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Abstract
·Rho-associated kinase (ROCK) is a serine/threonine kinase

and one of the major downstream effectors of the small
GTPase RhoA. The Rho/ROCK pathway is closely related to
the pathogenesis of several central nervous system (CNS)
disorders, and involved in many aspects of neuronal functions
including neurite outgrowth and retraction. In the adult CNS,
the damaged neuron regeneration is very difficult due to the
presence of myelin-associated axon growth inhibitors such as
Nogo, myelin-associated glycoprotein (MAG) and
oligodendrocyte-myelin glycoprotein (Omgp), etc. The effects
of these axon growth inhibitors are reversed by blocking the
Rho/ROCK pathway , and the inhibition of Rho/ROCK
pathway can promote axon regeneration and functional
recovery in the injured CNS . In addition, the
therapeutic effects of the Rho/ROCK inhibitors have also been
demonstrated in some animal models and the Rho/ROCK
pathway becomes an attractive target for the development of
drugs for treating CNS disorders. In this review, we
summarized on the effect of the Rho and the downstream
factor ROCK in neural regeneration, and the potential
therapeutic effect of Rho/ROCK inhibitors in the survival and
axonal regeneration of retinal ganglion cells was also
discussed.
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INTRODUCTION

A n important reason that axon regeneration is very
difficult, following the grown-up mammal central

nervous system (CNS) damaged, is due to the existence of
some growth suppression molecules in the damaged
environment. Until now had it mainly been discovered three
kinds of molecules derived from myelin which can suppress
axon growth: Nogo-A、myelin-associated glycoprotein
(MAG) and oligodendrocyte-myelin glycoprotein (Omgp) [1].
The axon growth derived from the growth cone, and the
growth cone can decide the direction of axon growth, as
well as extend length by feeling information from the
external environment[2]. After the growth cone contacts these
suppression molecules in myelin, the cell skeleton structure
changes, subsequently causes the growth cone to collapse,
retract, and stop the axon growth [3]. At present, the
functional mechanism of myelin-derived inhibitors is not
completely clear. Rho is a member of small GTP enzyme of
Rho family. Since the first time in 1985 Rho genes had been
found [4], the pathophysiology of Rho and Rho-associated
kinase (ROCK) has been conducted extensive research. Rho
is a member of Rho subfamily of small molecular GTPases
superfamily, and the mammalian Rho gene is homologous
with the Ras superfamily. Previous studies have confirmed
that Rho and their associated signaling molecules participate
in and mediate the biological processes of axon
regeneration, extension and fiber projection [5-8]. Rho
regulates cell actin cytoskeleton by it's downstream effective
factor ROCK, which extensively involve in the biological
processes of cell migration, movement, apoptosis, gene
transcription, nerve regeneration [9]. Previous researches
indicate that Nogo-A, MAG, Omgp may activate Rho by
common or different way, subsequently causes the growth
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cone collapse [10,11]. This review summaries on the effect of
the Rho and the downstream factor ROCK in neural
regeneration.
Rho Profile Rho is a member of Rho subfamily of small
molecular GTPases superfamily related to Ras. Rho-GTP
kinase, which includes three members: Rho, Rac and
Cdc42, is closely related to the development of nerve [12-14].
They are considered as a molecular switch on the signal
pathway of neuronal cell membrane surface receptor to actin
skeleton, which has played a vital role in adjusting neuron
development and axon construction [3]. Rho plays a key role
in mediating the process of axon regeneration inhibitors
which cause the growth cone collapse [15-17]. Rho has three
kind of isomers: RhoA, RhoB and RhoC, mainly RhoA in
neuron [18]. Rho normally exists in two forms: one is the
non-activated form combined with GDP (Rho-GDP), and
the other is the activated form combined with GTP
(Rho-GTP) [19]. Rho realizes its molecular switch function by
constantly transformation between two forms. At the same
time, the combination state of Rho (Rho-GDP or Rho-GTP)
is also regulated by many of regulatory proteins, in which
guanine nucleotide exchange factors (GEFs) [20-22,] GTPase-
activating proteins (GAPs) [23-25] and GDP dissociation
inhibitors (GDIs) [26, 27] play a key role. GEFs can urge Rho to
release GDP and to unify GTP [20-22]. GAPs can stimulate the
Rho activity of their own GTP molecules, which causes
GTP to hydrolyze into GDP [23-25]. GDIs may suppress the
transformation between Rho-GDP and Rho-GTP [26, 27]. The
three types of protein interact with each other and regulate
mutually the conversion of Rho between the two forms.
Rho-associated kinase (ROCK) belongs to one of serine/
threonine protein activating enzyme family members[28]. The
Rho kinase has 2 kinds of isomers: ROCK-I and ROCK-II,
65% of amino acid sequence is the same, the similarity of
activating enzyme area reaches as high as 92%[29]. Although
their structure is very similar, the distribution of them in
organization is relatively different, and their functions have
also some differences. ROCK-I mRNA is ubiquitously
expressed except in the brain and muscle, whereas ROCK-II
mRNA is expressed abundantly in the brain, muscle, heart,
lung and placenta[29]. The main biological effect of ROCK is
to inactivate myosin light chain phosphatase (myosin light
chain phosphatase, MLCP) [30]. MLCP causes phosphorylated
myosin light chain to dephosphorylate, which is the main
mechanism of contracted-MLC diastole. In the physiological
situation, ROCK exists in the non-active form in the
cytoplasm, and it may be activated by Rho and arachidonic
acid [9,31]. ROCK-I and ROCK-II are, at present, the most
distinctive Rho downstream effect members that have
researched ever[32-35]. After activated, Rho kinase leads to the

