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Abstract

Spinal cord injury (SCI) usually results in loss or reduction in motor and sensory functions. Despite extensive research,
no available therapy can restore the lost functions after SCI. Reactive astrocytes play a pivotal role in SCI. Rho kinase
inhibitors have also been shown to promote functional recovery of SCI. However, the role of Rho kinase inhibitors in
reactive astrocytic phenotype switch within SCI remains largely unexplored. In this study, astrocytes were treated with
proinflammatory cytokines and/or the Rho kinase inhibitor Y27632. Concomitantly the phenotype and morphology of
astrocytes were examined. Meanwhile, the SCI model of SD rats was established, and nerve functions were evaluated fol-
lowing treatment with Y27632. Subsequently, the number of Al astrocytes in the injured area was observed and analyzed.
Eventually, the expression levels of nuclear factor kappa B (NF-kB), C3, and SI00A10 were measured. The present study
showed that the Rho kinase inhibitor Y27632 improved functional recovery of SCI and elevated the proliferation and
migration abilities of the astrocytes. In addition, Y27632 treatment initiated the switch of astrocytes morphology from a
flattened shape to a process-bearing shape and transformed the reactive astrocytes A1 phenotype to an A2 phenotype. More
importantly, further investigation suggested that Y27632 was actively involved in promoting the functional recovery of
SCI in rats by inhabiting the ROCK/NF-xB/C3 signaling pathway. Together, Rho kinase inhibitor Y27632 effectively pro-
motes the functional recovery of SCI by shifting astrocyte phenotype and morphology. Furthermore, the pro-regeneration
event is strongly associated with the ROCK/NF-kB/C3 signal pathway.
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Introduction

Yongyuan Zhang and Xiaohui Wang contributed equally to the work.

Spinal cord injury (SCI) is a devastating neurological disor-
der caused various traumas or diseases with high mortality
and disability rates. According to the Global Burden of Dis-
ease Study, the age-standardized incidence rates of spinal
cord injury (SCI) is 13 /100,000 and shows a continuous
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neurotrophic support, synaptogenesis, blood-brain bar-
rier maintenance, and immune modulation[5]. When the
CNS suffers diverse insults such as injury, degeneration,
and infection, astrocytes will rapidly respond to all forms
of CNS insults, leading to a change in a variety of protein
expression, morphology, and function, known as astrocyte
reactivity[6]. Intriguingly, reactive astrocytes exert a dual
role in SCI. The detrimental effects primarily manifest
in aggravated neuroinflammation and hindered synapse
sprouting or axon growth. However, the beneficial roles
are associated with anti-inflammation, neuroprotection, and
blood-brain barrier repair[7], which largely depends on the
phenotypes of the reactive astrocytes. Notably recent stud-
ies revealed that depending on their expression profile the
activated astrocytes can be divided into two subtypes Al or
A2 reactive astrocytes. The Al reactive astrocytes are neu-
rotoxic while the A2 astrocytes are neuroprotective[8—15].
Consequently, inducing A2 astrocytes or inhibiting Al
astrocytes after SCI is essential for neuron survival, axonal
regeneration, and subsequent functional recovery.

RhoA, a member of Rho-family small GTPases, is a
key regulator of cytoskeletal and cell adhesion dynamics
and controls a wide range of cellular processes, including
morphogenesis, migration, proliferation, and survival[16].
ROCK serves as a major downstream effector of RhoA.
Moreover, once the RhoA/ROCK pathway is activated it
results in neuronal apoptosis, neuroinflammation, blood-
brain barrier dysfunction, astrogliosis, and axon growth
inhibition within SCI[17]. Interestingly, several nerve
growth inhibitory molecules produced after SCI act on the
RhoA/ROCK signal pathway through complex signal trans-
duction pathways, resulting in the reorganization of the cel-
lular actin skeleton; thus, affecting axon regeneration which
is not conducive to the nerve function recovery of SCI[18].
Accordingly, suppression of the RhoA/ROCK signal path-
way is likely advantageous for neural regeneration. In
numerous studies, Y27632, a ROCK inhibitor, was reported
to foster neurological improvement after a SCI[19, 20].
Additionally, the activation of the RhoA/ROCK signal path-
way enhanced CRMP-2 phosphorylation leading to growth
cone collapse, and phosphorylated cytoskeletons-associated
proteins to inhibit axon regrowth[16, 21]. Conceivably, the
neuroprotective effect of Y27632 is directly related to the
mechanisms mentioned above. However, the relationship
between Y27632 and the phenotype of reactive astrocytes
involved in SCI remains unclear.

NF-kB is a key transcription factor that mediates inflam-
mation and other complex biological processes. The activa-
tion of NF-kB can upregulate complement 3 (C3) release
of the astrocytes[22], and the increase in C3 transcripts was
positively correlated to motor disability[23]. Furthermore,
NF-«xB transcription activity in glial cells is augmented by
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the activation of RhoA/ROCK[24-30], leading to acute
inflammatory injury. Nevertheless, the precise molecular
mechanisms underlying RhoA/ROCK, NF-«xB, and C3 in
regulating reactive astrocyte phenotype in SCI still need to
be further studied.

In the present study, we established an in vitro model of
astrocyte culture and a rat model of SCI to investigate the
effects of the ROCK inhibitor Y27632 on the transformation
of the naive astrocytes and A1 phenotype reactive astrocytes
into A2 phenotype reactive astrocytes. We further elucidated
the potential mechanisms of repression of RhoA/ROCK as
well as down-stream signaling pathways involved in func-
tional recovery of SCI and the intricate switch of astrocyte
phenotypes.

Materials and Methods
Experimental Animals and Ethical Statements

Healthy Sprague-Dawley (SD) rats (female, 2.5 months
old, body weight 150-200g) were used as the SCI model.
Neonatal SD rats (24h) used for the primary cell culture
of astrocytes were provided by the Animal Feeding Cen-
ter of the Xi’an Jiaotong University Health Science Center
(Xi’an, SN, China). All experimental procedures were per-
formed according to the Guide of Laboratory Animal Care
and Use from the United States National Institutes of Health
and were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Xi’an Jiaotong University.

