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The role of the Rho/ROCK signaling pathway in 
inhibiting axonal regeneration in the central nervous 
system
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Introduction
Neurite growth, neurogenesis and inhibition are in a rela-
tively balanced state during the development of the central 
nervous system (Gu et al., 2013). This balance is perturbed 
after central nervous system damage, resulting in degener-
ation (Gu et al., 2013). A lack of growth stimulating factors 
and the presence of a variety of inhibitory molecules in 
microenvironment block axonal regeneration in the central 
nervous system and weaken the capacity for neuronal regen-
eration after injury (Cao et al., 2010). The Rho/Rho-associ-
ated coiled-coil containing protein kinase (Rho/ROCK) sig-
naling pathway is an important signal transduction system 
within the central nervous system, and is critically involved 
in cell growth, differentiation, migration and development 
(Chen et al., 2013). A large number of inhibitory factors sig-
nal via axonal surface receptors, thereby activating the Rho/
ROCK signaling pathway, which in turn impacts actin cyto-
skeletal dynamics, leading to collapse and retraction of the 
growth cone. This affects axon projections, guidance, exten-
sion and nerve regeneration (Menendez-Castro et al., 2011; 
Mishra et al., 2011; Adelson et al., 2012; Liu, 2012; Teramura 
et al., 2012; Frisca et al., 2013). Thus, researchers have target-
ed the Rho/ROCK signaling pathway in attempts to promote 
neural regeneration (Fujimura et al., 2011; Tan et al., 2011). 
In the present study, we review the basic characteristics and 
regulation of the Rho/ROCK signaling pathway, and we dis-

cuss strategies that have targeted this pathway to promote 
regeneration.

The Rho/ROCK signaling pathway
The Rho/ROCK signaling pathway consists of (1) suppressor 
proteins (growth inhibitors): myelin-associated glycopro-
tein, neuronal growth inhibitory factor (Nogo-A, Nogo-B 
and Nogo-C) and oligodendrocyte myelin glycoprotein; (2) 
receptors for these inhibitory proteins: Nogo receptor, paired 
immunoglobulin-like receptor B (PIR-B) and p75 neurotro-
phin receptor; (3) Rho; (4) ROCK; (5) ROCK effector mole-
cule (Fujimura et al., 2011; Tan et al., 2011; Liu, 2012; Frisca 
et al., 2013).

Biological characteristics of the Rho/ROCK 
signaling pathway
Rho
Rho is a member of the Rho subfamily of GTPases, with a 
relatively small molecular mass, and belongs to the Ras su-
perfamily (Cui et al., 2013). Molecular weight is 20–30 kDa. 
Rho proteins include RhoA, B, C, D and E. RhoA, B and C 
are highly homologous at the amino acid level (Fujimura 
et al., 2011; Tan et al., 2011; Liu, 2012; Frisca et al., 2013). 
RhoA expression is higher than that of the other subtypes 
in neurons (Fujimura et al., 2011; Tan et al., 2011; Liu, 2012; 
Frisca et al., 2013). Rho in the cytoplasm is mainly in two 
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distinct states: the active GTP-bound form and the inactive 
GDP-bound form. Rho proteins are regulated by a variety of 
factors. Guanine nucleotide exchange factor, a Rho activator, 
induces Rho to release GDP and bind GTP. GTPase activat-
ing protein and nucleotide dissociation inhibitor serve as 
inactivating agents for Rho. GTPase activating protein can 
activate the GTPase activity of Rho itself and promote GTP 
hydrolysis into GDP. Nucleotide dissociation inhibitor pre-
vents nucleotide exchange, maintaining Rho in the inactive 
state. Under the regulation of these factors, Rho functions as 
a “molecular switch” during signal transduction (Fujimura 
et al., 2011; Tan et al., 2011; Liu, 2012; Frisca et al., 2013).

