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Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegen-
erative disorder characterized by loss of motor neurons. Dominant
mutations in the gene for superoxide dismutase 1 (SOD1) give rise
to familial ALS by an unknown mechanism. Here we show that
genetic deficiency of mammalian sterile 20-like kinase 1 (MST1)
delays disease onset and extends survival in mice expressing the
ALS-associated G93A mutant of human SOD1. SOD1(G93A) indu-
ces dissociation of MST1 from a redox protein thioredoxin-1 and
promotes MST1 activation in spinal cord neurons in a reactive ox-
ygen species-dependent manner. Moreover, MST1 was found to
mediate SOD1(G93A)-induced activation of p38 mitogen-activated
protein kinase and caspases as well as impairment of autophagy in
spinal cord motoneurons of SOD1(G93A) mice. Our findings impli-
cate MST1 as a key determinant of neurodegeneration in ALS.
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myotrophic lateral sclerosis (ALS) is an adult-onset neuro-

degenerative disorder characterized by the selective loss of
motor neurons in the brain and spinal cord. Whereas most cases
(~90%) of ALS are sporadic (SALS), both sALS and familial
ALS (fALS) share similar clinical characteristics, suggestive of
common disease mechanisms. Mutations in the gene for super-
oxide dismutase 1 (SOD1) are one of the most common causes
of fALS and give rise to disease as a result of acquired gain-of-
function toxicity (1, 2). Studies using the disease-model mice
overexpressing ALS-linked mutants of human SOD1 have sug-
gested that many mutations result in oxidative damage and ap-
optosis in motor neurons (2, 3). The molecular mechanism by
which SOD1 mutants induce neurodegeneration remains un-
clear, however.

Mammalian sterile 20 (STE20)-like kinase 1 (MST1) is a
multifunctional serine-threonine kinase that belongs to the
family of class II germinal center kinases (4-6). MST1 is com-
posed of a catalytic domain in the amino-terminal region, an in-
hibitory domain in the central region, and a regulatory Salvador/
Rasst/Hippo (SARAH) domain in the carboxyl-terminal region (7,
8). The SARAH domain is responsible for the homo-dimerization
of MST1, which contributes to the mechanism underlying MST1
activation (7, 9). It also mediates the formation of heteromeric
complexes with other SARAH domain-containing proteins such
as 45 kDa WW domain protein and Rassf proteins (7, 8). MST1
is expressed ubiquitously and is associated with the regulatory
mechanisms for many biological events including cell growth,
apoptosis, stress response, and senescence (10, 11). In particular,
MST1 has been recently suggested to mediate neuronal cell
death initiated by oxidative stress (11, 12).

Given that oxidative stress contributes to the pathogenesis of
ALS, we investigated the possible role of MST1 in the neuro-
toxicity underlying fALS with use of a transgenic mouse model.
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Results and Discussion

Motor Neurons in sALS Patients and SOD1(G93A) Mice Show Higher
Activity of MST1. We first examined MST1 activity in primary
motor neurons (PMNs) prepared from the spinal cord of E13
embryos of control B6 mice or transgenic mice expressing wild-
type (WT) or the ALS-associated G93A mutant of human SODI.
The phosphorylated (active) form of MST1 (phospho-MST1)
was detected in PMNs from the SOD1(G93A) mice by immu-
nofluorescence analysis, and this phosphorylation was abolished
by exposure of the cells to scavengers of reactive oxygen species
(ROS) including Trolox and N-acetylcysteine (NAC) (Fig. S1),
suggesting that SOD1(G93A) induces MST1 activation in a
manner dependent on ROS accumulation. In contrast, SOD1
(WT) did not induce MST1 activation in PMNs. Postmortem
sections of the spinal cord obtained from SALS patients and
neurologically normal control individuals were also examined
by immunohistochemical analysis with antibodies specific for
phospho-MST1. The intensity of phospho-MST1 immunostain-
ing was greater in motor neurons of SALS patients than those of
control individuals (Fig. 14, Fig. S2). MST1 activity was also
increased in the lumbar spinal cord in SOD1(G93A) mice before
symptom onset, compared with that in control mice (Fig. 1B).
Furthermore, immunofluorescence analysis indicated that the
levels of phospho-MST1 were greater in motor neurons in the
lumbar spinal cord of SOD1(G93A) mice at presymptomatic
(8-wk-old) (Fig. 1C) and symptomatic (16-wk-old) stages (Fig.
S3A4), compared with those in control mice. Interestingly, phos-
phorylation (activation) of MST1 was not detected in astrocytes
in the lumbar spinal cord in SOD1(G93A) mice (Fig. S3B), sug-
gesting that the activation of MST1 in the ALS model mice is
specific for motor neurons.

