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Abstract: Traumatic brain injury (TBI) is a leading cause of death and disability worldwide. TBIs,
which range in severity from mild to severe, occur when a traumatic event, such as a fall, a traffic
accident, or a blow, causes the brain to move rapidly within the skull, resulting in damage. Long-term
consequences of TBI can include motor and cognitive deficits and emotional disturbances that result
in a reduced quality of life and work productivity. Recovery from TBI can be challenging due
to a lack of effective treatment options for repairing TBI-induced neural damage and alleviating
functional impairments. Central nervous system (CNS) injury and disease are known to induce the
activation of the small GTPase RhoA and its downstream effector Rho kinase (ROCK). Activation
of this signaling pathway promotes cell death and the retraction and loss of neural processes and
synapses, which mediate information flow and storage in the brain. Thus, inhibiting RhoA-ROCK
signaling has emerged as a promising approach for treating CNS disorders. In this review, we discuss
targeting the RhoA-ROCK pathway as a therapeutic strategy for treating TBI and summarize the
recent advances in the development of RhoA-ROCK inhibitors.
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1. Traumatic Brain Injury

Traumatic brain injury (TBI) is a major health problem that affects approximately 2.8 million people
in the United States each year and contributes to around 30% of all injury-related deaths [1]. TBI is
defined as a blow, jolt, or penetrating head injury that disrupts normal brain function. TBI severity
ranges from mild to severe, with moderate and severe TBIs (as well as repeated mild TBIs) inducing
neural damage, cell death, and disruption of neural circuits that result in long-term motor, cognitive
and behavioral deficits. In addition to lifelong impairments in learning, memory, and attention,
TBI survivors often suffer from depression, anxiety, and personality changes [2,3]. These issues not
only affect individuals but also have adverse effects on family members and communities. The leading
causes of TBIs include falls (which particularly impact children and older adults), being struck by
or against an object, traffic accidents, and assaults [1]. Sports-related TBIs, which are common in
adolescents and young adults and often go unreported, pose a particular problem since recurrent head
injuries increase the risk of developing a progressive neurodegenerative disorder known as chronic
traumatic encephalopathy (CTE) [4,5]. Military veterans who obtained TBIs as a result of blast injuries
or gunshot wounds are also at higher risk for developing CTE as well as post-traumatic stress disorder
(PTSD) [6,7]. TBI-induced brain damage occurs in two stages. Primary brain injury happens at the time
of the initial trauma due to direct mechanical damage, whereas secondary injury develops over time as
a consequence of destructive biochemical cascades associated with excitotoxicity, perturbed calcium
homeostasis, free radical production, mitochondrial dysfunction, and inflammation [8]. Despite the
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rapid pace of brain injury research in the last decade, there is a general lack of effective treatments for
TBI, and as a result, complete recovery often remains elusive. This review examines the small GTPase
RhoA and its major downstream effector Rho-associated kinase (ROCK/ROK/Rho-kinase) as potential
promising therapeutic targets to treat TBI.

