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Abstract

Spontaneous axonal regeneration of neurons does not occur after spinal cord injury because of inhibition by myelin and other inhibitory
factors. Studies have demonstrated that blocking the Rho/Rho-kinase (ROCK) pathway can promote neurite outgrowth in spinal cord
injury models. In the present study, we investigated neurite outgrowth and neuronal differentiation in neural stem cells from the mouse
subventricular zone after inhibition of ROCK in vitro. Inhibition of ROCK with Y-27632 increased neurite length, enhanced neuronal
differentiation, and upregulated the expression of two major signaling pathway effectors, phospho-Akt and phospho-mitogen-activated
protein kinase, and the Hippo pathway effector YAP. These results suggest that inhibition of ROCK mediates neurite outgrowth in neural
stem cells by activating the Hippo signaling pathway.
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2001; Liu et al., 2002). Nogo-66 mainly functions as a neu-
ron-specific inhibitor in soluble monomeric form, whereas

Introduction
After spinal cord injury (SCI), central nervous system neu-

rons cannot regenerate axons spontaneously. This may be
partially attributed to axon outgrowth inhibitors in the cen-
tral nervous system environment, such as myelin-associated
glycoprotein, myelin oligodendrocyte glycoprotein, chon-
droitin sulfate proteoglycans, and Nogo-66 and amino-Nogo
(GrandPré et al., 2000; Prinjha et al., 2000; Fournier et al.,

amino-Nogo acts as a nonspecific inhibitor of neuronal and
non-neuronal cells in the cluster form. Nogo-66 exerts its
inhibitory function during axon regeneration by binding to
the Nogo-66 receptor (Prinjha et al., 2000). The inhibitory
effects of Nogo-66 and amino-Nogo can be reversed by in-
hibition of the Rho/Rho-kinase (ROCK) pathway in vivo,
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which enhances axonal regeneration and improves function-
al recovery after central nerve system injury.

Fournier et al. (2000) reported that actin rearrangements
within the growth cone play a key role in neurite outgrowth
inhibition and neurite repulsion. The Rho family of GTPases
regulates the actin cytoskeleton (Kawano et al., 2014). Rho
family members are present either in their inactive form,
or in an active GDP-bound form. Rho GTPases regulate
collapse of the growth cone and inhibit neurite outgrowth
(Konigs et al., 2014).

Rho family members exert their functions mainly through
a variety of downstream effectors. Of interest among the
downstream targets of GTP-bound Rho are pl60ROCK
(ROCK-I) and ROK-Rho-kinase (ROCK-II) (Guignandon
et al., 2014). Once either of these is activated, the regulatory
myosin light-chain phosphatase is phosphorylated (Deng et
al.,, 2014).

A previous study demonstrated that at low concentrations
the cell-permeable pyridine derivative Y-27632, a relatively
specific ROCK inhibitor, decreases ROCK-I and ROCK-
IT activity (Ishizaki et al., 2000). Giinther et al. (2014) and
Roloff et al. (2015) found that in vitro application of Y-27632
to primary motoneurons and human NT2 model neurons
increases neurite outgrowth. In addition, Y-27632 promotes
the survival and neurite outgrowth of early postnatal cul-
tured retinal neurocytes (Feng et al., 2013) and enhances
axon regeneration in an adult rat retinal culture model
only in the presence of growth-promoting factors or under
high cAMP conditions (Ahmed et al., 2009). Y-27632 also
promotes nerve growth factor-induced neurite outgrowth
in PC12 cells; IP3 receptors and the PI3K-Akt signaling
pathway might be involved in the underlying mechanisms
(Minase et al., 2010). However, the mechanism of Y-27632
has not been fully explored. YAP is a major downstream ef-
fector of the Hippo pathway (Dill et al., 2015). It is markedly
upregulated in many mammalian cancers, and YAP trans-
genic mice eventually develop liver tumors. Few reports have
addressed the role of the Hippo pathway in axon regenera-
tion after SCL

A previous report showed that Y-27632 treatment led to
functional and anatomical recovery in mice with corticospi-
nal tract lesions (Dergham et al., 2002). The present study
was designed to investigate the effects of ROCK inhibition
using Y-27632 on neurite outgrowth and neuronal differen-
tiation in neural stem cells (NSCs) and explore the underly-
ing mechanisms.

Materials and Methods

NSC culture

Animal studies were approved by the Institutional Ani-
mal Care and Use Committee of the Affiliated Hospital
of Southwest Medical University, China (IACUC protocol
No. [2012009]), and performed in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Precautions were taken to min-
imize suffering and the number of animals used in each
experiment.
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For NSC isolation, 100 specific-pathogen-free neonatal
Kunming mice (postnatal days 2—6) were provided by the
Animal Experimental Center of Southwest Medical Univer-
sity, China (license No. SYXK (Chuan) 2013-181). NSC iso-
lation and culture were performed as described previously
(Lingor et al., 2008), with modifications. Briefly, a single-cell
suspension was prepared from subventricular zone tissue
(Paxinos and Franklin, 2013) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 (1:1; Invitrogen,
Carlsbad, CA, USA) with B27 supplement (2%; Invitro-
gen), epidermal growth factor (20 ng/mL; Invitrogen) and
basic fibroblast growth factor (20 ng/mL; Invitrogen). After
5-7 days, neurospheres were broken into small clusters and
cultured in the same medium at a ratio of 1:3. Proliferative
NSCs formed three-dimensional cell clusters. NSCs at pas-
sages 2—4 were used for subsequent experiments.