Materials and Reagents

Dulbecco’s modified Eagle’s medium (DMEM)/F12, fetal
bovine serum (FBS), trypsin, phosphate buffer saline (PBS)
were purchased from Gibco (Carlsbad, CA, USA); peni-
cillin G, streptomycin, glutamine, poly-Lysine (PLL), eth-
ylenediaminetetraacetic acid, Interleukin-la and bovine
serum albumin were purchased from Sigma-Aldrich (St.
Louis, MO, USA); Y27632, Clq native protein and anti-
C3 antibodies were purchased from Abcam (Cambridge,
MA, USA); S100A10 Monoclonal Antibodies were pur-
chased from Thermo Fisher Scientific (Waltham, MA,
USA); TNF-a and pNF-kB were purchased from Cell Sig-
naling Technology (Danvers, MA, USA); Fluor594-conju-
gated donkey anti-chicken, and Fluor488-conjugated goat
anti-mouse IgG were purchased from Molecular Probes
(Eugene, OR, USA); Cell Counting Kit-8 was purchased
from Boster (Wuhan, China); Cell culture plates, plastic
coverslips, dishes, and flasks were all purchased from Corn-
ing (Corning, NY, USA).
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Primary Culture and Purification of Astrocytes

Primary astrocytes were prepared and purified according to
our previously reported methods[31] with minor modifica-
tions. Briefly, cortices were dissected from postnatal rats
(days 1-3). The white matter and meninges were removed
under a dissecting microscope, then the rest were minced
and digested with 0.25% trypsin for 20min. Digestion was
terminated using DMEM/F-12 containing 10% fetal bovine
serum. After centrifugation at 1,000rpm for Smin, the cells
were resuspended and maintained on uncoated culture
dishes in a 37 C, 5% CO, incubator for 30min. The non-
adhesive cells were collected, spun down, resuspended in
DMEM/F-12 cell culture medium containing 10% fetal
bovine serum supplemented with 1% Penicillin/Streptomy-
cin (adjusted the cell concentration to 1x 10°/mL by cell
count), seeded onto poly-L-lysine (PLL, 0.1mg/mL) pre-
coated flask and maintained for 10 days to reach a conflu-
ence with minimal changes every 3—4 days. To remove the
oligodendrocyte precursors and microglia, the flasks were
washed twice with PBS, shaken cross in hand at room tem-
perature (RT) for Smin with 0.05% trypsin, and then washed
twice with PBS again. Subsequently the cells were detached
with 0.25% trypsin and sub-cultured into cell flask and glass
coverslips to identify the cell purity. When the purity of
astrocyte reached over 95% the cells were used for further
downstream experiments.

Treatment of Astrocytes

To examine the effects of Y27632 on the switch of astro-
cyte phenotypes, the astrocytes were sub-cultured onto cov-
erslips, 35-mm dishes, 6-well plates, and 96-well plates.
The cells were then divided into the following groups: (1)
naive astrocytes; (2) astrocytes treated with IL-1a (3 ng/
mL)+TNFa (30 ng/mL)+Clq (400 ng/mL); (3) astrocytes
treated with Y27632 (10 uM); (4) astrocytes treated with
IL-1a (3 ng/mL)+TNFa (30 ng/mL)+Clq (400 ng/mL)
and Y27632 (10 uM). Next, 24-72h later the cells were pro-
cessed for the downstream experimentation.

CCK-8 Assay

Cell proliferative was evaluated using a cell counting kit-8
(CCK-8) assay. Briefly, after the astrocytes underwent vari-
ous treatments as mentioned above, the cell suspension was
collected and 100 pL of the suspension was added to the
96 well plates at a density of 1x10* cells per well. After
incubation at 37 °C for 2h, the medium containing 10%
CCKS8 was added to the cell cultures and incubated for 2h.
The absorbance, expressed as the optical density (OD),
was determined on a spectrophotometer at 450nm for the

measurement wavelength. The experiment was repeated in
triplicate.

Evaluation Astrocyte Morphology

Seventy-two hours after treatment the cell-bearing exten-
sions were evaluated using a phase contrast microscope
with a 20-fold magnification. At least 15 cells per view
were randomly chosen to count. A total of 10 areas were
used for each group. The length of the extensions was deter-
mined using a confocal epifluorescence microscope (Leica,
Wetzlar, Germany). Notably, the average process length is
characterized as the average of the astrocytes’ leading and
trailing processes.

Scratch Wound Assay

To analyze the migratory capacity of astrocytes undergo-
ing different treatments, the scratching astrocyte monolayer
method was used to examine the astrocyte migratory abil-
ity[32]. Briefly, 500,000 astrocytes were transferred into the
wells of a 6-well plate and cultured for at least 24h until cell
confluence reached greater than 99%. The confluent astro-
cyte monolayer was scratched in a straight line with a sterile
pipette tip (200 pL) following the marker guide sheet under
the 6-well plates. The cells were washed 3 times with PBS
to remove the detached cells and debris. Concomitantly,
the astrocytes were treated with 1% FBS-DF12 containing
IL-1a (3 ng/mL)+TNFa (30 ng/mL)+Clq (400 ng/mL),
Y27632 (10 uM), and IL-1a (3 ng/mL)+TNFa (30 ng/
mL)+Clq (400 ng/mL)+Y27632 (10 uM). Next, bright-
field images (magnification 10x) of cells were captured at
0, 6, 12, and 24h after the scratches were made. The ratio
of cell migration was calculated as the percentage of the
remaining cell-free area against the initial scratch area. At
a 10xscaling, a contour was drawn around the cells at the
edge of the scratch and the wound area was calculated in
square microns.

Establishment and Intervention of a Spinal Cord
Injury Model in Rats

The modified rat SCI model was established as described
previously[33]. Briefly, eighteen adult SD rats were ran-
domly divided into three groups: Sham group, SCI group,
and Y27632 group. Rats were anesthetized intraperitoneally
with 1% sodium phenobarbital (40mg/kg). The skin overly-
ing the T2—-12 vertebrae was shaved and disinfected with
10% iodophor and 75% alcohol. A laminectomy was per-
formed to expose the spinal cord from T9 or T10 for all
groups. The spinal cord was clamped using an the improved
parallel-moving clip compression designed by our lab for
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25s. For the sham group, no injury was delivered. Concomi-
tantly, the Y27632 group was injected with Y27632 (0.1mg/
kg) intraperitoneally every 24h, while the other groups were
injected with the same volume of saline[34]. After surgery,
two rats were randomly placed in each cage where penicillin
(1x10* U) and gentamicin (8 x 10* U) were administered to
each rat subcutaneously for 3 days to prevent postoperative
infection and buprenorphine allowed for potent for analge-
sia to reduce pain. One week after the operation, the sec-
tion of the spinal cord containing the injury site was then
obtained for tissue sectioning.

Basso-Beattie-Bresnahan Locomotor Rating Score
(BBB Score)

Functional analysis was assessed using the Basso, Beattie,
and Bresnahan (BBB) locomotor scale according to pre-
viously established behavior tests[35]. Briefly, The BBB
scores of all groups were recorded 1h before surgery, and
then at 1d, 3 d, 7 d, 14 d, 21 d and 28 d post-surgery. The
BBB scores for each group were observed and recorded by
two trainees blinded to the experimental group allocation,
and then averaged.