2. Rho GTPase Signaling

Rho-family small GTPases (e.g., RhoA, Rac1, Cdc42) are key regulators of cytoskeletal and
cell adhesion dynamics that control a wide range of cellular processes, including morphogenesis,
migration, proliferation, and survival [9]. Rho GTPases regulate these processes by functioning
as molecular switches, cycling between an active GTP-bound state and an inactive GDP-bound
state (Figure 1). This cycling is precisely controlled in space and time by the opposing actions of
guanine nucleotide-exchange factors (GEFs), which activate Rho GTPases by facilitating GTP-GDP
exchange, and GTPase-activating proteins (GAPs), which inhibit Rho GTPases by catalyzing GTP
hydrolysis [10,11]. In their GTP-bound state, Rho GTPases interact with and activate downstream
effector proteins, initiating intracellular signaling cascades that affect cell behavior and morphology [9].
A major downstream effector for RhoA is the serine-threonine kinase ROCK1/2 [12,13] (Figure 1).
Following RhoA activation, ROCK promotes actomyosin contractile force generation by increasing
the phosphorylation of myosin light chain (MLC), a subunit of the actin-based motor protein
myosin II [14]. This regulation occurs both directly by phosphorylation of MLC and indirectly
by phosphorylation and inhibition of myosin phosphatase [14,15]. RhoA-ROCK signaling also
stabilizes actin filaments by inducing the LIM kinase-dependent phosphorylation and inactivation of
cofilin, an actin-binding protein that normally mediates actin turnover by severing and disassembling
actin filaments [16,17]. Another prominent ROCK substrate is collapsin response mediator protein-2
(CRMP-2), a microtubule-binding protein that stimulates axon growth by promoting microtubule
assembly. ROCK-mediated phosphorylation of CRMP-2 inhibits its ability to bind to tubulin and
thereby induces growth cone collapse [18]. Additionally, ROCK phosphorylates and stimulates the
activity of the dual protein/lipid phosphatase PTEN (phosphatase and tensin homolog), a tumor
suppressor that inhibits cell growth and survival [19]. Collectively, these actions of RhoA-ROCK
signaling drive actin cytoskeletal remodeling, cell contractility, and cell death (Figure 1).
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Figure 1. Model for the role of the RhoA-ROCK pathway in the pathogenesis of TBI. The small GTPase
RhoA is activated by RhoA-GEFs in response to various extracellular signals triggered by injury.
Active GTP-bound RhoA binds to and stimulates the activity of the serine/threonine kinase ROCK1/2.
Through phosphorylation of downstream effectors such as PTEN, LIMK, MLC, and CRMP-2, ROCK
initiates signaling cascades that induce cytoskeletal remodeling underlying dendrite/axon retraction
and synapse/spine loss as well as cell death, which together contribute to functional deficits. Inhibition
of ROCK (e.g., Fasudil, Y-27632) or RhoA rescues these TBI-induced deficits. ROCK: Rho Kinase,
GEF: guanine nucleotide exchange factor, GAP: GTPase-activating protein, GDI: Guanine nucleotide
dissociation inhibitor, PTEN: phosphatase and tensin homolog, LIMK: LIM kinase, MLC: myosin
light chain, CRMP2: collapsin response mediator protein 2, MAG: myelin-associated glycoprotein,
OMgp: oligodendrocyte-myelin glycoprotein, NgR: nogo receptor, PTPσ: protein tyrosine phosphate
σ, NgR1/3: nogo receptor 1 and 3, LAR: leukocyte common antigen-related phosphatase, CSPG:
chondroitin sulfate proteoglycans.
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3. Functions of Rho GTPases in the Central Nervous System

Although Rho GTPases play fundamental roles in all cell types, they are particularly important in
the CNS. In developing neurons, Rac1 promotes survival, the growth, and branching of axons and
dendrites, and the formation and maintenance of dendritic spines, the primary post-synaptic sites
of excitatory synapses [20]. In contrast, RhoA typically inhibits these processes, eliciting neuronal
death, axonal and dendritic retraction, and spine/synapse loss [20,21]. Rac1 and RhoA are also
critical regulators of neuronal migration in the developing CNS, with Rac1 generally promoting and
RhoA inhibiting migration [22]. The effects of Rho GTPases on cell migration can also be non-cell
autonomous. For example, embryonic deletion of RHOA from the mouse cerebral cortex results in
subcortical heterotopias and cobblestone lissencephaly, which are caused by migration defects that
arise from disorganization of the radial glial scaffold, which normally directs the migration of newborn
neurons [23]. Developmental RHOA ablation from neuroprogenitor cells also results in decreased
progenitor proliferation and a loss of adherens junctions, neuroepithelial organization, and apical-basal
polarity [24–27]. Following development, Rac1 and RhoA continue to play important roles in the
structural and functional plasticity of synapses, which is critical for processes such as learning and
memory [28]. Moreover, tightly regulated Rho GTPase signaling is necessary for neuronal survival
and the proper maintenance of neuronal architecture in the adult brain [11,20].