ROCK
ROCK belongs to the serine/threonine protein kinase fam-
ily. ROCK is the most important downstream target effec-
tor molecule of Rho, presents as the highly homologous 
isomers ROCK1 and ROCK2. ROCK2 is mainly expressed 
in the central nervous system, including hippocampal pyra-
midal neurons, cerebral cortex and cerebellar Purkinje cells. 
ROCK1 is mainly expressed in non-neural tissues, such as 
lung, kidney and skeletal muscle. The ROCK polypeptide 
includes an N-terminal kinase domain, an α-helical coiled-
coil domain containing a Rho binding site, and a cyste-
ine-rich domain at the C-terminal. Activated Rho binds to 
the α-helical coiled-coil domain of ROCK. This removes 
the autoinhibition of ROCK, thereby activating the protein. 
Activated ROCK then activates its substrate (Schmandke et 
al., 2007; Fujimura et al., 2011; Tan et al., 2011; Liu, 2012; 

Frisca et al., 2013).

Upstream regulation of the Rho/ROCK signaling pathway
The Rho/ROCK signaling pathway can be activated by var-
ious activated membrane receptors, such as G protein-cou-
pled receptors, tyrosine kinase receptors and intracellular 
receptors. There are at least three major myelin-associated 
inhibitory factors in the central nervous system, myelin-as-
sociated glycoprotein, oligodendrocyte myelin glycoprotein 
and Nogo (Tan et al., 2011; Wälchli et al., 2013). These in-
hibitory factors signal by binding to membrane receptors 
such as the Nogo receptor/Lingo-1/p75 receptor complex, 
thereby activating intracellular GTPases, including the Rho/
ROCK cascade. This leads to changes in actin cytoskeletal 
dynamics, resulting in growth cone collapse, and the sup-
pression of neurite growth. TROY/TAJ, a member of the 
tumor necrosis factor receptor family, can replace the p75 
neurotrophin receptor to form functional membrane re-
ceptor complexes with Nogo receptor and Lingo-1. TROY/
TAJ can activate the Rho/ROCK signaling pathway and 
mediate inhibitory signaling by myelin-associated inhibitory 
molecules (Mi, 2008). PIR-B is a newly discovered high affin-
ity receptor for myelin-associated inhibitory factors. Nogo, 
myelin-associated glycoprotein and oligodendrocyte myelin 
glycoprotein combined with PIR-B exert inhibitory effects 
on neurite growth (Atwal et al., 2008; Filbin, 2008; Cao et al., 
2010; Adelson et al., 2012). The p75 receptor can transduce 
signals in association with PIR-B (Fujita et al., 2011). Blocking 
PIR-B activity can partially abrogate the inhibitory effects of 

Figure 1 The Rho/ROCK signaling pathway.
Myelin-associated inhibitory factors (MAG, OMgp and Nogo) in myelin in the central nervous system bind to receptors on the cell membrane, 
activating the Rho/ROCK signaling pathway. This leads to changes in actin cytoskeletal dynamics, resulting in growth cone collapse and the sup-
pression of neurite growth. MAG: Myelin-associated glycoprotein; OMgp: oligodendrocyte myelin glycoprotein; PirB: paired immunoglobulin-like 
receptor B; P75NTR: p75 neurotrophin receptor; CMR: cell-membrane receptor; MAIF: myelin-associated inhibitory factor; MLC: myosin light 
chain; MLCP: myosin light chain phosphatase; LIMK: LIM kinase; GEF: guanine nucleotide exchange factor; CMA: chymase; GDP: guanosine di-
phosphate; GTP: guanosine triphosphate.
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myelin-associated inhibitory factors on nerve regeneration 
in vitro (Atwal et al., 2008). However, PIR-B gene knockout 
cannot improve axonal plasticity or functional recovery after 
trauma-induced brain damage in vivo (Fujita et al., 2011). 
Nonetheless, the contribution of PIR-B in inhibitory signal 
transduction may be stronger than that of Nogo receptor. 
Indeed, previous studies have demonstrated that blocking 
PIR-B has a greater positive effect on regeneration than 
blocking Nogo receptor (Chivatakarn et al., 2007; Omoto 
et al., 2010). In addition to the myelin-associated inhibitory 
factors, repulsive molecules can also inhibit axonal regen-
eration, especially repulsive guidance molecules. Repulsive 
guidance molecules interact with transmembrane proteins 
(e.g., neogenin) to induce growth cone collapse and inhibit 
axonal regeneration. This inhibition is mediated by the Rho/
ROCK signaling pathway (Conrad et al., 2007; Jiang et al., 
2012; Li et al., 2012; Bell et al., 2013) (Figure 1).