Immunofluorescence Staining

Astrocytes that were seeded onto plastic coverslips of all
groups were washed 3 times with PBS, fixed with 4% para-
formaldehyde for 30min, treated with 3% BSA in 0.01M
PBS for 30min, and incubated with primary chicken mono-
clonal antibodies against GFAP and rabbit monoclonal
antibodies against C3/S100A10 at 4°C overnight. After
washing in PBS 3 times for Smin, coverslips containing the
cells were incubated with the corresponding fluorescence
conjugated secondary antibodies for 2h followed by DAPI
nuclear staining at RT for 10min. The coverslips were then
inverted onto the glass slides and sealed using an antifad-
ing mounting medium. The cells of all groups were treated
independently and analyzed in triplicate.

At 7 days post-surgery, rats of all groups were anesthe-
tized with 1% sodium phenobarbital (4 mL/kg), and trans-
cardially perfused with 0.9% saline and fixed using 4%
paraformaldehyde. Subsequently, the spinal cords were dis-
sected, post-fixed in 4% paraformaldehyde overnight at 4°C
and soaked in 30% sucrose until the tissue was no longer
buoyant. Moreover, frozen sections with a 10um thickness
were prepared and pasted onto slides for immunofluores-
cent staining analysis. Immunofluorescence staining of the
spinal cord sections was conducted the same way as the
cell staining procedure. All slides were observed under a
Leica DM6 B microscope (Leica Microsystems, Germany).
All images were captured using the Leica LAS X software
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(Leica Microsystems, Diegem, Belgium), and the results
were measured with Image J software.

Western Blot

The protein extracted from the cells with different treat-
ments was collected, and western blotting was performed
according to the protocol described previously[31]. Primary
antibodies against the following proteins were used: C3,
ROCK2, NF-xB, pNF-kB, and B-actin. All primary anti-
body dilutions were applied according to the manufacturer’s
instructions. f-actin was used as the internal control. Immu-
noblots were visualized using enhanced chemiluminescence
reagents. Densitometric analysis of the bands was repeated
4 times and an integrated densitometry value (IDV) was
calculated.

Statistical Analysis

For all analyses, data are expressed as mean +standard
deviation(SD)from at least three independent experiments.
Statistical analysis was performed using the statistical soft-
ware SPSS 26.0. ANOVA was used to analyze significant
differences among groups under different conditions, and
P <0.05 was considered statistically significant.

Results
Characterization and Purification of Astrocytes

To investigate the effects of Y27632 on astrocytes, astro-
cytes were first cultured as described in the methods section.
As shown in Fig.1, the large majority of cells showed a flat
and polygonal morphology and reached more than 99% con-
fluence after 10 days of incubation (Fig.la). 3-5 days after
purification by hand cross shaking at RT (Fig.1b), the puri-
fied astrocytes exhibited an irregular shape with processes
and gradually became confluent. No apparent oligodendro-
cyte precursor-like and microglia-like cells with small soma
and short processes over the astrocytes were seen (Fig.1c).
In addition, immunostaining with glial fibrillary acidic pro-
tein (GFAP) demonstrated that there are a large number of
GFAP-negative cells prior to purification while the GFAP-
negative cells accounted for a very low proportion of the
cellular population after purification (Fig.1d). Quantitative
analysis revealed that the purity of astrocytes during pri-
mary culture (GFAP-positive, 70+ 1.16%) was lower com-
pared to post-purification (GFAP-positive, 97.33 +1.20%)
(Fig.1e) (P<0.0001).
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Fig. 1 The primary culture and a
purification of astrocytes. (a)

Bright field of astrocytes with

primary culture. (b) A schematic
diagram depicting the method

of purification by hand cross

shaking at RT. (¢) Bright field of s
astrocytes post-purification. (d)
Immunofluorescence identifi-

Primary culture

[«

cation of astrocytes (GFAP+) e
showed that the percentage of %
GFAP +cells post-purification >
was higher than primary culture g
(P<0.0001). Scale bars, 100um e
o
E‘§-
3

Fig.2 Y27632 induced the shift a
of morphology of astrocytes.

(a) Phase-contrast microscope
showed the cells of control
groups had a flattened shape,
while the cells treated with
Y27632 exhibited a process-
bearing shape. (b) 96.67+0.01%
of the cells treated with Y27632
developed more than two pro-
cesses that were > 100pum. (c¢)
Immunofluorescence showed
that the processes of the cells
treated with Y27632 were
GFAP*/S100A10". Scale bars,
100pm

Control

c GFAP

Y27632 Induced Extensions in Astrocytes

The administration of the ROCK inhibitor Y27632 caused
pronounced changes in astrocyte morphology. As shown
in Fig.2, the majority of astrocytes treated without or
with IL-1la+ TNFa+Clq had a flattened shape and were
S100A10-negative, while almost all astrocytes treated with
Y27632 exhibited a process-bearing shape under the phase-
contrast microscope and were S100A10-positive (Fig.2a
and c). Consistent with the morphological observations
and immunofluorescence, quantitative analysis showed that
after administration of Y27632, approximately 90% of the
cells developed more than two processes that were > 100pum

b schematic diagram of hand cross shaking

o> , ®-> o

Primary culture

e
100%-
S 80%
60%

IL-1a + TNFa + C1q

S100A10

(Fig.2b). In contrast, the addition of IL-1a.+ TNFa + Clq did
not develop the cellular characteristics. There were signifi-
cant differences between the control groups and the Y27632
groups (P<0.0001).
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0.05% Typsin
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Y27632 Potentiated the Proliferation and Migration
Abilities of the Astrocytes

In addition to the characteristic extension in astrocytes,
elevated proliferation, and migration ability are crucial
hallmarks of activated astrocytes. Thus, astrocyte prolifera-
tion and migration was assessed using CCK-8 and scratch
wound assays, respectively. The results revealed that the
Y27632 treated astrocytes showed an elevated astrocytes
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Fig.3 Y27632 increased the pro-
liferation and migration abilities

of the astrocytes. (a) The CCK8

assay showed that the Y27632

CCK8 assay

o

J—

b c

Schematic diagram of
scratch assay

Scratch assay auxiliary line

e R

08

improved the proliferation of
astrocytes. (b) The auxiliary lines
assisted to the wound scratch. (c)
A schematic diagram depicting
the scratch assay. (d) The astro-

0.6

0.4

0.2

0.0

Control

Y27632

Net absorbance (OD 450nm)

cytes were scraped by pipette tip
(200 pL), and the final scratch
areas (24h later) were calculated.
(e) The migration ratio of astro-
cytes treated with Y27632 was
higher compared to the control
group (P<0.01). Scale bars,
100pm

Control

Oh

24h

proliferation (P=0.0017, Fig.3a). The wound was created by
scraping in a straight line with a sterile pipette tip (200 pL)
across the surface of confluent astrocyte monolayers (Fig.3b
and c) and then incubated for 24h; the free image areas were
all reduced in the astrocytes treated without or with 10 uM
Y27632. However, the larger free image area was reduced
in astrocytes treated with 10 uM Y27632(P=0.0024, Fig.3d
and e) compared to the astrocytes that were only incubated
in 1% FBS-DF12 media. These results suggested that the
Y27632 increases the proliferation and migration abilities
of the naive astrocytes.

