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BACKGROUND AND PURPOSE

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder with no effective treatment. Fasudil hydrochloride
(fasudil), a potent rho kinase (ROCK) inhibitor, is useful for the treatment of ischaemic diseases. In previous reports, fasudil
improved pathology in mouse models of Alzheimer’s disease and spinal muscular atrophy, but there is no evidence in that it
can affect ALS. We therefore investigated its effects on experimental models of ALS.

EXPERIMENTAL APPROACH

In mice motor neuron (NSC34) cells, the neuroprotective effect of hydroxyfasudil (M3), an active metabolite of fasudil, and its
mechanism were evaluated. Moreover, the effects of fasudil, 30 and 100 mg-kg™', administered via drinking water to mutant
superoxide dismutase 1 (SOD1?**) mice were tested by measuring motor performance, survival time and histological
changes, and its mechanism investigated.

KEY RESULTS

M3 prevented motor neuron cell death induced by SOD1%%3*, Furthermore, M3 suppressed both the increase in ROCK activity
and phosphorylated phosphatase and tensin homologue deleted on chromosome 10 (PTEN), and the reduction in
phosphorylated Akt induced by SOD1<%*A. These effects of M3 were attenuated by treatment with a PI3K inhibitor
(LY294002). Moreover, fasudil slowed disease progression, increased survival time and reduced motor neuron loss, in
SOD19%3A mice. Fasudil also attenuated the increase in ROCK activity and PTEN, and the reduction in Akt in SOD1%** mice.

CONCLUSIONS AND IMPLICATIONS
These findings indicate that fasudil may be effective at suppressing motor neuron degeneration and symptom progression in
ALS. Hence, fasudil may have potential as a therapeutic agent for ALS treatment.

Abbreviations

ALS, amyotrophic lateral sclerosis; Fasudil, fasudil hydrochloride; NSC34, mice motor neuron; PI, propidium iodide;
PTEN, phosphatase and tensin homologue deleted on chromosome 10; ROCK, rho kinase; SMA, spinal muscular
atrophy; SOD1, superoxide dismutase 1; WT, wild-type

Introduction progressive degeneration of both upper and lower motor

neurons (Leigh and Ray-Chaudhuri, 1994). Approximately
Amyotrophic lateral sclerosis (ALS) is a fatal and incurable 90% of ALS cases are sporadic, while the remaining 10% are
neurodegenerative disease characterized by an age-related familial (fALS; Gurney, 1997). The sporadic and familial
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forms of the disease have some features in common, and a
common pathogenesis has been identified (Boillee et al.,
2006). Mutations of the gene coding for the enzyme copper—
zinc superoxide dismutase 1 (SOD1) account for approxi-
mately 20% of the cases of fALS and represent a major known
cause of the disease (Rosen et al., 1993). Moreover, several
ALS-linked genes have been identified about 43 kDa transac-
tivation response DNA-binding protein (TDP-43), fused in
sarcoma/translocated in liposarcoma, and others (Vande
Velde et al., 2011). Within the last 10 years, new models based
on these genes have been established, and these have
improved the mechanistic understanding of the pathogenesis
of ALS (Jackson etal., 2002; Vande Velde etal., 2011).
However, despite extensive investigations, the mechanism of
motor neuron death in ALS is still unknown, and no effective
therapies have been developed to retard or prevent the pro-
gression of ALS.

Rho kinase (ROCK), one of the serine/threonine kinases
mediating the activities of tho GTPases, consists of two
family members, ROCK1 and ROCK2, with redundant func-
tions (Ishizaki et al., 1996). ROCK reportedly activates the
caspase signalling cascades and promotes cellular apoptosis
(Coleman et al., 2001), indicating its involvement in cell
death. In a previous study, fasudil hydrochloride (fasudil),
which is a potent ROCK inhibitor, was shown to improve the
pathology in mouse models of brain ischaemia (Yamashita
et al., 2007), Alzheimer’s disease (Hou et al., 2012) and spinal
muscular atrophy (SMA; Bowerman et al., 2012). These results
suggest that fasudil has potential as a treatment for many
neurodegenerative disorders. However, there is no data indi-
cating whether fasudil has similar effects in ALS.

In the present study, we investigated whether fasudil
might exert protective effects against motor neuron death in
SOD1%** mice (an ALS model; see Methods) and therefore
whether it might be a promising agent for the treatment of
ALS.