Rho can be activated by a variety of cytokines and inflam-
matory mediators. Interleukin-4 and interleukin-13 can up-
regulate RhoA in smooth muscle via activator transcription 
factor 6 (Chiba et al., 2009; Chiba et al., 2010). Angiotensin 
II can activate the Rho/ROCK signaling pathway and is in-
volved in MPTP-induced dopamine neuron degeneration 
and microglial activation. The ROCK inhibitor Y-27632 and 
angiotensin type 1 receptor antagonists can abrogate these 
effects (Ichikawa et al., 2012; Villar-Cheda et al., 2012; Xue et 
al., 2012).

Downstream regulation of the Rho/ROCK signaling 
pathway
Normally, ROCK is inactive in the cytoplasm, but can be ac-
tivated by Rho and arachidonic acid. Activated Rho /ROCK 
interacts with downstream effector molecules, and triggers 
specific signaling cascades. ROCK regulates the phosphor-
ylation of myosin light chain, which is a classical ROCK 
signaling pathway (Tan et al., 2011; Liu, 2012; Frisca et al., 
2013). Activated ROCK can directly phosphorylate myosin 
light chain, and further phosphorylate myosin light chain 
phosphatase. Inactive myosin light chain phosphatase cannot 
dephosphorylate myosin light chain. The direct and indirect 
pathways increase cytoplasmic phosphorylated myosin light 
chain levels, thereby increasing the interaction of actin and 
myosin to induce cytoskeletal reorganization, resulting in 
growth cone collapse and neurite retraction (Narumiya et 
al., 2009; Zhou, 2011).

Collapsin response mediator protein-2 is another down-
stream effector of ROCK, and regulates microtubule as-
sembly mainly by binding to tubulin during axonal devel-
opment. The amino terminal residues 480–509 of human 
collapsin response mediator protein-2 are essential for stim-
ulating tubulin GTPase activity. A human collapsin response 
mediator protein-2 mutant that cannot activate GTPase 
activity can suppress microtubule assembly and neurite for-
mation (Chae et al., 2009; Yoneda et al., 2012). LIM kinase 
is a ROCK downstream effector substrate. The activated 
actin depolymerizing factor cofilin can sever myofilaments, 
depolymerize actin chains, and promote neurite outgrowth. 

When LIM kinase is phosphorylated by ROCK, cofilin is 
inactivated, which contributes to actin filament elongation 
and formation of dendritic spines (Bernstein and Bamburg, 
2010; Morin et al., 2011; Piccioli and Littleton, 2014; Wen et 
al., 2014) (Figure 1).