Y27632 Transformed the Naive Astrocytes and the
A1 Reactive Astrocytes into A2 Reactive Astrocytes
in Vitro

To systematically validate whether Y27632 stimulation
effectively strengthens the astrocyte phenotype switch,
we further investigated the changes of expression using
a subset of characteristic markers for astrocyte subtypes
that were treated for 72h under different treatment condi-
tions. As shown in Fig.4, almost all naive astrocytes were
GFAP" /C37/S100A107, while the astrocytes treated with
IL-1o+TNFa+ Clq were GFAP*/C3" (Fig.4a), a hallmark
of Al reactive astrocytes. With the addition of Y27632
into astrocyte cell cultures, cell immunostaining was
GFAP*/S100A10" (Fig.4b), suggesting that these astrocytes
transformed into type A2 astrocytes. Notably, the astrocytes
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Y27632 Scratch assay

0.8+

0.6

0.4

0.2

Migration ratio of astrocytes

treated with IL-1a+TNFa+Clq following Y27632 treat-
ment were GFAP" /C37/S100A10* (Fig.4 right panel).
These results demonstrated that Y27632 treatment the naive
astrocytes and the Al reactive astrocytes into A2 reactive
astrocytes in vitro.

Y27632 Promoted the Recovery of Neurological
Function in SCI Rats

To evaluate the effects of Y27632 on SCI, an SCI rat model
was established and treated with Y27632, followed by the
evaluation of animal functional recovery. As shown in Fig.5,
The BBB scores for the rats in each group changed over
time. The sham group had a transient lower limb movement
disorder on the day of operation and quickly recovered the
next day. There were no statistically significant differences
in the BBB scores among each recorded time point (1d, 3 d,
7d, 14 d, 21 d and 28 d) in the sham group (P>0.05) after
the operation. On day 28, the scores of the sham, Y27632,
and SCI groups were 210, 12.80+0.84, and 6.00+£0.71,
respectively. In comparison, the scores of the SCI group and
the Y27632 group were significantly lower than those of the
sham group (SCI group vs. sham group, P<0.001; Y27632
group vs. sham group, P<0.001). More importantly, the
Y27632 group score on day 28 was significantly higher than
that of the SCI group (P<0.01). These results suggest that
Y27632 effectively enhances the recovery of neurological
function in SCI rats.
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Fig. 4 Y27632 transformed the naive astrocytes and the Al reactive
astrocytes into A2 reactive astrocytes. (a) Double fluorescent stain-
ing (GFAP in red, C3 in green) showed that astrocytes treated with
IL-1o.+ TNFa+Clq were C3-positive, while the rest astrocytes were
C3-negative. (b) Double fluorescent staining (GFAP in red, SI00A10
in green) showed that astrocytes treated with Y27632 were SI00A10-
positvie, while the rest astrocytes were S100A10-nagative. DAPI
stained all cell nuclei blue; Scale bars, 100pm

Y27632 Decreased the Number of A1 Astrocytes in
the Spinal Cord of SCI Rats

We next examined whether Y27632 contributes to the switch
of astrocyte subtype that leads to the recovery of neurologi-
cal function. The immunostaining of A1 astrocytes was thus
conducted to examine the effect of Y27632 on A1 astrocytes
after SCI. First, the rats were sacrificed one week after the
SCI and the spinal cord tissues containing the damaged area
were harvested as described in the method section (Fig.6a).
Immunofluorescence double staining with anti-C3 and anti-
GFAP antibodies showed that after the SCI, C3 was abun-
dantly expressed within the injured area and was expressed

at a relatively higher level in the cells compared to the sham
group and the Y27632 treatment group (Fig.6b). Similar to
C3 immunofluorescence, immunohistochemistry using anti-
C3 antibodies also showed that after an SCI, almost all cells
were significantly C3-positive (Fig.6c). Moreover, most
cell populations exhibited a more pronounced C3 immuno-
reactivity than those in the sham and the Y27632 treatment
groups (Fig.6c). Interestingly, quantitative analysis revealed
that the administration of Y27632 significantly decreases
the fluorescence intensity of C3 in spinal cord compared to
the SCI group (P<0.001, Fig.6d). Furthermore, the strong
positive staining rate of C3* cells in the Y27632 group was
significantly lower than that in the SCI group (P<0.01,
Fig.oe).

Y27632 Affected the Expression of C3 and NF-kB in
Vitro

The previous results of this study showed that Y27632
could transform the naive astrocytes and the Al reactive
astrocytes into A2 reactive astrocytes in vitro. Numer-
ous studies have demonstrated that the downstream sig-
nal pathway of RhoA/ROCK, and NF-«kB transcription
activity impacts the complement C3 release of astrocytes.
Therefore, we next ascertained the potential intracellu-
lar signaling mechanisms responsible for the promotive
effects of Y27632 on the transformation process of astro-
cyte subtypes in vitro. As shown in Fig.7, the treatment of
Y27632 markedly resulted in a decrease in ROCK2, phos-
phorylated NF-xB, and C3 levels within the astrocytes. In
contrast, treatment with IL-lo+ TNFa+Clq significantly
elevated all the ROCK2 and phosphorylated NF-xB lev-
els in the astrocytes, but no influence on ROCK?2 (Fig.7a).
Administration of Y27632 into the astrocytes treated with
IL-la+TNFa+ Clq significantly reduced the elevation of
all three molecule levels. Quantitative analysis revealed
that C3 and the phosphorylated NF-«xB levels in astrocytes
treated by IL-la+TNFa+Clq were significantly higher
than that those in the control group and the Y27632 treat-
ment group(IL-la+TNFa+Clq vs. Y27632, P<0.001;
IL-la+TNFa+Clq vs. Control, P<0.001)(Fig.7b, ¢, d
and e). Furthermore, Y27632 caused the downregulation
of ROCK2 and the levels of phosphorylated NF-kB. These
results imply that the phosphorylation levels of the NF-«xB/
C3 signaling cascade are actively involved in the transfor-
mation process of astrocytes that are stimulated via Y27632
treatment in vitro.
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Fig.5 The BBB scores for rats
in each group changed over
time. There were no statistically
significant differences in BBB
scores among each recorded
time point (1d, 3 d, 7d, 14 d, 21
d and 28 d) in the sham group
(P>0.05) after operation. On day
28, the Y27632 group score was
significantly higher than that of
the SCI group (P<0.01)

Fig.6 Y27632 promoted the
recovery of neurological func-
tion by decreasing the number

of Al astrocytes in SCI rats.