Methods

Expression plasmids, cell culture

and transfection

Empty vector (mock), human wild-type (WT) SOD1 (SOD1")
and mutant SOD19%** vector with either enhanced GFP or
Myc-tagged were used. These vectors were provided by Dr
Gen Sobue (Nagoya University Graduate School of Medicine,
Nagoya, Japan). Mice motor neuron (NSC34) cells, a hybrid
neuroblastoma x spinal cord cell line purchased from Cosmo
Bio Co. Ltd. (Tokyo, Japan), were maintained in DMEM con-
taining 10% FBS (Valeant, Costa Mesa, CA, USA), 100 U-mL™!
penicillin (Meiji Co. Ltd., Tokyo, Japan) and 100 ug-mL™
streptomycin (Meiji Co. Ltd.) under a humidified atmosphere
of 95% air and 5% CO, at 37°C. The cells were passaged by
trypsinization every 3-4 days. Mock, SOD1"** or SOD19%%
with either enhanced GFP or Myc-tagged was transfected
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) by
following the manufacturer’s instructions.

Chemicals
Fasudil hydrochloride (fasudil) was synthesized by Asahi
Kasei Co. Ltd. (Tokyo, Japan). Hydroxyfasudil (M3), an active
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metabolite of fasudil, and Y-27632 [(R)-(+)-trans-N-(4-
pyridyl)-4-(1-aminoethyl)-cyclohexanecarboxamide, a ROCK
inhibitor] were purchased from Calbiochem (San Diego, CA,
USA).

Cell death assay

NSC34 cells were seeded at a density of 8000 cells per well
into 96-well plates with DMEM, and transfected using Lipo-
fectamine 2000 (Invitrogen) mixed with 2 pg-mL™" of plasmid
vector in DMEM for 6 h. After 6 h, the cell culture medium
was replaced with fresh DMEM and the incubation allowed to
proceed for a further 42 h. Then, the cells were transferred to
serum-free DMEM and immediately treated with M3 or
Y-27632, each at a final concentration of 0.3, 3 or 30 nM, or
else treated with M3 (30 nM) at 15, 21, 24 and 26 h after
serum deprivation. Cell death was assessed based on combi-
nation staining with Hoechst 33342 and propidium iodide
(PI); this was performed 27 h after M3 or Y-27632 treatment.
In the PI3K/Akt inhibitor (LY294002) study, the transfected
cells were placed in serum-free DMEM and immediately
treated with M3 (30 nM). After 12 h of serum deprivation, the
cells were treated with LY294002 at a final concentration
of 0.3, 1 or 10 uM. Images were collected by means of
an Olympus IX70 inverted epifluorescence microscope
(OLYMPUS, Tokyo, Japan). The total number of cells was
counted and the percentage of PI-positive cells calculated as a
measure of dead cells, as described previously (Shimazawa
et al., 2010). A total of at least 200 cells per condition were
counted, in a blind manner, using image-processing software
(Image-] version 1.33f; National Institutes of Health,
Bethesda, MD, USA).

Immunoblot analysis

NSC34 cells or mice spinal cord were lysed using a buffer
(RIPA buffer; Sigma-Aldrich, St. Louis, MO, USA) with pro-
tease (Sigma-Aldrich) and phosphatase inhibitor cocktails
(Sigma-Aldrich). The protein concentration was measured by
comparison with a known concentration of BSA using a
bicinchoninic acid Protein Assay Kit (Thermo Fisher Scientific
Inc., Waltham, MA, USA). Equal amounts of protein in
sample buffer with 10% 2-mercaptoethanol were subjected to
SDS-PAGE using 5-20% gradient gels (SuperSep Ace; Wako
Pure Chemicals, Osaka, Japan), and the separated proteins
were transferred onto a PVDF membrane (Immobilon-P; Mil-
lipore Corporation, Bedford, MA, USA). After blocking with
Blocking One-P (Nacalai Tesque, Kyoto, Japan), membranes
were incubated with the following primary antibodies: rabbit
anti-ROCK1 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), rabbit anti-ROCK2 (Santa Cruz), rabbit anti-phospho-
Akt (Cell Signaling, Beverly, MA, USA), rabbit anti-Akt (Cell
Signaling), rabbit anti-phosphatase and tensin homologue
deleted on chromosome 10 (PTEN; Cell Signaling), rabbit
anti-PTEN (Cell Signaling), rabbit anti-phospho-adducin
(Abcam, Cambridge, MA, USA), rabbit anti-a-adducin
(Abcam), rabbit anti-SOD1 (Cell Signaling), mouse anti-myc
(Cell Signaling) and mouse anti-B-actin (Sigma-Aldrich). Sub-
sequently, the membrane was incubated with peroxidase goat
anti-rabbit or goat anti-mouse IgG (Pierce, Rockford, IL, USA)
as the secondary antibody. Band intensities were measured
using an ImmunoStar LD (Wako Pure Chemicals).