Given their essential functions in nervous system development, survival, and plasticity,
it is not surprising that Rho GTPases also play important roles in CNS disease and injury [29].
Dysregulated Rho GTPase signaling has been implicated in a wide spectrum of neurodevelopmental,
neuropsychiatric, and neurodegenerative disorders, including intellectual disorders, autism spectrum
disorders, schizophrenia, depression, amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD),
and Alzheimer’s disease (AD) [20,30]. Moreover, activation of Rho GTPases, in particular, RhoA, is
thought to be important for mediating the pathogenesis of CNS injury [31]. For instance, in a lateral
fluid percussion injury (FPI) model of TBI, RhoA is robustly activated in the ipsilateral rat cortex
within 24 h of injury, peaking at day 3 post-injury and remaining high until at least day 7 [32]. Similar
high levels of active RhoA are present in the contralateral cortex and hippocampus of injured rats,
suggesting that elevated RhoA activity is not restricted to the initial site of impact. Likewise, high
levels of RhoA expression and activity are found in the spinal cord neurons and glia of rats and
mice following spinal cord injury (SCI), which can last up to three months [33,34]. Moreover, RhoA
activation is elevated in the brains of rats following kainic acid-induced seizures [32] and in the eyes of
pigs after retinal detachment, which is associated with axonal and synaptic retraction [35,36]. While
the precise mechanisms of RhoA activation have not been fully elucidated, these findings suggest
that RhoA signaling is a convergence point following CNS injury, irrespective of the original trauma.
Notably, consistent with animal studies, immunohistochemistry of post-mortem human brain samples
affected by TBI showed upregulation of RhoA and closely-related RhoB within hours of the initial
insult and continuing for months after the injury [37]. Given its ability to induce cell death, as well
as axon and dendrite retraction and synapse loss [20,21], persistent elevated activity and expression
of RhoA after CNS injury could be one of the factors that restrict regeneration and limits complete
functional recovery of the injured CNS. If true, inhibiting the RhoA-ROCK signaling pathway may be
an effective strategy for enhancing rehabilitation post-injury.

4. Targeting the RhoA-ROCK Signaling Pathway in Animal Models of TBI

Since excessive RhoA-ROCK signaling contributes to the pathophysiology of a wide range of
disorders, scientists and clinicians have long been interested in this pathway as a potential therapeutic
target [30]. Indeed, accumulating evidence suggests that inhibiting RhoA-ROCK signaling is beneficial
for treating conditions such as ocular disease, subarachnoid hemorrhage, SCI, epilepsy, stroke,
neuropathic pain, ALS, PD, and AD [38–41]. To determine whether suppressing RhoA-ROCK signaling
enhances recovery from TBI, we and others have investigated the effects of inhibiting RhoA and/or
ROCK on mouse models of TBI [42,43]. Bye and colleagues [42] subjected mice to a controlled cortical
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impact (CCI) model of TBI, and then treated the mice with the ROCK inhibitor Y27632 (Figure 2) for
one or four weeks. In both cases, they found that ROCK inhibition improved the motor performance
of mice after TBI (i.e., decreased forepaw faults on a horizontal ladder) [42]. Our group addressed this
problem using two independent approaches to block RhoA-ROCK signaling, by genetically ablating
RHOA from postnatal forebrain neurons (RhoAfl/fl, CamKIIα-Cre mice) and by treating wild-type mice
with the pharmacological ROCK inhibitor fasudil [43] (Figure 2). Consistent with Bye et al. (2016), we
found that mice subjected to CCI performed poorly on an accelerating rotarod, displaying transient
deficits in motor coordination and balance, and that blocking RhoA-ROCK signaling by either method
accelerated the restoration of normal motor function [43]. Likewise, we found that TBI disrupted
contextual fear discrimination in mice, impairing their ability to distinguish between a fearful and a
non-fearful environment, and that inhibiting RhoA genetically (RhoAfl/fl, CamKIIα-Cre mice) or ROCK
pharmacologically (fasudil) protected mice against this hippocampal-dependent memory deficit [43].
Together, these findings indicate that blocking RhoA-ROCK signaling alleviates TBI-induced motor
and cognitive impairments and thus enhances functional recovery after TBI (Figure 1). Moreover, since
genetically ablating RHOA and pharmacologically inhibiting ROCK produced similar results, it is likely
that ROCK is the primary mediator of TBI-induced deficits rather than other RhoA effector pathways.
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Figure 2. Pharmacological ROCK inhibitors Fasudil and Y-27632.Chemical structures of two widely
used ROCK inhibitors, Fasudil and Y-27632. Both ROCK inhibitors have been demonstrated to alleviate
functional deficits in mouse models of TBI. Images were taken from the National Center for Biotechnology
Information, PubChem Database; Fasudil: https://pubchem.ncbi.nlm.nih.gov/compound/Fasudil;
Y-27632: https://pubchem.ncbi.nlm.nih.gov/compound/448042.