(a) Rats were anesthetized and
perfused, then the spinal cord
contained the damage area were
harvested. (b) Double fluorescent
staining(GFAP in purple, C3 in
green)of spinal cord sections of
the three group (Sham, Y27632
and SCI). (¢) Immunochemical
stained sections showed positive
C3 cells in the three groups. (d)
Quantification of the fluorescence
intensity of C3. (e) The strong
positive staining rate of C3 + cell
in the three groups. Scale bars:
100pm
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Fig.7 Possible molecular mechanism of Y27632 on the transformation
of reactive astrocyte phenotypes in vitro. (a) Western blotting detected
protein levels of C3, ROCK2, NF-kB, and phosphorylated NF-kB in

Discussion

Astrocytes are ubiquitous and play an important role in the
mammalian CNS. Astrocytes undergo a dramatic transfor-
mation called “reactive astrogliosis” and formed a glial scar
after an acute SCI[36]. Reactive astrogliosis plays a dual
roles in the recovery of neuronal function[37]. These oppo-
site effects may depend on different phenotypes of reactive
astrocytes, which are classified into either an A1 phenotype
or an A2 phenotype[8]. These two reactive astrocyte phe-
notypes have strikingly different properties, one phenotype
is beneficial for the recovery of SCI while the other is det-
rimental. Therefore, the transformation of astrocytes into a
neuroprotective phenotype is likely critical for the recovery
of neuronal function after an SCIL.

astrocytes with different treatments. (b-e). Quantification of the rela-
tive expression of C3, ROCK2, NF-«B, and phosphorylated NF-xB of
astrocytes in each group

Our present study showed that the recovery of neurologi-
cal function after an SCI was significantly improved after
being treated with the ROCK inhibitor Y27632. Our results
are consistent with numerous other studies[20, 21, 38—41].
This study found that A1 phenotype reactive astrocytes
were significantly reduced in SCI rats after Y27632 treat-
ment. These results demonstrated that the neuroprotective
effect of Y27632 may be attributed to its effects on the phe-
notype switch of astrocytes. Furthermore, we investigated
the effects of Y27632 on astrocytes in vitro. The results
showed that the naive astrocytes and the Al phenotype
astrocytes (GFAP*/C3") after Y27632 treatment transform
into A2 phenotype astrocytes (GFAP*/S100A10%). How-
ever, the molecular mechanisms underlying the effect of
Y27632 on the switch of reactive astrocyte phenotypes
remain unknown.
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An increasing number of studies revealed that C3 is a
specific marker of the reactive astrocyte Al phenotype[8].
Furthermore, increases in C3 transcripts were positively
associated with motor disability[23]. Because of this data,
we also determined C3 expression after an SCI. Our study
showed that the BBB scores improved significantly with the
down-regulation of C3 expression and is consist with pre-
vious reports. Additionally, the expression of C3 decreased
with the treatment of ROCK inhibitor Y27632 in vitro and
in vivo. These results suggest that the C3 could be a down-
stream molecule of RhoA/ROCK signal pathway driving
the effects of Y27632 on reactive astrocyte phenotypes.

NF-kB is a key transcription factor regulating inflam-
matory cytokine gene expression. Previous studies dem-
onstrated that as the downstream intracellular signaling
molecule of RhoA/ROCK, the NF-kB transcription activity
was augmented by the activation of RhoA/ROCK[24-30].
Further research revealed that the activation of NF-«xB
increases the release of astrocytic complement C3 [22].
Therefore, we speculate that the inhibition of RhoA/ROCK
elicits the switch of astrocyte subtypes from Al to A2
through the collaboration of NF-kB/C3-mediated down-
stream signals to promote the recovery of SCI in rats.

In the present study, the pNF-«B levels were elevated by
IL-la+TNFa+Clgq; therefore, increasing the expression
of C3, a marker of Al phenotype reactive astrocytes. The
results suggest that the NF-kB/C3 signal pathway may be
involved in the transformation of the Al phenotype reac-
tive astrocytes. Moreover, the expression of pNF-«B and C3
in the astrocytes was simultaneously downregulated after
Y27632 treatment, inferring Y27632’s role in the transfor-
mation of reactive astrocytes from an Al to an A2 pheno-
type. These results further revealed that the ROCK/NF-xB/
C3 signal pathway is likely involved in mediating Y27632
promoting the recovery of SCI in rats.

Moreover, the RhoA/ROCK pathway played a negative
regulatory role in the migration abilities of astrocytes. The
cell migration process includes the protrusion of the leading
edge, the formation of new adhesive structures at the front,
the contraction of the cell, and the release of adhesions at the
rear. Therefore, the alteration of cell morphology and cyto-
skeletal organization are associated with the actin polym-
erization during cell protrusion and traction caused by the
contraction of actin filaments[42]. Previous studies dem-
onstrated that after RhoA activation, ROCK regulates the
contraction of the cytoskeleton by affecting the activity of
myosin ATPase and both microtubules and microfilaments
are involved during these processes[42—48]. In our present
study, Y27632 induced a morphological shift of astrocytes
from a flattened shape to a process-bearing shape, and sig-
nificantly enhanced the migration ability of the transformed
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astrocytes that possess the process-bearing shape compared
with the astrocytes that are flat shaped.

RhoA/ROCK controls a wide range of cellular pro-
cesses, and it is challenging to reveal its comprehensive
and specific molecular mechanism in astrocytes completely.
Limitations of this study included (1) the lack of data on
inhibitor or knockdown of NF-kB to confirm the activity of
the NF-kB/C3 pathway regarding the promotion of Y27632
in the recovery of neurological function within a SCI rat
model due to NF-kB playing a key role on numerous cellu-
lar activities; (2) the simultaneous effects of Y27632 on the
morphology and phenotypes of astrocytes as well as playing
a role in neuroprotection, however, the present study could
not effectively distinguish these two effects independently;
(3) the precise molecular mechanisms of the phenotypical
shift induced by ROCK inhibitor Y27632 still needs further
investigation.

Despite these shortcomings, to our knowledge, this is the
first report demonstrating the possible molecular mecha-
nism of the promoting effect of Y27632 on the recovery of
neurological function in SCI via an astrocyte phenotypical
shift. Importantly, Y27632 potentiates the functional recov-
ery after SCI through an A1 to A2 phenotype astrocytes shift
may open new avenues towards a potential therapy to repair
an injured CNS.

Conclusion

In summary, our study investigated the promotive effects of
the ROCK inhibitor Y27632 on the recovery of neurologi-
cal function in SCI, as well as the morphological and phe-
notypic shift of astrocytes. The present study demonstrates
that the ROCK/NF-«xB/C3 signal pathway may be involved
in these cellular processes and account for the neuroprotec-
tive mechanism of action. Nevertheless, the relationship
between the morphology and the phenotype of reactive
astrocytes as well as the precise molecular mechanisms
within SCI needs to be further explored in the future.