ROCK activity assay

ROCK activity was assassed by use of the CycLex Rho-kinase
Assay Kit (CycLex Co. Ltd., Nagano, Japan) by following
manufacturer’s recommendations. Briefly, NSC34 cells were
plated in 10 cm dishes at 1.0 x 107 cells per dish, and trans-
fected using Myc-tagged mock, SOD1"" or SOD1%** for 48 h.
After 27 h with or without M3 treatment, cells were immedi-
ately prepared in extraction buffer [25 mM Tris-HCI, pH 7.4,
150 mM sodium chloride, 1 mM EDTA, 1 mM EGTA, 1%
NP-40, 5% glycerol, 10 mM B-mercaptoethanol and protease
(Sigma-Aldrich) and phosphatase inhibitor cocktails (Sigma-
Aldrich)] at 4°C, then centrifuged at 12 000x g to obtain the
lysates. The lysates were added to precoated plates with
myosin-binding subunit of myosin phosphate MBS, includ-
ing a threonine residue that is phosphorylated by ROCK, for
60 min at room temperature. After the plated lysates had
been washed, HRP-conjugated anti-phospho-specific MBS
threonine-697 specific antibody was applied to the wells and
incubated for 1 h at room temperature. The products were
developed by incubation with the HRP substrate, tetrameth-
ylbenzidine, at room temperature for 10 min. The reaction
was stopped by adding stop solution containing 0.5 M H,SO.,.
The coloured products were quantified by spectrophotometry
at 450 nm. Purified ROCK (CycLex Co. Ltd.) was used as a
positive control.

Animals

Transgenic mice overexpressing SOD1%%** [B6SJL-Tg (SOD1-
G93A) 1Gur-J™'] were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). The hemizygous SOD1%"** mice were
maintained by mating transgenic male mice with WT female
mice. Sixty-five mice were used in the experiments. Mouse
genotypes were determined by PCR analysis, as previously
reported (Ito et al., 2009; Tanaka et al., 2011). WT littermates
served as controls. All mice were housed at 24 + 2 °C under a

Table 1

Blood concentrations of total fasudil in WT mice

Fasudil and amyotrophic lateral sclerosis

12 h light-dark cycle and had ad libitum access to food and
water. Fasudil was diluted in water and administered in drink-
ing water to SOD1%%** mice from 5 weeks until the experi-
mental endpoint. Vehicle-treated mice received water. To
determine the doses of fasudil, we administered fasudil
100 rng~kg’1 dissolved in drinking water to 4-6-week-old WT
male mice and collected their plasma as a pre-test. In liver,
fasudil is metabolized into M3, which has pharmacological
effects. Blood concentrations of the total amounts of fasudil
and M3 were determined; the maximum (Cmax) and
minimum (trough levels) concentrations of total fasudil in
plasma were approximately 3 and 1 uM respectively (Table 1).
Hence, in the present study, we decided to use the following
two doses of fasudil hydrochloride: 30 (a low dose) and
100 mg-kg™" (a high dose). All animal care and experimental
procedures were approved and monitored by the Institutional
Animal Care and Use Committee of Gifu Pharmaceutical
University. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
etal., 2010).

Symptomatic analysis

Mice (vehicle, n = 15; fasudil 30 mg-kg™', n = 13 and fasudil
100 mg-kg™', n = 12) were tested for their ability to maintain
balance on a rod rotating at 5 r.p.m. using a rotarod apparatus
(Bio Medica Ltd., Osaka, Japan), as described previously
(Tanaka et al., 2012). To train the mice to the apparatus, they
were allowed to adjust to balancing on the rod as it rotated for
600 s each time for a week from 4 weeks old. After this period
of adaptation, rotarod performance on the rod was evaluated
starting at 5 weeks old. Each experimental session consisted of
three trials (10 min per trial; intervals between trials 2 min),
and the best performance of three trials was recorded. We
performed such sessions once a week from 5 to 9 weeks old,

Plasma concentration (uLM)

Age (weeks)

6
5
4
4
4
6
5
4
4
4

21
22
13
15
14
20
18
14
11
15

Cmax

Trough levels

S OV 0 N O L AW N =

—

Weight (g)

Fasudil M3

0.05 2.40 2.45
0.07 1.67 1.74
5.26 0.93 6.19
1.99 1.34 3.33
1.28 1.07 2.35
0.02 1.12 1.14
0.06 0.71 0.77
0.48 0.57 1.05
0.04 0.09 0.13
0.35 1.69 2.04