How might inhibiting RhoA-ROCK signaling protect against injury-related brain damage and/or
promote repair? A major limitation to recovery after CNS injury is the hostile growth environment of
the adult CNS that restricts regeneration. Inhibitors of CNS regeneration include myelin-associated
inhibitors, glial scar-associated inhibitors, and repulsive axon guidance molecules [44]. Notably, many of
these growth inhibitory molecules mediate their effects via activating RhoA-ROCK signaling (Figure 1).
For instance, in an injured CNS, myelin-derived axon growth inhibitors such as myelin-associated
glycoprotein (MAG), oligodendrocyte myelin glycoprotein (OMgp), and Nogo bind to the Nogo receptor
(NgR1), which in cooperation with receptors such as p75NTR and LINGO-1 activates RhoA-ROCK
signaling, resulting in growth cone collapse and axon growth inhibition [29,45,46]. Likewise, repulsive
axon guidance molecules such as ephrinB3 and semaphorin 4D and glial scar components such as
chondroitin sulfate proteoglycans (CSPGs) trigger activation of RhoA-ROCK signaling, resulting in
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axon outgrowth inhibition [29] (Figure 1). Abrogating RhoA-ROCK signaling can reverse the inhibitory
effects of these molecules on axon outgrowth and sprouting, which may help promote functional
recovery in animal models of CNS injury such as TBI.

Similar to their opposing effects on axon outgrowth, Rac1 typically promotes neuronal survival,
whereas RhoA induces apoptotic cell death [20]. RhoA elicits cell death in part by activating
ROCK, which phosphorylates and stimulates PTEN, resulting in the inactivation of the pro-survival
kinase AKT [19,47]. Thus, increased RhoA-ROCK signaling following TBI likely also contributes
to neuronal death, while inhibiting RhoA-ROCK signaling may provide neuroprotection. Indeed,
the administration of the ROCK inhibitor fasudil prevents ischemia-induced neuronal apoptosis in
rats by maintaining AKT signaling [47]. Inhibition of ROCK with fasudil or Y-27632 also protects
neurons from cell death due to excitotoxicity [40,48,49]. Moreover, in a mouse model of brain injury
involving hypoxia/reoxygenation, fasudil was found to inhibit ROCK activity in microglia, suppressing
inflammatory response and thereby preventing hippocampal neuron loss [50]. TBI also influences
the production and survival of adult-born hippocampal neurons, although the exact effect of TBI on
adult neurogenesis depends on injury severity [51]. While TBI can increase neurogenesis [52–54], it can
also induce the selective death of newborn neurons in the dentate gyrus [55–57]. Since adult-born
neurons are thought to be important for hippocampal-dependent learning and mood regulation [56],
enhancing their production and/or survival could aid in the functional recovery from brain injury.
Interestingly, fasudil treatment was shown to enhance adult neurogenesis and neuroprotection after
hypoxia/reoxygenation injury [58,59], while Y-27632 treatment had little impact on TBI-induced
neurogenesis following CCI injury [42]. This disparity could be explained by experimental differences
in the type of injury, the specific ROCK inhibitor, and/or the treatment regimen used. Nevertheless,
despite these discrepancies, overall the evidence suggests that suppressing cell death may be one
mechanism by which RhoA-ROCK inhibition enhances functional recovery from TBI.