Genetic Ablation of MST1 Alleviates fALS-Like Disease Phenotype in
Vivo. Next, we investigated whether MST1 might be associated
with the ALS disease-related features of SOD1(G93A) mice.
Homozygous deletion of Mst/ in SOD1(G93A) mice not only
delayed symptom onset (Fig. 24) and mortality (Fig. 2B) but also
improved the viability of spinal cord motor neurons (Fig. 2 C and
D), implicating MST1 in ALS-associated motor neuron toxicity.
Analysis of neuromuscular function with the rotarod (Fig. 2F),
paw grip endurance (PaGE) (Fig. 2F), and stride-length (Fig.
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Fig. 1. sALS patients as well as SOD1(G93A) mice show higher activity of
MST1 in motor neurons. (A) Representative immunohistochemical analysis of
ventral motor neurons in postmortem spinal cord sections from a sALS pa-
tient and a control individual with antibodies to phospho-MST1 is shown
(Upper). (Scale bar, 50 pm.) The boxed regions are shown at higher magni-
fication in the inserts. (Scale bar, 20 pm.) The relative intensity of phospho-
MST1 immunostaining quantified for all human subjects (n = 8 for normal,
n = 9 for sALS) is shown (Lower) (Fig. S2). Quantitative data are means +
SEM. (B) MST1 activity in the lumbar spinal cord of 8-wk-old control, SOD1
(G93A), MST17~, and SOD1(G93A)/MST1~'~ mice was determined with im-
mune complex kinase assay with GST-Forkhead box protein O3 (FOXO3) as
substrate. Activity relative to that of control mice is indicated below each
lane. Tissue lysates were also subjected to immunoblot analysis with anti-
bodies to MST1, to human SOD1 (hSOD1), and to D-tubulin (loading con-
trol). (C) Sections of the lumbar spinal cord of control, SOD1(G93A), MST17/~,
and SOD1(G93A)/MST1~"~ mice (n = 4 per group) were subjected to immu-
nofluorescence staining with antibodies to phospho-MST1 (red) and to NeuN
(green). (Scale bar, 10 um.) The relative intensity of phospho-MST1 immu-
nostaining quantified for all groups is shown (Right). Quantitative data are
means + SEM.

2G) tests also revealed that genetic ablation of MST1 significantly
ameliorated the ALS-like phenotype of SOD1(G93A) mice.
Taken together, these results suggested that MST1 might mediate
the disease-related neurotoxicity in the ALS model mice.

SOD1(G93A) Induces Dissociation of MST1 from Thioredoxin-1 and
Promotes MST1 Homodimerization. Next, we investigated the pos-
sible mechanism by which SOD1(G93A) induces MST1 activation.
We have recently reported that a redox protein thioredoxin-1
(Trx1) inhibits ROS-induced MST1 activation in intact cells (13).
Moreover, in in vitro kinase assays, Trx1 directly inhibited the
kinase activity of the MST1 immunoprecipiates that had been
obtained from SOD1(G93A)-expressing cells (Fig. 34). With
these findings, we further examined the possible role of this redox
protein in the mechanism underlying activation of MST1 by SOD1
(G93A). Coimmunoprecpitation analysis revealed that MST1
physically associated with Trxl in mouse motor-neuron-like
NSC34 cells stably expressing human SOD1(WT) but not in those
expressing SOD1(G93A), and this dissociation of the MST1-Trx1
complex induced by SOD1(G93A) was accompanied by an
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increase in MST1 activity (Fig. 3B). NAC and Trolox, both of
which decreased intracellular levels of ROS enhanced by SOD1
(G93A) (Fig. S4), abrogated the effects of SOD1(G93A) on the
MST1-Trx1 interaction and MST1 activation (Fig. 3B). It is also
worthwhile to note that MST1 did not physically associate with
either SOD1(WT) or SOD1(G93A) (Fig. S5). Consistent with
these results in the transfected NSC34 cells, separate coimmu-
noprecipitation data showed the physical association of MST1
and Trx1 in the lumbar spinal cord of control mice and that this
interaction was disrupted in the lumbar spinal cord of SOD1
(G93A) mice (Fig. 3C). The MST1-Trx1 interaction in the lum-
bar spinal cord was also examined by an in situ proximity ligation
assay (PLA), which allows detection of protein—protein inter-
actions in cells (14), with using anti-Trx1 and anti-MST1 anti-
bodies. Again, MST1 was found to interact with Trx1 in ventral
motor neurons from control mice but not in those from SOD1
(G93A) mice (Fig. S64). We also confirmed the specificity of
PLA signal indicating the MST1-Trx1 interaction in lumbar
sections of control mice (Fig. S6B). As shown in Fig. S6B, we
observed that the PLA signal was abolished when this assay was
performed in the presence of MST1 or Trx1 protein to neutralize
anti-MST1 or anti-Trx1 antibodies, respectively.