To determine the doses of fasudil, 4-6-week-old male WT mice were administered fasudil 100 mg-kg™ dissolved in their drinking water and
their plasma collected, as a pre-test. In liver, fasudil is metabolized into M3, which has pharmacological effects. Blood concentrations of
fasudil, M3 and their total are shown. The maximum (Cmax) and minimum (trough levels) concentrations of total fasudil in plasma were
approximately 3 and 1 uM respectively. Therefore, with reference to a previous study, we decided to use doses of fasudil hydrochloride of 30

(a low dose) and 100 mg-kg™" (a high dose) for further study.
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and then twice a week until the animals became moribund.
The disease onset was defined as the day when a mouse first
dropped off the rotarod within 600 s, as described previously
(Shimazawa et al., 2010; Tanaka et al., 2012). The age of death
was taken as an animal’s inability to right itself after 15 s. The
date on which the animal showed signs of dying indicated the
experimental endpoint, and that date was recorded.

Tissue preparation

To obtain tissues for immunohistochemical analysis,
SOD1%* (vehicle, n = 3; fasudil 30 mg-kg™!, n=4) and WT (n
= 4), mice were anaesthetized with sodium pentobarbital

A

(Nacalai Tesque) at 80 mg-kg™!, then perfused with 4% (w v')
paraformaldehyde solution in 0.01 M PBS at pH 7.4. Spinal
cord tissues were removed after a 15 min perfusion at 4°C and
immersed in the same fixative solution for 24 h, then soaked
in 25% (w v!') sucrose solution at 4°C for 1 day. Embedded
tissues were immediately frozen in liquid nitrogen and stored
at —80°C. Serial transverse sections were cut on a cryostat at a
thickness of 14 um and used for cresyl violet staining.

Data analysis
Data are presented as means = SEM. Statistical comparisons
were made by Dunnett’s test or Student’s t-test, using Stat-
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Figure 1

SO0 A

Serum deprivation
M3

M3 protected motor neurons against the cell death resulting from mutant SOD1%***-induced neurotoxicity. (A) Representative fluorescence
microscopic images of Hoechst 33342 (blue) and Pl (red) staining, 27 h after serum deprivation, of NSC34 cells transfected with enhanced
GFP-tagged (green), WT SOD1 (SOD1"T) or SOD1%%3A, Scale bar represents 50 um. (B) Quantitative analysis of Hoechst- and PI-positive NSC34
cells expressing SOD1YT or SOD1%3 after 27 h of serum deprivation. Each column represents the mean + SEM (n = 6). $*P < 0.01 versus SOD1%%3

(Student'’s t-test), *P < 0.05, **P < 0.01 versus vehicle (Dunnett’s test).
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View version 5.0 (SAS Institute, Cary, NC, USA). Statistical
analysis of the cumulative probability of survival was per-
formed using the Kaplan-Meier life test. Statistical analysis of
the mean age of disease onset and survival was performed,
with a value of P < 0.05 being considered to indicate statistical
significance.

Results

M3 protects motor neurons against

the cell death resulting from
SOD1%***-induced neurotoxicity

We first examined the effects of M3, an active metabolite of
fasudil, on SOD1%**-induced motor neuron degeneration.
Representative photographs of Hoechst 33342-staining and
Pl-staining are shown (Figure 1A). Hoechst 33342 stains all
cells (live and dead), whereas PI stains only dead cells. At
concentrations of 3-30 nM, M3 reduced SOD1%*A-induced
cell death in a concentration-dependent manner, its effect
being significant at 3 nM (P < 0.05) and 30 nM (P < 0.01;
Figure 1B). Additionally, M3 had a neuroprotective effect on
SOD1%**-expressing cells at 15 h after serum deprivation
(Supporting Information Figure S1). Moreover, we investi-

A

48h T5ih

Fasudil and amyotrophic lateral sclerosis

gated whether M3 induced this neuroprotective effect by
reducing the expression of mutant SOD1. M3 treatment had
no effect on myc expression (Supporting Information Figure
S2), suggesting that M3 did not induce its neuroprotective
effect by altering the expression of mutant SOD1. Next we
investigated the effect of Y-27632, another ROCK inhibitor,
on SOD1%**-induced motor neuron death. Representative
photographs of Hoechst 33342-staining and PI-staining are
shown (Supporting Information Figure S3A). As with M3,
concentrations of 3-30 nM Y-27632 suppressed SOD1%%%-
induced cell death in a concentration-dependent manner, its
effect, too, being significant at 3 (P < 0.05) and 30 nM (P <
0.01; Supporting Information Figure S3B). Together, these
data suggest that ROCK is involved in the motor neuron cell
death induced by SOD1%**, and that M3 protects against
such cell death.