To investigate NSC differentiation, medium containing
DMEM/F12 (1:1), B27 (2%) and retinoic acid (5 pM; Sig-
ma-Aldrich, St. Louis, MO, USA) was used to culture cell
clusters on cover slips pre-coated with 0.1 mg/mL poly-D-ly-
sine. The culture medium was refreshed every other day. Six
days later, neurobasal medium containing 2% B27 and 20
ng/mL nerve growth factor (Invitrogen) was used.

Detection of cell viability by 3-(4,5-dimethylthi-
azol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay
A single-cell suspension made by cell clusters was seeded
into a 96-well plate at a density of 3.0 x 10° NSCs per 100 pL
of proliferation-inducing medium, and then cultured with
the same medium containing different concentrations of
Y-27632 (Cytoskeleton Inc., Denver, CO, USA) for 4, 8 or 12
hours. Four hours later, cells were incubated with MTT de-
tergent (10 pL/well; Sigma-Aldrich) at 37°C for 2—4 hours in
the dark. Optical density at 570 nm was read on a microplate
fluorescence reader (FL600; BioTek, Winooski, VT, USA).

Neurite outgrowth measurement

Neurite outgrowth was measured as described previously
(Hirose et al., 1998; Sandvig et al., 2004). To detect inhibition
of ROCK, the dissociated cell clusters were incubated with
proliferation-inducing medium containing 10 uM Y-27632
or an equivalent volume of sterile H,O and then plated onto
10 pg/mL laminin (Sigma-Aldrich) for 1-2 hours. Cells
treated with Y-27632 were spread onto the myelin substrate.
Neurite outgrowth was quantified using Image] software
(NIH, Bethesda, MD, USA).

Western blot assay

Western blot assay was performed as described previously
(Ivanov et al., 2009). Cells were collected after centrifugation
and then lysed in radioimmune precipitation assay buffer
containing a protein inhibitor cocktail (Sigma-Aldrich).
Protein content was quantified by bicinchoninic acid assay
(Pierce, Rockford, IL, USA), and equal amounts of pro-
tein were separated by polyacrylamide gel electrophoresis.
The proteins were then transferred to a polyvinylidene
fluoride membrane (BioRad, Hercules, CA, USA). The
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membrane was incubated for 1 hour at room temperature
in Tris-buffered saline with Tween-20 containing 5% bo-
vine serum albumin to block nonspecific binding, then at
4°C overnight with antibodies against ROCK-II (1:1,000;
BD Transduction Laboratories, San Diego, CA, USA), YAP
(1:1,000; BD Transduction Laboratories), Akt (1:1,000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), phospho-Akt
(1:1,000; Cell Signaling Technology, Danvers, MA, USA),
phospho-p44/42 mitogen-activated protein kinase (MAPK;
Thr202/Tyr204; 1:1,000; Cell Signaling Technology), and
GAPDH (1:5,000; Sigma-Aldrich). All primary antibodies
were rabbit anti-mouse monoclonal antibodies. The mem-
brane was rinsed, and the enhanced chemiluminescence
method (ThermoScientific, Hudson, NH, USA) was used to
visualize the bands, using goat anti-rabbit HRP-conjugat-
ed antibodies (1:400; BioRad) at room temperature for 2
hours. Signal intensity (optical density) was quantified us-
ing Image] software. Relative optical density was calculated
relative to GAPDH.

Statistical analysis

Raw data were imported into Origin 9.0 software (OriginLab
Corporation, Northampton, MA, USA) for graphing and fit-
ted with Sigma Plot (Systat Software Inc., San Jose, CA, USA).
Data, expressed as the mean * SEM, were analyzed using Stu-
dent’s two-tailed #-test between two groups, or one-way anal-
ysis of variance followed by Tukey’s post-hoc test for multiple
comparisons. P < 0.05 was considered statistically significant.

Results

Effects of Y-27632 on NSC viability

MTT assay showed that the viability of NSCs at passages
2—4 was not reduced after incubation with Y-27632 at 0.5-2
pg/mL for 4 hours (Figure 1A) or 1 pg/mL for 4 and 8 hours
(Figure 1B). Therefore, in subsequent experiments, NSCs
were treated with 1 pg/mL Y-27632 for 4 hours.