We next examined whether SOD1(G93A) could affect MST1
homodimerization, which contributes to MST1 activation (9),
after transfecting 293T cells with plasmids encoding Myc epitope-
tagged MST1 and Flag-MST1 together with plasmids for either
Flag-SOD1(G93A) or Flag-SOD1. Coimmunoprecipitation data
revealed that SOD1(G93A) promoted MST1 homodimerization
and that this effect was blocked by ROS scavengers Trolox and
NAC (Fig. 3D). Concomitantly, SOD1(G93A) induced dissoci-
ation of MST1 from Trx1 as well as MST1 activation in a manner
sensitive to the ROS scavengers. Collectively, these results sug-
gested that MST1 forms a complex with Trx1 under reduced
conditions, and that ROS generation in SOD1(G93A)-expressing
cells promotes the release of MST1 from Trx1 and thereby facil-
itates the homodimerization and activation of MST1.

MST1 Mediates the SOD1(G93A)-Induced Activation of p38 MAPK and
Caspases. The p38 mitogen-activated protein kinase (MAPK) and
caspases have been implicated in disease pathogenesis in ALS
mouse models (15, 16). Given that p38 MAPK and caspases may
also play a role in MST1-mediated cell death (17), we examined
the activation status of p38 and caspases in the lumbar spinal
cord. Activation of p38 and its upstream kinase apoptosis signal—
regulated kinase 1 () was apparent in the lumbar spinal cord of
8-wk-old SOD1(G93A) mice, and this activation was abolished
in SOD1(G93A)/MST1~~ mice (Fig. 44). Cleavage (activation)
of caspase-9 and caspase-3 was also detected in the lumbar spinal
cord of 12-wk-old SOD1(G93A) mice but not in that of SOD1
(G93A)/MST1™"~ mice (Fig. 4B). In addition, cleavage of
caspase-3 was observed in lumbar spinal cord motoneurons of
12-wk-old SOD1(G93A) mice, and this cleavage was again miti-
gated by deletion of Mst1 (Fig. 4C). Collectively, these results
suggested that SOD1(G93A) induces MST1 activation, which in
turn mediates activation of the p38 signaling pathway as well as
that of caspase-9 and -3 in the lumbar spinal cord of ALS mice.
The p38 inhibitor SB203580 blocked SOD1(G93A)-induced ac-
tivation of caspase-9 and -3 in NSC34 cells (Fig. S74), whereas
the pan-caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-
[Omethyl]-fluoromethylketone (zVAD-fmk) did not affect p38
MAPK signaling activated by SOD1(G93A) (Fig. S7B), suggest-
ing that the p38 pathway mediates SOD1(G93A)-induced caspase
activation. Neither SB203580 nor zVAD-fmk affected SOD1
(G93A)-induced MST1 activation (Fig. S7), consistent with our
data suggesting that MST1 acts upstream of the p38 pathway as
well as of caspase-9 and -3.
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MST1 deficiency ameliorates fALS disease signs. (A and B) Kaplan—Meyer analysis of the onset of rotarod deficits (A) and of survival (B) in SOD1(G93A)