M3 attenuates the elevated

ROCK activic?/ associated with
SOD1%**-induced neurotoxicity

Next, we determined whether SOD1%** affects the expres-
sions and/or activities of ROCK proteins. There was no dif-
ference among mock-, SOD1"'- and SOD1%**-expressing
NSC34 cells in the expression of either ROCK1 or ROCK2
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M3 attenuated the elevated ROCK activity associated with SOD1%**A-induced neurotoxicity. (A, B) NSC34 cells were lysed after transfection with
Myc-tagged mock, SODT"T or SOD1<%** for 48 h, then treated with PBS or M3 (30 nM) for 27 h. (A) Expressions of ROCKT and ROCK2 were
examined by immunoblotting. (B) The protein levels of ROCK1 and ROCK2 were quantified relative to the B-actin level. Each column represents
the mean + SEM (n = 4). (C) ROCK activity was measured in NSC34 cells expressing mock, SOD1"T or SOD1%%3* at 48 h after transfection and
after 27 h subsequent treatment with or without M3 (30 nM). Each column represents the mean + SEM (n = 4). *P < 0.01 versus mock (Student’s

t-test), *P < 0.05 versus SOD1%%3* (Student’s t-test). N.S., not significant.
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protein at 48 or 75 h after transfection (Figure 2A and B).
Moreover, 27 h treatment with M3 had no effect on the
expressions of ROCK1 and ROCK2 (Figure 2A and B). On the
other hand, ROCK activity at 75 h after transfection was
significantly greater in the SOD1%**-transfected cells than in
those transfected with mock or SOD1"", although no activity
was detected in either group of cells at 48 h (Figure 2C).
Furthermore, 27 h treatment with M3 reduced the elevated
ROCK activity (Figure 2C). It has been reported that ROCK
activity can be increased by activated caspase-3 and granzyme
B, which are enzymes with critical roles in mammalian apo-
ptosis (Sebbagh et al., 2001; 2005). SOD1%***-induced motor
neuron cell death was significantly increased (compared to
mock and SOD1"") at 75 h, but not at 48 h, after transfection
(Supporting Information Figure S4). These results suggest that
ROCK activation by SOD1%"** may play a pivotal role in
SOD1%**.induced motor neuron cell death.

M3 regulates the phosphorylation levels of
Akt and PTEN

In a recent study, activated ROCK was shown to suppress the
phosphorylation of Akt through activation of PTEN (Wu

etal., 2012). We therefore examined whether M3 treatment
might affect the expressions of Akt and PTEN proteins. Com-
pared with their mock- or SOD1%"-expressing counterparts,
SOD1%**-expressing NSC34 cells exhibited an up-regulation
of phosphorylated PTEN and a down-regulation of phospho-
rylated Akt, and these changes were attenuated by M3 treat-
ment (Figure 3A-C). These data suggest that M3 up-regulates
the expression of phosphorylated Akt via a down-regulation
of the phosphorylated level of PTEN.

Akt inhibition eliminates the

neuroprotective effects of M3 against
SOD1°***-induced neurotoxicity

We next examined whether M3 might protect motor neurons
against the cell death resulting from SOD1%**-induced neu-
rotoxicity by modulating the PTEN/Akt pathway. Representa-
tive photographs of Hoechst 33342- and PI- staining are
shown (Figure 4A). At a concentration of 30 nM, M3 reduced
SOD1%*-induced cell death (Figure 4B). LY294002 inhibited
the neuroprotective effect of M3 in a concentration-
dependent manner, these effects of LY294002 were significant
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M3 regulated the phosphorylation levels of Akt and PTEN. (A-C) NSC34 cells were lysed at 48 h after transfection with Myc-tagged mock, SOD1WT
or SOD1¢%*, then treated with PBS or M3 (30 nM) for 12 or 27 h. (A) Expressions of Akt and PTEN were examined by immunoblotting. The
protein levels of phosphorylated Akt (B) and phosphorylated PTEN (C) were quantified relative to the total Akt and total PTEN levels respectively.
Each column represents the mean + SEM (n = 4). *P < 0.05, *P < 0.01 versus mock + PBS (Student’s t-test), *P < 0.05 versus SOD1°%*A + PBS