Y-27632 increased neurite outgrowth in NSCs

Treatment of NSCs with Y-27632 for 4 hours significantly
increased neurite length during subsequent neuronal differ-
entiation. Y-27632 dose-dependently promoted NSC neurite
outgrowth, with the greatest effect observed at 2 pg/mL (Fig-
ure 2A). After 1 day of culture, the average neurite length in
the NSCs was significantly greater in the three groups treat-
ed with Y-37632 than in the control group (150 £ 20 pm vs.
63 £ 6 um; P < 0.05). At 5 days, the average neurite length
in the three Y-27632 groups was more than twice that in the
control group (Figure 2B).

Y-27632 increased YAP protein expression in NSCs

After a 4-hour treatment with 1 ug/mL Y-27632, western
blots were performed to assess the changes in two import-
ant signaling pathway effectors, p-Akt and p-MAPK. After
Y-27632 treatment, ratios of p-Akt/Akt and p-MAPK/MAPK
were significantly elevated (Figure 3). Interestingly, YAP
protein expression was also significantly upregulated, and
accompanied by a downregulation of ROCKII expression.

These findings suggest that hyperactivation of YAP in NSCs
contributes to neurite outgrowth.

Discussion

Blocking the ROCK pathway promotes neurite outgrowth in
SCI models (Fournier et al., 2003; Kubo et al., 2007; Boad-
as-Vaello and Verdu , 2015; Hou et al., 2015). Here, we inves-
tigated the inhibitory effects of ROCK on NSC differentia-
tion and neurite outgrowth. Our results showed that ROCK
inhibition significantly promoted neuronal differentiation
and neurite outgrowth in mouse NSCs. These observations
provide insights into stem cell therapy and functional recov-
ery of axonal growth.

Myelin is an important inhibitor of axon regeneration af-
ter SCI. It is secreted by oligodendrocytes in injured nervous
tissue (Sandvig et al., 2004). In the central nervous system,
Nogo-A is the most ubiquitous myelin-associated protein
(McGee and Strittmatter, 2003). By binding to the Nogo-66
receptor, Nogo activates the Rho/ROCK pathway, which in
turn activates PI3K/Akt signaling and cytoskeleton organi-
zation effectors (Liao et al., 2007; Schmandke et al., 2007),
leading to neurite elongation (Hirose et al., 1998). There is
evidence that cell survival, proliferation and regeneration
can be enhanced by inhibition of the Rho/ROCK signaling
pathway, and partially through the MAPK and Akt signaling
pathways (Lingor et al., 2008). Our results also showed that
phospho-Akt and MAPK were elevated in Y-27632-treat-
ed NSCs, indicating that these molecules are important in
axonal regeneration after SCI. The Rho/ROCK signaling
pathway is also suggested to play a key role in neuronal
differentiation (Sandvig et al., 2004). Our results show that
neuronal differentiation was significantly enhanced in NSCs
after Y-27632 treatment. These results were consistent with a
previous study that showed that ERK1/2 phosphorylation is
necessary for early neuronal differentiation and embryonic
stem cell survival (Li et al., 2006).

Interestingly, our results showed that while Y-27632 up-
regulated p-Akt and MAPK expression in NSCs, it also sig-
nificantly increased that of the Hippo signaling pathway me-
diator YAP. All components of the Hippo signaling pathway
have one or more vertebrate orthologs. Human cancers have
been linked to mutations in these genes (McClatchey and
Giovannini, 2005; Harvey and Tapon, 2007). Cao et al. (2008)
reported that the Hippo signaling pathway greatly contrib-
utes to the regulation of neural progenitor cell number by
controlling cell proliferation and apoptosis. Our results
showed that ROCKII inhibition induced YAP to regulate the
neurite outgrowth of vertebrate NSCs. In the mouse blasto-
cyst, inhibition of ROCK by Y-27632 significantly enhances
inner cell mass by activating Hippo signaling pathway (Kono
et al., 2014). Taken together, our data suggest that Y-27632
mediates NSC outgrowth partially through activation of
Hippo signaling pathway, thus enhancing axon regeneration
after SCI.

Author contributions: XFJ and DXF conceived, designed, and
revised the paper. FY and YBW collected data. XF] wrote the
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Figure 1 Changes in viability of NSCs after Y-27632 exposure (MTT assay).

(A) P2, P3 and P4 NSCs were treated with 0.5, 1.0 or 2.0 pg/mL Y-27632 for 4 hours. (B) P2, P3 and P4 NSCs were treated with 1.0 ug/mL Y-27632
for 4, 8 or 12 hours. Y-27632 treatment for 12 hours decreased cell viability by 22% (P < 0.05 vs. control group; one-way analysis of variance
followed by Tukey’s post-hoc test). Relative cell viability was expressed as the optical density normalized to that of the control group. Data are ex-
pressed as the mean + SEM of at least four experiments. NSC: Neural stem cells; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bro-
mide; P: passage; h: hours.
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Figure 2 Neurite outgrowth of NSCs

after treatment with Y-27632 for 4 hours.

(A) Phase contrast images of NSCs treated
with Y-27632 at different concentrations af-
ter 5 days in culture. Scale bar: 200 pm. (B)
Average neurite length over time in culture.
Data are expressed as the mean = SEM of
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Figure 3 YAP protein expression in NSCs
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