phosphorylation and inactivation of myosin phosphatase,
makes the extent of myosin phosphorylation increase, thus
effects actin-myosin system which led to axon growth cone
collapse and axon growth inhibition[32-37].
Inhibition Effect of Rho in Neuronal Regeneration
After central nervous system damaged, due to the lack of
stimulating factor and a variety of inhibitory molecules in
the environment, the axon regeneration process was
blocked [38-41]. Some studies have also shown that many of
extracellular information-oriented elements, including Nogo.
A, MAG, Omgp can inhibit the growth of axons by activating
the Rho-mediated signal transduction pathway [42-44]. Lingor

[35] evaluated three inhibitors of ROCK, including
Y-27632, fasudil (HA-1077), and dimethylfasudil (H-1152),
in the models of neurite outgrowth . All three ROCK
inhibitors partially restored neurite outgrowth of Ntera-2
neurons on the inhibitory chondroitin sulphate proteoglycan
substrate. In the rat optic nerve crush model, Y-27632
dose-dependently increased regeneration of retinal ganglion
cell axons . Application of dimethylfasudil showed a
trend toward increasing axon regeneration in an
intermediate concentration [35]. Recently, several studies
suggested that oxygen-dependent gene expression was of
crucial importance in governing the essential steps of
neuronal regeneration, such as cell proliferation, survival
and differentiation[45-47]. Pacary [45] analyzed the effect of
the hypoxia inducible factor-1 (HIF-1) activation-mimicking
agent CoCl2 on mesenchymal stem cells (MSC). CoCl2

treatment increased the expression of the anti-proliferative
gene BTG2/PC3 and decreased cyclin D1 expression.
Meanwhile, the expressions of HIF-1 alpha and its target
genes erythropoietin (EPO), vascular endothelial growth
factor (VEGF) and p21 were also upregulated. These
changes were followed by inhibiting cell proliferation and
morphological changes. Additionally, by using Y-27632, it
demonstrated that Rho/ROCK inhibition potentiated
CoCl2-induced MSC differentiation, in particular, into
dopaminergic neuron-like cells as attested by its effect on
tyrosine hydroxylase expression [45,47]. Lingor [48]

evaluated the role of pharmacological inhibition of
Rho/ROCK and ciliary neurotrophic factor (CNTF), a
potent neurotrophic factor for retinal ganglion cells, in the
models of retinal ganglion cell apoptosis and neurite
outgrowth regeneration and . It showed for
the first time that the ROCK inhibitor Y-27632 significantly
enhanced the survival of retinal ganglion cells and

