinical type of the transgenic rats could be
defined (Fig. 6). Moreover, the pathological analysis
showed no correlaton between the number of residual
motor neurons in each segment and the phenotypes of
end-stage anmimals, However, because >50% of spinal
motor neurons have already degenerated at the stage of
muscle weakness onset, whether local expression of the
mutant hSOD1 gene and segmental loss of motor neu-
rons correlate with the clinical types of G93A rats should
be further investigated by analyzing younger amimals at
a stage when motor neuron loss has not progressed as
much.

The third explanation involves a structural property
of the mutant hSOD1 (G93A) protein itself. It is now
thought that mutations in the hSOD1 gene may alter
the 3-D conformation of the enzyme and, in turn, result
in the SOD1 protein acquiring toxic properties that
cause ALS (Deng et al., 1993; Hand and Rouleau 2002).
For instance, the hSOD1 (G93A) mutant protein has
been reported to be susceptible to nonnative protein—
protein interactions because of i mutaton site and
unfolded structure (Shipp et al., 2003; Furukawa and
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