(Student'’s t-test).
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Akt inhibition eliminated the neuroprotective effects of M3 against SOD1%?**-induced neurotoxicity. (A) Representative fluorescence microscopic
images of Hoechst 33342 (blue) and PI (red) staining after 27 h serum deprivation in NSC34 cells transfected for 48 h with enhanced GFP-tagged

(green) SOD1%A, Scale bar represents 50 um. (B) Quantitative analysis of Hoechst- and Pl-positive NSC34 cells expressing SOD1"" or SOD

1 G93A

after 27 h serum deprivation. Each column represents the mean + SEM (n = 6). *P < 0.01 versus SOD1%*A (Student’s t-test), *P < 0.01 versus
vehicle (Student’s t-test), **P < 0.0 versus SOD1%?** + serum deprivation + M3 (30 nM; Dunnett’s test).

at both 1 and 10 uM (P < 0.01; Figure 4B). These findings
suggest that the PTEN/Akt pathway is involved in the neuro-
protective effects of M3.

Fasudil delays disease onset and prolongs
survival time, and reduces the loss of motor
neurons, in SOD1%%34 mice

To investigate the effects of fasudil on SOD1%** mice, we
administered fasudil at 30 and 100 mg-kg™' in drinking water.
Disease onset was determined by the loss of motor function,
as measured in a rotarod test. In SOD1%%*A mice, fasudil at 30
or 100 mg-kg™" delayed the mean disease onset from 108.8 +
1.9 days (n = 15) in the vehicle group to 118.8 £ 1.8 days

(30 mg-kg™!, n=13) or 119.0 + 3.4 days (100 mg-kg™", n=12;
Figures SA and Supporting Information Figure S5). These
values represent almost a 10% delay in the onset of the motor
deficit [9.2% at 30 mg-kg?', (P = 0.041) and 9.4% at
100 mg-kg™', (P = 0.033); Figure 5C].

Furthermore, treatment of SOD1%** mice with fasudil at
30 and 100 mg-kg' extended their mean survival time by
6.0% (P =0.002) and 7.0% (P = 0.001), respectively, the mean
survival times being 130.2 + 1.9 days (30 mg-kg") and 131.3
* 3.4 days (100 mg-kg ") respectively (Figure SB). In contrast,
no significant difference in body weight was found among
the vehicle- and fasudil- (30 or 100 mg-kg™") treated groups
during disease progression (Supporting Information Figure
S6). Next, we evaluated the effect of fasudil on motor neuron

93A
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Fasudil hydrochloride (fasudil) delayed the disease onset and pro-
longed the survival time, and suppressed motor neuron loss, in
SOD1%%** mice. The effects of fasudil at 30 and 100 mg-kg™' were
examined by evaluating (A) motor performance in the rotarod
test, (B) survival time and (C) the number of days before the begin-
ning of an observable motor deficit in vehicle-, fasudil 30 or
100 mg-kg'-treated SOD1<?** mice. Each column represents the
mean + SEM (vehicle, n = 15; fasudil 30 mg-kg™', n = 13; fasudil
100 mg-kg™, n = 12). **P < 0.01 versus vehicle (Student’s t-test).
(D) The numbers of motor neurons in WT, vehicle- or fasudil
30 mg-kg~'-treated SOD1°** mice were evaluated using cresyl
violet staining. Scale bar represents 50 um. Each column represents
the mean + SEM (WT, n = 4; vehicle, n = 3; fasudil 30 mg-kg™,
n=4). #p < 0.01 versus WT (Student’s t-test), *P < 0.05 versus
vehicle (Student’s t-test).

loss in the spinal cord in SOD1%%** mice at 15 weeks of age.
The number of motor neurons in the lumbar anterior horn
was decreased in SOD1%%** mice compared to their WT litter-
mates (Figure 5D). Fasudil 30 mg-kg' significantly prevented
the motor neuron loss in SOD1%%** mice (compared to the
vehicle-treated SOD1%** group; Figure 5D). Furthermore, the
expression of mutant SOD1 was not changed between
vehicle- and fasudil-treated groups (Supporting Information
Figure S7). These results suggest that fasudil significantly
extends survival in the present ALS model by delaying disease
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onset and protecting motor neurons against degeneration but
not by reducing the expression of mutant SOD1.