Besides promoting axonal outgrowth and/or neuronal survival, targeting the RhoA-ROCK
pathway may enhance functional recovery after TBI by preserving synaptic connections, which
mediate information flow and storage in the brain [60]. Most excitatory synapses in the mammalian
brain are located on actin-rich dendritic spines [61]. Spines range in morphology from long, thin
filopodia-like structures to large, mushroom-shaped spines, and their shape is highly correlated with
the strength of their associated synapse, with mushroom spines containing the largest, strongest
synapses [62]. In response to neural activity, spines rapidly remodel, which is critical for neural
circuit development, synaptic plasticity, and processes such as learning and memory [61]. Conversely,
aberrant spine morphogenesis, which is a common hallmark of neurodevelopmental, neuropsychiatric,
and neurodegenerative disorders, is thought to impair information processing and memory storage [63].
Notably, TBI causes extensive synaptic damage to cortical and hippocampal neurons, as their spines
and synapses rapidly degenerate following CCI injury [43,64–67]. In addition to synapse loss,
spines remodel in response to TBI, resulting in a reduction in large mushroom-shaped spines and a
corresponding increase in immature filopodia-like structures, compared to sham animals [43,64,68].
Excessive activation of RhoA-ROCK signaling could drive this TBI-induced synaptic remodeling since
this pathway is known to promote spine retraction and synapse loss through modulation of the actin
cytoskeleton [69] (Figure 1). Indeed, previous work in the retina has shown that ROCK inhibition
preserves rod-bipolar synapses after retinal detachment [70]. We investigated this possibility and
found that blocking RhoA-ROCK signaling with fasudil treatment prevents TBI-induced pathological
spine remodeling in mice subjected to CCI injury [43]. Thus, RhoA-ROCK inhibition may enhance
functional recovery after TBI, at least in part, by preventing TBI-induced pathological spine remodeling
and synapse loss.

In addition to direct neuronal injury, inflammatory responses involving astrocytes and microglia
also contribute to neuronal death and damage after TBI [71]. RhoA-ROCK signaling regulates glial
and immune cell functions, and accumulating evidence indicates that activation of this pathway
in these cells contributes to neurodegeneration in the CNS [40]. ROCK inhibition reduces reactive
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gliosis and astrocyte infiltration and increases astrocytic expression of pro-survival genes [40,72,73].
Likewise, ROCK inhibitors decrease microglial inflammatory cytokine release and phagocytosis of
neurons, thus promoting neuroprotection [59,72,74–76]. However, whether RhoA-ROCK inhibition
promotes recovery following TBI by blocking glial cell function remains unclear. For example, Bye et al.
found that treatment with the ROCK inhibitor Y-27632, which enhances motor performance in mice
following TBI, had little effect on TBI-induced microglial accumulation or astrocytic gliosis [42].
Moreover, we demonstrated that genetically ablating RhoA specifically in post-mitotic forebrain
neurons enhances restoration of motor and cognitive function following TBI to a similar extent as
fasudil treatment, suggesting that RhoA-ROCK signaling in neurons is primarily responsible for
the TBI-induced deficits [43]. Nevertheless, given the important roles RhoA-ROCK signaling plays
in regulating astrocyte and microglia function, the effects of RhoA-ROCK inhibition on these cells
following TBI requires further consideration.

5. Therapeutic Potential of RhoA-ROCK Inhibitors in the Clinic

Collectively, the evidence suggests that targeting RhoA-ROCK signaling would be an effective
strategy for treating TBI-induced deficits in the clinic. A promising aspect of using pharmacological
ROCK inhibitors to treat TBI is that they have a successful track record of use in human patients for the
treatment of other disorders, including cerebral vasospasms, glaucoma, and ischemic stroke [40,77–81].
A wide range of small molecule ROCK inhibitors is available, including fasudil, Y-27632, ripasudil,
hydroxyfasudil, netarsudil, H-1152, KD-025, and AMA-0076 [30,40,82]. Currently, only fasudil
(HA-1077), its derivative ripasudil (K-115), and netarsudil (AR-13324) have been licensed for clinical
use, although many other ROCK inhibitors are presently in clinical trials [40,82].