. , the co-application of CNTF and Y-27632
potentiated the effect of either substance alone. ROCK
inhibition resulted in the activation of the intrinsic
mitogen-activated protein kinases (MAPK) pathway [31,48-50],
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and the combination of CNTF and Y-27632 resulted in even
more pronounced MAPK activation [48]. , ROCK
activity was also decreased in an additive manner by both
substances. Both CNTF and Y-27632 enhanced the
regeneration of RGC into the non-permissive optic nerve
crush model and additive effects were observed after
combination treatment [48]. Subsequent studies found that the
promoting effect of Y-27632 and fasudil to axon
regeneration had the time and dose-dependent [51,52].
Histological analysis showed that, following the spinal cord
injury for 4 weeks, local application of fasudil was invalid
to axon regeneration and the restoration of motor function,
which indicated that the activation of Rho/ROCK pathway
mediated the irreversible inhibition effect of axon
regeneration in the chronic phase of the central nervous
system damaged [53]. These studies have shown that
Rho/ROCK pathway plays an important role in mediating
inhibitory signals to block the inhibition process of axon
regeneration in neuron.
The Role of Rho in Actin Cytoskeleton and Neuronal
Regeneration Inhibition Rho has regulated many
activities of cell functions which the actin involved in [54].
The studies in the neural cells have discovered that Rho
may cause the growth cone to collapse by affecting the actin
skeleton system [15, 55-57]. The growth cone is an active vehicle
and locates in the expansion part of the terminal of neurite,
its surface has the filiform pseudopod and the laminated
pseudopod. The filiform pseudopod is the finger-liked
protuberance stretched out from the growth cone, which can
feel the information from the environment to guide forward
the movement of the growth cone [58]. The actin micro silk is
the main constitution part of filiform pseudopod, and it is
also the main driving force for impelling its advance [58].
Prior to the significant morphogenesis changes of the apical
cone, the cell skeleton system, including it's internal actin
structures, has changed constantly through the gathering and
the depolymerization of actin as well as the unceasing
myosin participation, the retraction movements of the
filiform pseudopod and the laminated pseudopod allow the
apical cone to extend along the specific direction, by which
Rho precisely affects the axon growth [58,59]. Alabed [60]

have identified the cytosolic phosphoprotein in collapsin-
response mediator protein 4b (CRMP4b) as a protein that
physically and functionally interacts with RhoA to mediate
neurite outgrowth inhibition. Disruption of CRMP4b-RhoA
binding with a competitive inhibitor attenuates neurite
outgrowth inhibition on myelin and aggrecan substrate [60].
Stimulation of neuronal growth cones with Nogo leads to
colocalization of CRMP4b and RhoA at discrete regions
within the actin-rich central and peripheral domains of the

growth cone, indicative of a potential function in
cytoskeletal rearrangements during neurite outgrowth
inhibition[60].
Sarasa-Renedo [61] found that the actin contractility
controlled by RhoA/ROCK has a mechanosensory function
in fibroblasts that correlates directly with tenascin-C gene
expression. Previous RhoA/ROCK activation, either by
chemical or mechanical signals, might render fibroblasts
more sensitive to external tensile stress, on the contrary,
RhoA/ROCK inhibitors can inhibit tenascin-C gene
expression [61,62].
Upstream and Downstream Signal Relation of Rho As
a molecular switch that connections molecular surface
recceptor and the actin cell skeleton, Rho is playing the vital
role in the adjustment of cell skeleton dynamics and the cell
movement. Some studies have discovered that the activation
of Rho plays an essential function in the mechanism of axon
regeneration suppression members that cause the growth
cone to collapse [43,44], simultaneously blocking Rho or its
downstream signal pathway can reverse the suppression
effect of these suppression members against the axon
regeneration [35], which shows that these suppression
molecules possibly cause the apical cone collapse through
Rho-mediated signal pathway [63]. To a great extent, this
discoveries have promoted the research for the action
mechanism of axon regeneration suppression molecules.
Eickholt [64] have demonstrated that inactivation of
p110delta in mice does not affect gross neuronal
development, but leads to an increased vulnerability of
dorsal root ganglia neurons to exhibit growth cone collapse
and results in axon extension decrease. Loss of p110delta
activity also dampened axon regeneration following
peripheral nerve injury in adult mice and impaired
functional recovery of locomotion. The inactivation of
p110delta resulted in reducing neuronal signaling by the Akt
protein kinase, and increasing the activity of the small
GTPase RhoA [64,65]. Pharmacological inhibition of ROCK, a
downstream effector of RhoA, can restore axon extension
defects in neurons with the inactive of p110delta, suggesting
a key role of RhoA in p110delta signaling in neurons [64].
Kubo [66] have shown that blocking of the Rho/ROCK
pathway can reverse the inhibitory effects of these inhibitors