Fasudil attenuates the elevated ROCK activity
and phosphorylated PTEN, and the reduction
of phosphorylated Akt in SOD1°%** mice
According to in vitro study, we investigated ROCK expression
and activity, and PTEN and Akt expression in SOD1%%** mice.
There was no difference among the WT, vehicle- and fasudil
30 mg-kg'-treated mice in the expression of either ROCK1 or
ROCK2 (Figure 6A-C). Next, ROCK activity was measured
by determining the level of phosphorylated adducin. The
expression of phosphorylated adducin in SOD1%%** mice was
significantly increased compared with WT mice and this
increase was attenuated by fasudil treatment (Figure 6D, E).
Moreover, compared with WT mice, phosphorylation of
PTEN was increased and phosphorylation of Akt was
decreased in SOD1%** mice (Figure 7A-C). Treatment with
fasudil attenuated these changes (Figure 7A-C). These data
suggest that fasudil up-regulates the expression of phospho-
rylated Akt by down-regulating the activation of ROCK and
decreasing the level of phosphorylated PTEN in SOD19%%*
mice.

Discussion

In the present study, fasudil was found to be effective at
preventing motor neuron degeneration through inhibition of
ROCK activation in ALS transgenic mice and in in vitro
studies. The activation of ROCK by SOD1%*** down-regulates
phosphorylated Akt by enhancing the phosphorylation of
PTEN, and this results in neuronal cell death. Here, we
obtained evidence suggesting that fasudil suppresses this acti-
vation of ROCK and thereby reduces the phosphorylation of
PTEN, resulting in neuronal protection via increasing phos-
phorylated Akt (Figure 8).

Our initial results indicated that ROCK is associated with
neuronal cell death in experimental in vitro and in vivo
models of ALS. We found that fasudil and M3 protected
motor neuron cells against SOD1%**-induced neurotoxicity
(Figures 1 and 5) and modulated the PTEN/Akt pathway
(Figures 3 and 7) via inhibition of ROCK activation by
SOD19%** (Figures 2C and 6D, E). Previous research has shown
that the ROCK/PTEN/Akt pathway regulates cell death in
neurons (Yang and Kim, 2012). Moreover, the PTEN/Akt
pathway is linked to motor neuron survival in human SOD1-
related ALS (Kirby et al., 2011); indeed, up-regulation of phos-
phorylated Akt via the inactivation of phosphorylated PTEN
leads to motor neuron survival in ALS patients and in trans-
genic mouse models. In addition, the level of phosphorylated
Akt is decreased in motor neuron cells in patients with spo-
radic or fALS, and also in mutant SOD1 mice, in the early
stages of the disease before the onset of clinical signs or
symptoms (Dewil ef al., 2007). This suggests that Akt may
play a pivotal role in protecting neurons from apoptosis. A
recent study showed that fasudil prevented neuronal apop-
tosis by regulating ROCK activity and the PTEN/Akt pathway
in cerebral ischaemia in ratz (Wu et al., 2012). These findings
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Fasudil attenuated the elevated ROCK activity in SOD1°%** mice. (A) Expressions of ROCK1 and ROCK2 were examined by immunoblotting.
(B, C) The protein levels of ROCK1 and ROCK2 were quantified relative to the B-actin level. Each column represents the mean + SEM (n = 4).
(D, E) ROCK activity was measured by the phosphorylation of adducin level in WT, vehicle- or fasudil 30 mg-kg™'-treated mice. (D) Expressions
of adducin were examined by immunoblotting. (E) The protein levels of phosphorylation of adducin were quantified relative to the a-adducin
level. Each column represents the mean + SEM (n = 4). #P < 0.01 versus WT (Student’s t-test), *P < 0.05 versus vehicle (Student’s t-test).

N.S., not significant.

suggest ROCK may play an important role in neuronal cell
death, and that ROCK may have potential as a new treatment
target in ALS.

In our ALS model mice, fasudil slowed the disease pro-
gression and prolonged the survival time (Figure SA-C). In a
mouse model of a similar neurodegenerative disease, SMA,
oral administration of fasudil (30 mg-kg™) has been found to
be efficacious and safe (Bowerman et al., 2012). It is support-
ive and potentially very significant that fasudil had neuro-
protective effects in our ALS model at doses with a confirmed
safety profile.

Despite extensive research, the mechanism underlying
ALS remains unclear, and no effective treatments for ALS
have so far been developed. Moreover, new potentially thera-
peutic compounds have been tested in animal models of ALS,
and some of these agents have gone forward to clinical trials.
Of necessity, safety and efficacy assessments in humans take

a long time. However, fasudil is already well known as a
vasodilator agent with confirmed safety and efficacy in
humans (Zhao et al., 2011). Indeed, its safety for clinical use
is well established (Shibuya ef al., 1992) and fasudil has been
confirmed as effective for the treatment of diseases such as
ischaemic disease (including cerebral vasospasm after sub-
arachnoid haemorrhage) and pulmonary hypertension, based
on its inhibitory action on cell contractility (Shimokawa
et al., 2002; Shibuya efal., 2005; Vicari et al., 2005). This
could progress fasudil, an existing medication, to being con-
sidered for clinical use as a treatment for ALS.