Targeting the Rho/ROCK pathway to promote 
regeneration
Y-27632 is the most common ROCK inhibitor, and can be 
internalized by cells by carrier-mediated facilitated diffusion. 
Y-27632 acts on the ATP-binding site of the ROCK catalytic 
domain, thereby inhibiting ROCK activity (Zohrabian et al., 
2009). Fasudil (HA-1077) is a selective inhibitor of ROCK, 
and is an isoquinoline sulfonamide. Hydroxy fasudil (H-
1152) is an active metabolite of fasudil, and a specific inhib-
itor of ROCK with strong effectiveness and selectivity (Lie 
et al., 2010; Gurpinar and Gok, 2012). Lingor et al. (2007) 
showed that Y-27632, fasudil and hydroxyfasudil promote 
neuronal regeneration and block chondroitin sulfate proteo-
glycan, suggesting that they can be used as candidate drugs 
to treat neurodegenerative diseases (Li et al., 2013). In an in 
vitro model of optic nerve damage, Y-27632 promotes the re-
generation of retinal ganglion cell axons in a dose-dependent 
manner (Lingor et al., 2008). The combination of Y-27632 
and ciliary neurotrophic factor (another ROCK inhibitor) is 
more conducive to neurite growth and regeneration (Lingor 
et al., 2008). In models of aluminun maltolate-induced cor-
tical neuron neurotoxicity, Y-27632 can not only maintain 
cell viability, but also prevent the formation of amyloid fila-
ments, and reduce levels of soluble amyloid-beta precursor 
protein fragments (Chen et al., 2010). In models of cerebral 
ischemia, fasudil improves hemodynamics by inhibiting the 
Rho/ROCK pathway, inhibiting inflammation, reducing in-
farct area and promoting recovery of neurological function, 
reducing neuronal apoptosis in the ischemic area, and modu-
lating neuronal actin cytoskeletal polymerization. It also had 
a wide therapeutic time window for ischemic brain injury 
(Satoh et al., 2008; Gisselsson et al., 2010; Wu et al., 2012). C3 
exoenzyme is a Rho inhibitor. In models of end-to-side pero-
neal/tibial nerve injury, C3 promotes myelination and axonal 
sprouting, but does not impact nerve conduction or motor 
function (Penna et al., 2012). In rat models of spinal cord 
injury in vitro, C3 alone can promote axon extension at the 
injury site and increase the density of axons in the surround-
ing area, but does not affect myelination (Boomkamp et al., 
2012). Y-27632 alone can significantly increase myelination 
in the contiguous zone of damage foci, but does not signifi-
cantly promote axonal growth (Boomkamp et al., 2012). The 
combination of C3 enzyme and Y-27632 can promote axonal 
growth and improve myelination (Boomkamp et al., 2012). 
Moreover, the role of these two inhibitors is not synergistic 
(Boomkamp et al., 2012). Yang et al. (2010) showed that 
in a microenvironment simulating central nervous system 
damage, dominant negative ROCK inhibits the formation 
of stress fibers in NIH3T3 cells, and promotes the growth 
of neurites. Different types of Rho/ROCK blockers have 
different degrees of protective effects on neurons. Wang et 
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al. (2009a) demonstrated that the application of a ROCK in-
hibitor (Y-27632, fasudil incubation) before and after mouse 
cortical neuron hypoxia can prevent or significantly mitigate 
F-actin cytoskeletal changes induced by hypoxia. Moreover, 
neuronal viability did not apparently decrease. However, the 
application of C3a cannot prevent these changes.

Numerous recent studies have focused on non-steroidal 
anti-inflammatory drugs (Butterton, 2013; Day and Gra-
ham, 2013; Gurpinar et al., 2014; Lehrer, 2014; Thompson, 
2014). In the pediatric field, ibuprofen and indomethacin 
are mainly used for the treatment of preterm children with 
patent ductus arteriosus (Jones et al., 2011;Heo et al., 2012; 
Neumann et al., 2012). Studies have shown that ibupro-
fen may protect nerve tissue, stimulate axonal growth and 
promote spinal cord regeneration, and enhance functional 
recovery after spinal cord injury (Wang et al., 2009b; Ribeiro 
et al., 2011). Xing et al. (2011) showed that ibuprofen and 
indomethacin reduce glial cell death in vitro and cell death 
in white matter nerve bundles in models of spinal cord in-
jury, and they demonstrated that non-steroidal anti-inflam-
matory drugs that inhibit RhoA promote axonal myelination 
in white matter nerve bundles after spinal cord contusion. 
Non-steroidal anti-inflammatory drugs that do not inhibit 
RhoA did not have these effects. Thus, non-steroidal anti-in-
flammatory drugs that inhibit RhoA have therapeutic poten-
tial for axonal injury in the adult central nervous system.

Conclusion
The Rho/ROCK signaling pathway is a major pathway trans-
ducing inhibitory signals, and it suppresses central nervous 
system regeneration in vivo. The Rho/ROCK signaling path-
way is a promising target for axonal regeneration in the cen-
tral nervous system.
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