and SOD1(G93A)/MST1~"~ mice (n = 21). The mean + SEM values for age at 50% change for each group are indicated. *P < 0.05 versus SOD1(G93A). (C) Cresyl
violet-stained sections of the ventral lumbar spinal cord from 16-wk-old mice of the indicated genotypes. (Scale bar, 20 pm.) (D) Stereological assessment of
viability of motor neurons. Numbers of viable motor neurons were measured by counting the Cresyl violet-stained large neurons in the lumbar spinal cord of
16-wk-old control (n = 5), MST1™"~ (n = 4), SOD1(G93A) (n = 5), and SOD1(G93A)/MST1~"~ (n = 5) mice. (E and F) Motor function of SOD1(G93A) and SOD1
(G93A)/MST1~~ mice (n = 21) was examined with the rotarod (E) and PaGE (F) tests. *P < 0.05 versus SOD1(G93A). (G) Stride-length analysis of 14-wk-old mice
of the indicated genotypes (n = 21). Representative raw stride-length data are shown (Right). Quantitative data in D-G are means + SEM.

MST1 Mediates the SOD1(G93A)-Induced Abnormality in Autophagic
Flux. Defects in autophagy are thought to give rise to neuro-
degeneration (18), with failure of this process having been shown
to contribute to the pathogenesis of ALS in clinical and experi-
mental studies (19, 20). Expression of SOD1(G93A) increased
the amounts of autophagy markers including beclin-1 [autophagy
related 6 homolog (ATG6)], microtubule-associated protein 1
light chain 3 (LC3), and the ATG5-ATG12 complex in NSC34
cells, compared with those apparent in cells expressing human
SOD1(WT) (Fig. S84). The effects of SOD1(G93A) on the
autophagy markers were inhibited by treatment of the cells with
SB203580, but not by that with zZVAD-fmk. Beclin-1 plays an
important role in the early stage of autophagy (21), and LC3-II
and the ATGI2-ATGS5 complex are protein markers for
autophagosome formation (22). These findings prompted us
to examine whether MST1 mediates the effect of SOD1(G93A)
on the autophagy markers in motor neurons. We introduced
green fluorescence protein (GFP)-tagged LC3 into PMNs and
monitored the cells for the presence of punctate GFP-LC3

12068 | www.pnas.org/cgi/doi/10.1073/pnas.1300894110

fluorescence, indicative of recruitment of the tagged protein to
autophagosome membranes (23). The intensity of punctuate
GFP-LC3 fluorescence was greatly increased in SOD1(G93A)
PMNs compared with control PMNs, and this increase was
markedly attenuated by SB203580, but not by zZVAD—-fmk (Fig.
S8B). Importantly, genetic deficiency of MST1 also attenuated
the SOD1(G93A)-dependent increase in GFP-LC3-labeled
autophagosomes in PMNs (Fig. S8C). Consistent with these
findings, the abundance of autophagy markers (beclin-1, LC3-II,
ATGS5-ATG12) in the lumbar spinal cord was increased in 16-
wk-old SOD1(G93A) transgenic mice compared with age-
matched control mice, and this increase was abolished by genetic
ablation of MST1 (Fig. 54). Electron microscopy also revealed
that the number of autophagosomes, defined as double-mem-
brane vesicles, in ventral motor neurons of the lumbar spinal
cord was increased in SOD1(G93A) mice compared with control
mice, and again this effect of SOD1(G93A) was attenuated by
genetic ablation of MST1 (Fig. 5B). We also found that p62,
a target protein for autophagy-dependent degradation (24),
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Fig.3. SOD1(G93A) induces dissociation of MST1 from Trx1 and promotes the
homodimerization and activation of MST1. (A) Lysates of NSC34 cells stably
expressing Flag-tagged human SOD1(WT) or SOD1(G93A) were subjected to
immunoprecipitation with antibodies to MST1. The resulting MST1 precip-
itates were incubated at 30 °C for 30 min in 20 pL of kinase reaction buffer in
the absence or presence of 2 pg Trx1 or GST and were then examined for MST1
activity with GST-FOXO3 as substrate. (B) NSC34 cells stably expressing Flag-
tagged human SOD1(WT) or SOD1(G93A) were incubated in the absence or
presence of 100 pM Trolox or 3 mM NAC for 12 h, lysed, and subjected to
immunoprecipitation (IP) with antibodies to MST1. The resulting precipitates
were analyzed by immunoblot analysis (IB) with antibodies to Trx1 and were
assayed for MST1 activity with GST-FOXO3 as substrate. Cell lysates were also
examined directly by immunoblot analysis with antibodies to MST1, to Trx1, to
Flag, or to D-tubulin. (C) Coimmunoprecipitation analysis showing the in-
teraction between MST1 and Trx1 in the lumbar spinal cord of 8-wk-old mice
with the indicated genotypes (n = 3). Tissue lysates were also examined by
immunoblot analysis with antibodies to MST1, to Trx1, and to a-tubulin. (D)
293T cells transfected for 48 h with the indicated combinations of plasmids
encoding Flag-tagged SOD1(WT), Flag-SOD1(G93A), and Flag-tagged or Myc
epitope-tagged MST1 were incubated in the absence or presence of 100 pM
Trolox or 3 mM NAC for 12 h, lysed, and subjected to immunoprecipitation
with antibodies to Myc. The resulting precipitates were subjected to immu-
noblot analysis with antibodies to Flag and to Trx1 and were assayed for MST1
activity with GST-FOXO3 as substrate. Cell lysates were also examined directly
by immunoblot analysis with antibodies to Flag, to Myc, and to Trx1.