In conclusion, we have demonstrated here that fasudil
inhibits SOD1%*-induced motor neuron cell death by inac-
tivating ROCK, suggesting that ROCK plays a critical role in
motor neuron degeneration. The present findings indicate
that fasudil warrants serious consideration as a candidate for
a potential therapeutic agent for ALS.
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Fasudil regulated the phosphorylation levels of Akt and PTEN in SOD1%%** mice. (A) Expressions of Akt and PTEN were examined by immunob-
lotting. The protein levels of phosphorylated Akt (B) and phosphorylated PTEN (C) were quantified relative to the total Akt and total PTEN levels
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Murant S0D1

Fasudil hydrochloride

Phosphorylated PTEN | —] Phosphorylated Akt

1

Neuronal cell death

Figure 8

The putative mechanism underlying the protective effect of fasudil
on ALS. ROCK activity is increased by the neurotoxic action of
SOD1%%3A, The activated ROCK suppresses phosphorylation of Akt
through phosphorylation of PTEN. Fasudil attenuates the elevated
ROCK activity and thereby attenuates the increased phosphorylation
of PTEN, resulting in survival of neuronal cells via an increase in
phosphorylated Akt.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 M3 protected motor neuron cells expressing
SOD1%* after serum deprivation. (A) Representative fluores-
cence microscopic images of Hoechst 33342 (blue) and PI
(red) staining after 27 h serum deprivation in NSC34 cells
transfected with enhanced GFP-tagged (green) SOD19%%
Scale bar represents 50 pm. (B) Quantitative analysis of
Hoechst- and Pl-positive NSC34 cells expressing SOD1%%**
after 27 h serum deprivation. Each column represents the
mean + SEM (n = 6). P < 0.01 versus SOD1%%* (Student’s
t-test), **P < 0.01 versus vehicle (Dunnett’s test).

Figure $2 M3 treatment did not affect the expression of
SOD1%~, (A, B) NSC34 cells were lysed after transfection
with Myc-tagged mock, SOD1"" or SOD1%%** for 48 h, then
treated with PBS or M3 (30 nM) for 27 h. (A) Expression of
myc was examined by immunoblotting. (B) The protein
levels of myc were quantified relative to the B-actin level.
Each column represents the mean + SEM (n = 4).

Figure S3 Y-27632, a ROCK inhibitor, prevented motor
neuron cell death induced by SOD1%%A, (A) Representative
fluorescence microscopic images of Hoechst 33342 (blue) and
PI (red) staining after 27 h serum deprivation in NSC34 cells
transfected with enhanced GFP-tagged (green) SOD19%%,
Scale bar represents 50 um. (B) Quantitative analysis of
Hoechst- and Pl-positive NSC34 cells expressing SOD1%%%*
after 27 h serum deprivation. Each column represents the
mean + SEM (n = 6). P < 0.01 versus SOD1%* (Student’s
t-test), **P < 0.01 versus vehicle (Dunnett’s test).

Figure S4 Increased motor neuron cell death was detected at
75 h, but not at 48 h, after transfection with SOD1%°*A, Quan-
titative analysis of Hoechst- and PI-positive NSC34 cells
expressing mock, SOD1"" or SOD1%** at 48 or 75 h after
transfection. Each column represents the mean = SEM (1 = 6),
**P < 0.01 versus SOD1"" 75 h (Student’s t-test).

Figure S5 The disease onset was defined as the day when a
mouse first dropped off the rotarod within (A and B) 180 s
and (C and D) 300 s. (A and C) The motor performance in the
rotarod test and (B and D) the number of days before the
beginning of an observable motor deficit in vehicle-, fasudil
30 or 100 mg-kg'-treated SOD1%%** transgenic mice. Each
column represents the mean + SEM (vehicle, n = 15; fasudil
30 mg-kg!, n = 13; fasudil 100 mg-kg!, n = 12). **P < 0.01
versus vehicle (Student’s t-test).

Figure S6 Body weight data for WT, vehicle- or fasudil (30 or
100 mg-kg™)-treated SOD1%*** mice.

Figure S7 Fasudil did not affect the expression of mutant
SOD1 in SOD1%** mice. (A) Expression of SOD1 was exam-
ined by immunoblotting. (B) The protein level of SOD1 was
quantified relative to the B-actin level. Each column repre-
sents the mean + SEM (n = 4).
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