Acknowledgements The authors thank AiMi Academic Services
(www.aimieditor.com) for the English language editing and review
services.

Author Contributions YYZ was responsible for designing the proto-
col, writing the protocol, performing experimental procedures, partici-
pating in animals surgery, evaluating and writing the article; XHW was
responsible for detailing the protocol, participate in experimental pro-
cedures in each tests, result collection, schematic diagram drawing and
result analysis; CJ participating in animals surgery and putting forward
the ideas of clinical transformation, ZC guiding the modeling surgery,
screening potentially eligible studies; SYN, ZYW and FT assisting in
the operation, recording partial postoperative indicators; JA providing
instructions on the use of experimental reagents; HY and HF improve-
ment our ideas solving some technical problems encountered (Meth-



Neurochemical Research (2022) 47:3733-3744

3743

odology); DJH presiding over the direction of the project and funding
acquisition. All authors read and approved the final manuscript.

Funding This work was funded by a key grant from the National Na-
ture Science Foundation of China (81830077) and the National Natu-
ral Science Foundation of China (grants 81772357 and 81371411).

Data Availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Competing Interests The authors have no relevant financial or non-
financial interests to disclose.

Ethics Approval and Consent to Participate We certify that all experi-
mental procedures were performed in accordance with the Guide of
Laboratory Animal Care and Use from the United States National
Institution of Health and were approved by the Institutional Animal
Care and Use Committee (IACUC) of Xi’an Jiaotong University, SN,
China.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. GBD 2016 Neurology Collaborators (2019) Global, regional,
and national burden of neurological disorders, 1990-2016: a
systematic analysis for the Global Burden of Disease Study
2016. Lancet Neurol 18:459-480. https://doi.org/10.1016/
S1474-4422(18)30499-X

2. Wang X, Jiang C, Zhang Y et al (2022) The promoting effects of
activated olfactory ensheathing cells on angiogenesis after spi-
nal cord injury through the PI3K/Akt pathway. Cell Biosci 12:23.
https://doi.org/10.1186/s13578-022-00765-y

3. Miller SJ (2018) Astrocyte Heterogeneity in the Adult Cen-
tral Nervous System. Front Cell Neurosci 12:401. https:/doi.
org/10.3389/fncel.2018.00401

4.  Virchow R (1856) Gesammelte Abhandlungen Zur Wissen-
schaftlichen Medizin. Frankf Am Taf 20:1-1024

5. ZhangZ,MaZ, Zou W et al (2019) N-myc downstream-regulated
gene 2 controls astrocyte morphology via Rho-GTPase signal-
ing. J Cell Physiol 234:20847-20858. https://doi.org/10.1002/
jcp.28689

6. Hara M, Kobayakawa K, Ohkawa Y et al (2017) Interaction of
reactive astrocytes with type I collagen induces astrocytic scar
formation through the integrin—N-cadherin pathway after spi-
nal cord injury. Nat Med 23:818-828. https://doi.org/10.1038/
nm.4354

11.

12.

13.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Liddelow SA, Barres BA (2017) Reactive Astrocytes: Produc-
tion, Function, and Therapeutic Potential. Immunity 46:957-967.
https://doi.org/10.1016/j.immuni.2017.06.006

Liddelow SA, Guttenplan KA, Clarke LE et al (2017) Neurotoxic
reactive astrocytes are induced by activated microglia. Nature
541:481-487. https://doi.org/10.1038/nature21029

Fan Y-Y, Huo J (2021) A1/A2 astrocytes in central nervous
system injuries and diseases: Angels or devils? Neurochem Int
148:105080. https://doi.org/10.1016/j.neuint.2021.105080

. Jing Y, Ma R, Chu Y et al (2021) Matrine treatment induced an

A2 astrocyte phenotype and protected the blood-brain barrier in
CNS autoimmunity. J Chem Neuroanat 117:102004. https://doi.
org/10.1016/j.jchemneu.2021.102004

K B AK et al (2021) Activation of Neuroprotective Microglia and
Astrocytes at the Lesion Site and in the Adjacent Segments Is
Crucial for Spontaneous Locomotor Recovery after Spinal Cord
Injury. https://doi.org/10.3390/cells10081943. Cells 10:

Escartin C, Galea E, Lakatos A et al (2021) Reactive astrocyte
nomenclature, definitions, and future directions. Nat Neurosci
24:312-325. https://doi.org/10.1038/s41593-020-00783-4
Guttenplan KA, Stafford BK, El-Danaf RN et al (2020) Neu-
rotoxic Reactive Astrocytes Drive Neuronal Death after Reti-
nal Injury. Cell Rep 31:107776. https://doi.org/10.1016/j.
celrep.2020.107776

Sp Y, Ti K, N P et al (2018) Block of Al astrocyte conversion
by microglia is neuroprotective in models of Parkinson’s disease.
Nat Med 24. https://doi.org/10.1038/s41591-018-0051-5

Fan H, Zhang K, Shan L et al (2016) Reactive astrocytes undergo
M1 microglia/macrohpages-induced necroptosis in spinal
cord injury. Mol Neurodegener 11:14. https://doi.org/10.1186/
$13024-016-0081-8

Mulherkar S, Tolias KF (2020) RhoA-ROCK Signaling as a Ther-
apeutic Target in Traumatic Brain Injury. Cells 9:E245. https:/
doi.org/10.3390/cells9010245

Kimura T, Horikoshi Y, Kuriyagawa C, Niiyama Y (2021) Rho/
ROCK Pathway and Noncoding RNAs: Implications in Ischemic
Stroke and Spinal Cord Injury. Int J Mol Sci 22:11573. https://doi.
org/10.3390/ijms222111573

Roy A, Pathak Z, Kumar H (2021) Strategies to neutralize RhoA/
ROCK pathway after spinal cord injury. Exp Neurol 343:113794.
https://doi.org/10.1016/j.expneurol.2021.113794

Watzlawick R, Sena ES, Dirnagl U et al (2014) Effect and report-
ing bias of RhoA/ROCK-blockade intervention on locomo-
tor recovery after spinal cord injury: a systematic review and
meta-analysis. JAMA Neurol 71:91-99. https://doi.org/10.1001/
jamaneurol.2013.4684

Forgione N, Fehlings MG (2014) Rho-ROCK inhibition in the
treatment of spinal cord injury. World Neurosurg 82:e535-539.
https://doi.org/10.1016/j.wneu.2013.01.009

Koch JC, Tatenhorst L, Roser A-E et al (2018) ROCK inhibi-
tion in models of neurodegeneration and its potential for clinical
translation. Pharmacol Ther 189:1-21. https://doi.org/10.1016/j.
pharmthera.2018.03.008