accumulated in lumbar spinal cord motoneurons of SOD1(G93A)
mice (Fig. 54, Fig. S9), indicative of a defect in autophagic flux
(that is, in the balance between induction of autophagy and
autophagic degradation). This accumulation of p62 was attenu-
ated by genetic ablation of MST1, suggesting that MST1 is re-
sponsible for the abnormality in autophagic flux in lumbar spinal
cord motoneurons of SOD1(G93A) mice.

In this study, we have shown that MST1 activity was increased
presymptomatically in motor neurons, but not in glial cells, of the
spinal cord in SOD1(G93A) mice and that deficiency of the MST1
gene improved the severity of disease manifestations in the fALS
model mice. Furthermore, our data with ROS scavengers suggest
that intracellular ROS mediates the SOD1(G93A)-induced
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activation of MST1, although the origin of ROS generation in-
duced by SOD1(G93A) remains unclear (25). We also found that
Trx1 physically associates with MST1 in a basal state, and that
SOD1(G93A) induces dissociation of the MST1-Trx1 complex
in a ROS-dependent manner and thereby promotes the homo-
dimerization of MST1, which is an integral part of the mechanism
for the activation of MST1 (9). Several possible mechanisms may
be proposed for the ROS-dependent release of MST1 from Trx1.
One possibility would be that only the reduced form of Trx1 binds
MST1, and that the oxidation of Trx1 expedites the dissociation of
the MST1-Trx1 complex. Alternatively, MST1 may be targeted by
ROS-mediated reaction(s), and the oxidized form of MST1 may
be released from Trx1. Aside from these possibilities, our results
suggest that Trx1 functions as a negative regulator of the ROS-
induced activation of MST1 in SOD1(G93A) mice. Additionally,
given that oxidative stress is implicated in both sporadic and fALS
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Fig. 4. MST1 mediates SOD1(G93A)-induced activation of p38 MAPK and
caspases. (A) ASK1 and p38 activities in the lumbar spinal cord of 8-wk-old
mice of the indicated genotypes were determined with immune complex
kinase assays (Left) and quantified by densitometry (Right; n = 3). (B) Rep-
resentative immunoblot analysis of the cleaved forms of caspase-9 and
caspase-3 in the lumbar spinal cord of 12-wk-old mice (Left) and densito-
metric analysis of immunoblot bands (Right; n = 4). (C) Sections of the
lumbar spinal cord of 12-wk-old control, SOD1(G93A), MST1~/~, and SOD1
(G93A)/MST1~~ mice (n = 4 per group) were subjected to immunofluores-
cence staining with antibodies to cleaved caspase-3 (red) and to neuronal
nuclei (NeuN) protein (green) (Left). (Scale bar, 10 pm.) The relative in-
tensity of cleaved caspase-3 immunostaining quantified for all groups is
shown (Right). Quantitative data are means + SEM *P < 0.05 versus
control, TP < 0.05 versus SOD1(G93A).
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Fig. 5. MST1 mediates SOD1(G93A)-induced autophagosome accumula-
tion. (A) Representative immunoblot analysis of autophagy markers in the
lumbar spinal cord of 16-wk-old mice (Left) and densitometric analysis of
immunoblot bands (Right; n = 4). (B) Electron microscopy of double-mem-
brane autophagy vacuoles (AVs, arrows) in ventral motor neurons of the
lumbar spinal cord of 16-wk-old mice (Left). M, mitochondria. (Scale bar, 200
nm.) The number of AVs in motor neurons was also determined (Right, n =
3). All quantitative data are means + SEM *P < 0.05 versus control, P <0.05
versus SOD1(G93A).