, and promote axon regeneration . Therefore,
the inhibition of Rho/ROCK has a therapeutic potential
against injuries to the human CNS, such as spinal cord
injuries [66]. Fu [67] have reported that the non-steroidal
anti-inflammatory drugs (NSAIDs) ibuprofen and
indomethacin, can surmount axon growth restrictions from
myelin and proteoglycans by potently inhibiting their
downstream pathway ROCK. Systemic administration of
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ibuprofen to spinal cord lesion rodents reverses the activity
of RhoA around injury area measured via Rho-GTP binding
assay. Subcutaneous injections of ibuprofen via minipumps
to rats with a thoracic spinal cord transection or contusion
injury result in substantial corticospinal and serotonergic
axon sprouting in the caudal spinal cord and promote
locomotor functional recovery, even delaying the treatment
1 week after trauma. In contrast, the non-RhoA-inhibiting
NSAID naproxen does not have the axon growth promoting
effects on the cultured or lesioned neurons. [67]

Gopalakrishnan [68] have found that in an model
of the nerve growth factor-differentiated PC12 cell, the
chondroitin sulfate proteoglycans (CSPG) can increase the
phosphorylation of myosin phosphatase, which is a substrate
immediately downstream of ROCK activation. Fasudil,
dimethylfasudil and Y27632 can inhibit the phosphorylation
of myosin phosphatase induced by CSGP. In addition,
ROCK inhibitors can also reverse cofilin phosphorylation
induced by CSPG. These data demonstrate that the
interaction between CSPG and the ROCK pathway involves
in the downstream effectors of ROCK, such as myosin
phosphatase and cofilin [68]. Alabed [69] have provided
the direct evidence that ROCK-II is activated in response to
the myelin-associated inhibitor Nogo. Nogo enhances
ROCK-II translocation to the cellular membrane of the
PC12 cells and enhances ROCK-II kinase activity .
In addition, Nogo also enhances the phosphorylation of
myosin light chain II, a known ROCK substrate.
Furthermore, the primary dorsal root ganglia neurons can be
rendered insensitive to the inhibitory effects of myelin via
infection with dominant negative ROCK[69].
Recently, Sagawa [70] investigated the effect of a novel
ROCK inhibitor, Y-39983, on neurite regeneration
and axon regeneration in the crushed cat optic nerve .
Y-39983 was injected into the vitreous and the crushed site.
An injection of 10 microM Y-39983 induced the crushed
axons to regenerate and pass over the crush site. In contrast,
very few axons passed beyond the crush site in the optic
nerve with phosphate-buffered saline injection. The second
injection of 10 microM Y-39983 on day 7 doubled the
number of regenerated axons[70].
CONCLUSION AND PROSPECT
To sum up, some axon growth suppression molecules in the
damaged environment, including Nogo.A, MAG, Omgp can
inhibit the growth of axons by activating the Rho-mediated
signal transduction pathway (Figure 1). Many of these
processes demonstrate that the dynamic reorganization of
actin cytoskeleton of which Rho signaling has now emerged
as a major molecular switch. The involvement of dynamic
changes of Rho GTPases in the axon regeneration

underscores the need to produce effective inhibitors for their
therapeutic applications [71]. Fasudil, Y-27632 and Y-39983,
with many newer additions, are three classes of widely used
chemical compounds that inhibit ROCK, an important
downstream effector of RhoA subfamily GTPases. These
inhibitors have been successful in some animal models,
indicating the potential benefit of clinical Rho pathway
inhibition. Because of a rapidly growing number of studies
deciphering the role of the Rho proteins in CNS diseases,
specific and potent pharmaceutical modulators of various
steps of Rho GTPase signaling pathway are critically needed
to target for therapeutic intervention in CNS disease.
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