Lian H, Yang L, Cole A et al (2015) NF«kB-activated astroglial
release of complement C3 compromises neuronal morphol-
ogy and function associated with Alzheimer’s disease. Neuron
85:101-115. https://doi.org/10.1016/j.neuron.2014.11.018
Moreno-Garcia A, Bernal-Chico A, Colomer T et al (2020) Gene
Expression Analysis of Astrocyte and Microglia Endocannabi-
noid Signaling during Autoimmune Demyelination. Biomole-
cules 10:E1228. https://doi.org/10.3390/biom10091228

Li B, Lin Q, Hou Q et al (2019) Alkannin attenuates lipopolysac-
charide-induced lung injury in mice via Rho/ROCK/NF-«B path-
way. ] Biochem Mol Toxicol 33:€22323. https://doi.org/10.1002/
jbt.22323

@ Springer


http://dx.doi.org/10.1016/j.immuni.2017.06.006
http://dx.doi.org/10.1038/nature21029
http://dx.doi.org/10.1016/j.neuint.2021.105080
http://dx.doi.org/10.1016/j.jchemneu.2021.102004
http://dx.doi.org/10.1016/j.jchemneu.2021.102004
http://dx.doi.org/10.3390/cells10081943
http://dx.doi.org/10.1038/s41593-020-00783-4
http://dx.doi.org/10.1016/j.celrep.2020.107776
http://dx.doi.org/10.1016/j.celrep.2020.107776
http://dx.doi.org/10.1038/s41591-018-0051-5
http://dx.doi.org/10.1186/s13024-016-0081-8
http://dx.doi.org/10.1186/s13024-016-0081-8
http://dx.doi.org/10.3390/cells9010245
http://dx.doi.org/10.3390/cells9010245
http://dx.doi.org/10.3390/ijms222111573
http://dx.doi.org/10.3390/ijms222111573
http://dx.doi.org/10.1016/j.expneurol.2021.113794
http://dx.doi.org/10.1001/jamaneurol.2013.4684
http://dx.doi.org/10.1001/jamaneurol.2013.4684
http://dx.doi.org/10.1016/j.wneu.2013.01.009
http://dx.doi.org/10.1016/j.pharmthera.2018.03.008
http://dx.doi.org/10.1016/j.pharmthera.2018.03.008
http://dx.doi.org/10.1016/j.neuron.2014.11.018
http://dx.doi.org/10.3390/biom10091228
http://dx.doi.org/10.1002/jbt.22323
http://dx.doi.org/10.1002/jbt.22323
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/S1474-4422(18)30499-X
http://dx.doi.org/10.1016/S1474-4422(18)30499-X
http://dx.doi.org/10.1186/s13578-022-00765-y
http://dx.doi.org/10.3389/fncel.2018.00401
http://dx.doi.org/10.3389/fncel.2018.00401
http://dx.doi.org/10.1002/jcp.28689
http://dx.doi.org/10.1002/jcp.28689
http://dx.doi.org/10.1038/nm.4354
http://dx.doi.org/10.1038/nm.4354

3744

Neurochemical Research (2022) 47:3733-3744

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yan J, Tang Y, Zhong X et al (2021) ROCK inhibitor attenu-
ates carbon blacks-induced pulmonary fibrosis in mice via Rho/
ROCK/NF-kappa B pathway. Environ Toxicol 36:1476—1484.
https://doi.org/10.1002/tox.23135

Chen J, Sun Z, Jin M et al (2017) Inhibition of AGEs/RAGE/
Rho/ROCK pathway suppresses non-specific neuroinflamma-
tion by regulating BV2 microglial M1/M2 polarization through
the NF-xB pathway. J Neuroimmunol 305:108—114. https://doi.
org/10.1016/j.jneuroim.2017.02.010

Tsukahara R, Ueda H (2016) Myelin-related gene silencing medi-
ated by LPA1 - Rho/ROCK signaling is correlated to acetylation
of NFkB in S16 Schwann cells. J Pharmacol Sci 132:162-165.
https://doi.org/10.1016/j.jphs.2016.07.010

Huang Z, Nan C, Wang H et al (2016) Crocetin ester improves
myocardial ischemia via Rho/ROCK/NF-kB pathway. Int
Immunopharmacol ~ 38:186-193.  https://doi.org/10.1016/j.
intimp.2016.05.025

Ma W, Sze KM-F, Chan LK et al (2016) RhoE/ROCK2 regu-
lates chemoresistance through NF-xB/IL-6/ STAT3 signaling in
hepatocellular carcinoma. Oncotarget 7:41445-41459. https:/
doi.org/10.18632/oncotarget.9441

Zhu L, Chen T, Chang X et al (2016) Salidroside ameliorates
arthritis-induced brain cognition deficits by regulating Rho/
ROCK/NF-kB pathway. Neuropharmacology 103:134-142.
https://doi.org/10.1016/j.neuropharm.2015.12.007

Yang H, Liu C, Fan H et al (2019) Sonic Hedgehog Effec-
tively Improves Oct4-Mediated Reprogramming of Astrocytes
into Neural Stem Cells. Mol Ther 27:1467-1482. https://doi.
org/10.1016/j.ymthe.2019.05.006

Liang C-C, Park AY, Guan J-L (2007) In vitro scratch assay: a
convenient and inexpensive method for analysis of cell migra-
tion in vitro. Nat Protoc 2:329-333. https://doi.org/10.1038/
nprot.2007.30

Wang X, Jiang C, Zhang Y et al (2021) Analysis and comparison
of a spinal cord injury model with a single-axle-lever clip or a
parallel-moving clip compression in rats. Spinal Cord. https://doi.
org/10.1038/s41393-021-00720-7

Ying X, Yu X, Zhu J et al (2022) Water Treadmill Training Ame-
liorates Neurite Outgrowth Inhibition Associated with NGR/
RhoA/ROCK by Inhibiting Astrocyte Activation following Spi-
nal Cord Injury. Oxid Med Cell Longev 2022:1724362. https://
doi.org/10.1155/2022/1724362

Basso DM, Beattie MS, Bresnahan JC (1995) A sensitive and reli-
able locomotor rating scale for open field testing in rats. J Neu-
rotrauma 12:1-21. https://doi.org/10.1089/neu.1995.12.1
Anderson MA, Burda JE, Ren Y et al (2016) Astrocyte scar for-
mation aids central nervous system axon regeneration. Nature
532:195-200. https://doi.org/10.1038/nature17623

Yu Z, Liu M, Fu P et al (2012) ROCK inhibition with Y27632
promotes the proliferation and cell cycle progression of cultured

@ Springer

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

astrocyte from spinal cord. Neurochem Int 61:1114-1120. https://
doi.org/10.1016/j.neuint.2012.08.003