cases (26-28), ROS generation might be the common mechanism
for MST1 activation in ALS.

The activation of MST1 by SOD1(G93A) results in the stimu-
lation of p38 MAPK and caspase-9 and -3 as well as in autopha-
gosome accumulation due to autophagic imbalance, all of which
contribute to the demise of motor neurons both in vitro and in
vivo. The p38 MAPK pathway appears to mediate both caspase
activation and the impairment in autophagic flux in parallel in
SOD1(G93A)-expressing motor neurons. Collectively, our find-
ings implicate MST1 as a key mediator of the ALS-associated
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neurodegeneration, and they therefore identify it as a potential
therapeutic target for ALS as well as other motor neuron diseases.

Materials and Methods

A detailed description of the materials and methods can be seen in S/ Materials
and Methods.

Animal Models and Breeding Schemes. MST1 knockout mice were described
previously (29). ALS model mice expressing human SOD1(G93A) (B6SJL-Tg
[SOD1-G93A]1Gur/)) and mice expressing human SOD1(WT) (B6SJL-Tg
[SOD1]2Gur/J) were obtained from the Jackson Laboratory. SOD1(G93A)
transgenic mice on the MST17~ background were generated according to
the following breeding scheme: SOD1(G93A) males were mated with MST1+/~
females, and the resulting SOD1(G93A)/MST1*~ F; males were then mated
with MST1*~ females to yield all of the genotypes studied. Genotyping of
littermates was performed with standard PCR-based protocols and primer
sets described previously (29, 30). All animal procedures were approved by
the Institutional Animal Care and Use Committee of Korea University.

Behavioral Assessments. Mice were analyzed for motor dysfunction with the
rotarod, PaGE, and stride-length tests beginning at 8 wk of age. Behavioral
analysis with a rotarod instrument (Columbus Instruments) was performed twice
aweek until each mouse was no longer able to perform the task. Each animal was
subjected to three trials at 16 rpm. A cutoff time point was set arbitrarily at 300,
and a mouse remaining on the rotarod for this time was considered to be
asymptomatic. The onset of disease symptoms was determined as the first day
when a mouse showed motor dysfunction in rotarod performance. The average
performance duration up to the cutoff time was recorded for each mouse and
used for analysis. The PaGE test was used to evaluate grip strength and per-
formed twice a week. The time during which a mouse remained attached to the
inverted lid with both hind limbs was measured. Each mouse was allowed three
attempts to hold onto the inverted lid for an arbitrary maximum of 905, and the
longest time was recorded. To evaluate motor coordination, we analyzed stride
length for 14-wk-old mice with the use of a CatWalk apparatus (Noldus) (31).
Each mouse was placed individually on the CatWalk walkway and allowed to
traverse the glass plate of the walkway as many times as needed to obtain at
least three fluent crossings in the dark. Where the mouse paws were placed on
the glass plate, light was reflected down and the illuminated contact areas
were recorded with a charge-coupled device camera underneath the glass
plate. Contact areas were indexed automatically and assigned to the respective
colored paws, which allowed quantitative analysis of gait with the use of Cat-
Walk software 7.1. The mean value for stride length was calculated for at least
10 consecutive strides.

Statistical Analysis. Data are presented as means + SEM. Comparisons be-
tween two groups were performed with the independent-samples t test,
and those among more than two groups were performed with analysis of
variance (ANOVA) followed by the Student Newman-Keuls test. Data for
symptom onset and survival were subjected to Kaplan-Meier analysis. All
analyses were performed with SPSS version 12.0 software for Windows. A
P value of < 0.05 was considered statistically significant.
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