Fu P-C, Tang R-H, Yu Z-Y et al (2018) The Rho-associated kinase
inhibitors Y27632 and fasudil promote microglial migration in
the spinal cord via the ERK signaling pathway. Neural Regen Res
13:677-683. https://doi.org/10.4103/1673-5374.230294
Boomkamp SD, Riehle MO, Wood J et al (2012) The develop-
ment of a rat in vitro model of spinal cord injury demonstrating the
additive effects of rho and ROCK inhibitors on neurite outgrowth
and myelination. Glia 60:441-456. https://doi.org/10.1002/
glia.22278

Monnier PP, Sierra A, Schwab JM et al (2003) The Rho/ROCK
pathway mediates neurite growth-inhibitory activity associ-
ated with the chondroitin sulfate proteoglycans of the CNS glial
scar. Mol Cell Neurosci 22:319-330. https://doi.org/10.1016/
$1044-7431(02)00035-0

Gopalakrishnan SM, Teusch N, Imhof C et al (2008) Role of Rho
kinase pathway in chondroitin sulfate proteoglycan-mediated
inhibition of neurite outgrowth in PCI12 cells. J Neurosci Res
86:2214-2226. https://doi.org/10.1002/jnr.21671

Rikitake Y, Takai Y (2011) Directional cell migration regula-
tion by small G proteins, nectin-like molecule-5, and afadin.
Int Rev Cell Mol Biol 287:97-143. https://doi.org/10.1016/
B978-0-12-386043-9.00003-7

Zhou Q, Gensch C, Liao JK (2011) Rho-associated coiled-coil-
forming kinases (ROCKs): potential targets for the treatment
of atherosclerosis and vascular disease. Trends Pharmacol Sci
32:167-173. https://doi.org/10.1016/j.tips.2010.12.006
Rousseau M, Gaugler M-H, Rodallec A et al (2011) RhoA
GTPase regulates radiation-induced alterations in endothelial
cell adhesion and migration. Biochem Biophys Res Commun
414:750-755. https://doi.org/10.1016/j.bbrc.2011.09.150

Kitzing TM, Sahadevan AS, Brandt DT et al (2007) Positive feed-
back between Dial, LARG, and RhoA regulates cell morphology
and invasion. Genes Dev 21:1478-1483. https://doi.org/10.1101/
gad.424807

Honjo M, Tanihara H, Inatani M et al (2001) Effects of rho-asso-
ciated protein kinase inhibitor Y-27632 on intraocular pressure
and outflow facility. Invest Ophthalmol Vis Sci 42:137-144
Leembhuis J, Boutillier S, Schmidt G, Meyer DK (2002) The pro-
tein kinase A inhibitor H89 acts on cell morphology by inhibiting
Rho kinase. J Pharmacol Exp Ther 300:1000—1007. https://doi.
org/10.1124/jpet.300.3.1000

Khyrul WAKM, LaLonde DP, Brown MC et al (2004) The
integrin-linked kinase regulates cell morphology and motil-
ity in a rho-associated kinase-dependent manner. J Biol Chem
279:54131-54139. https://doi.org/10.1074/jbc.M410051200

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


http://dx.doi.org/10.1016/j.neuint.2012.08.003
http://dx.doi.org/10.1016/j.neuint.2012.08.003
http://dx.doi.org/10.4103/1673-5374.230294
http://dx.doi.org/10.1002/glia.22278
http://dx.doi.org/10.1002/glia.22278
http://dx.doi.org/10.1016/s1044-7431(02)00035-0
http://dx.doi.org/10.1016/s1044-7431(02)00035-0
http://dx.doi.org/10.1002/jnr.21671
http://dx.doi.org/10.1016/B978-0-12-386043-9.00003-7
http://dx.doi.org/10.1016/B978-0-12-386043-9.00003-7
http://dx.doi.org/10.1016/j.tips.2010.12.006
http://dx.doi.org/10.1016/j.bbrc.2011.09.150
http://dx.doi.org/10.1101/gad.424807
http://dx.doi.org/10.1101/gad.424807
http://dx.doi.org/10.1124/jpet.300.3.1000
http://dx.doi.org/10.1124/jpet.300.3.1000
http://dx.doi.org/10.1074/jbc.M410051200
http://dx.doi.org/10.1002/tox.23135
http://dx.doi.org/10.1016/j.jneuroim.2017.02.010
http://dx.doi.org/10.1016/j.jneuroim.2017.02.010
http://dx.doi.org/10.1016/j.jphs.2016.07.010
http://dx.doi.org/10.1016/j.intimp.2016.05.025
http://dx.doi.org/10.1016/j.intimp.2016.05.025
http://dx.doi.org/10.18632/oncotarget.9441
http://dx.doi.org/10.18632/oncotarget.9441
http://dx.doi.org/10.1016/j.neuropharm.2015.12.007
http://dx.doi.org/10.1016/j.ymthe.2019.05.006
http://dx.doi.org/10.1016/j.ymthe.2019.05.006
http://dx.doi.org/10.1038/nprot.2007.30
http://dx.doi.org/10.1038/nprot.2007.30
http://dx.doi.org/10.1038/s41393-021-00720-7
http://dx.doi.org/10.1038/s41393-021-00720-7
http://dx.doi.org/10.1155/2022/1724362
http://dx.doi.org/10.1155/2022/1724362
http://dx.doi.org/10.1089/neu.1995.12.1
http://dx.doi.org/10.1038/nature17623

	﻿Rho Kinase Inhibitor Y27632 Improves Recovery After Spinal Cord Injury by Shifting Astrocyte Phenotype and Morphology via the ROCK/NF-κB/C3 Pathway
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Experimental Animals and Ethical Statements
	﻿Materials and Reagents
	﻿Primary Culture and Purification of Astrocytes
	﻿Treatment of Astrocytes
	﻿CCK-8 Assay
	﻿Evaluation Astrocyte Morphology
	﻿Scratch Wound Assay
	﻿Establishment and Intervention of a Spinal Cord Injury Model in Rats
	﻿Basso–Beattie–Bresnahan Locomotor Rating Score (BBB Score)
	﻿Immunofluorescence Staining
	﻿Western Blot
	﻿Statistical Analysis

	﻿Results
	﻿Characterization and Purification of Astrocytes
	﻿Y27632 Induced Extensions in Astrocytes
	﻿Y27632 Potentiated the Proliferation and Migration Abilities of the Astrocytes
	﻿Y27632 Transformed the Naive Astrocytes and the A1 Reactive Astrocytes into A2 Reactive Astrocytes in Vitro
	﻿Y27632 Promoted the Recovery of Neurological Function in SCI Rats
	﻿Y27632 Decreased the Number of A1 Astrocytes in the Spinal Cord of SCI Rats
	﻿Y27632 Affected the Expression of C3 and NF-κB in Vitro

	﻿Discussion
	﻿Conclusion
	﻿References