Originally designed as an intracellular calcium antagonist, fasudil (Figure 2) was found to be
an effective treatment for cerebral vasospasm in an animal model of subarachnoid hemorrhage, and
this was confirmed in clinical trials in humans [79,80]. Since its approval for clinical use in 1995,
several thousands of people in Japan and China have taken fasudil as a vasodilator to prevent cerebral
vasospasm after surgery for subarachnoid hemorrhage and to improve blood flow after acute ischemic
stroke [40,78–81,83]. Fasudil has also been used in clinical trials to treat other conditions such as
SCI, ALS, and atherosclerosis [30,84]. Thus, extensive data are available regarding fasudil’s safety
and effectiveness. However, despite its clinical success, the use of fasudil faces certain limitations.
Although fasudil inhibits both isoforms of ROCK (ROCK1 and ROCK2) more potently than other
kinases, its lack of selectivity and low potency (micromolar) are major caveats for its use [40,41,85].
Another long-standing ROCK inhibitor Y-27632 (Figure 2) suffers the same drawbacks [30]. These
limitations have encouraged the development of new, more specific, and potent ROCK inhibitors,
which are reviewed in more detail elsewhere [39,82,86].

Due to certain adverse effects of ROCK inhibitors when taken systemically, including hypotension,
skin reactions, and reversible renal dysfunction [40], the delivery of ROCK inhibitors via local
application is gaining favor [82]. The ophthalmology field has led the way with the ROCK inhibitors
ripasudil (in Japan) and netarsudil (in the USA) approved as treatments for glaucoma, with several other
ROCK inhibitors currently in clinical trials [82,87]. Another interesting approach is to locally inactivate
RhoA itself. The exoenzyme C3 transferase is a RhoA antagonist that promotes axon regeneration in
models of spinal cord and peripheral nerve injury [88]. A derivative of C3, VX-210 (BA-210/Cethrin),
is currently under clinical trials for topical treatment of SCI [88,89], and an initial phase 1/2a study
suggested that local application of VX-210 results in significant motor improvement after treatment [90].
However, topical application of drugs to treat CNS disorders such as TBI is more complicated and
hence requires further investigation. Another novel approach to avoid the side effects of systemic
exposure to ROCK inhibitors is the use of soft drugs. Soft drugs are active compounds that undergo
rapid metabolic conversion to an inactive, non-toxic entity once they enter systemic circulation [86].
This approach could maximize exposure to the target organ while minimizing the duration of action of
the drug and systemic availability. A variety of soft ROCK inhibitors have been designed, and many
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pharmaceutical companies are actively investigating their therapeutic potential [82]. For example,
topical application of the locally acting ROCK inhibitor AMA-0076 was found to be effective at treating
glaucoma without inducing hyperemia [91]. Another interesting line of research that could benefit
the treatment of TBI is the development of drugs that selectively target the ROCK2 isoform, which is
more abundant in the brain [40]. Unfortunately, due to the high level of structural identity between
ROCK1 and ROCK2 and their compensatory functions, designing an isoform-specific inhibitor has
been challenging [82].

6. Concluding Remarks

TBI is a major public health concern that affects millions of people every year. TBI survivors
frequently suffer from long-term debilitating physical and emotional deficits. Unfortunately, complete
recovery after TBI is often difficult to achieve as current treatments only help manage some of the
symptoms. In this review, we have focused on the RhoA-ROCK signaling pathway as a potential
target to treat TBI. RhoA signaling is robustly activated after CNS injury, and in mouse models of
TBI, blocking RhoA and/or ROCK activity prevents TBI-induced cell death and neuronal damage and
improves motor and cognitive performance post-injury. Thus, targeting the RhoA-ROCK pathway
appears to be a promising therapeutic approach for treating TBI. Major advances have been made in
recent years in the development of novel, potent ROCK and RhoA inhibitors, which are currently in
different stages of pre-clinical and clinical testing [82]. However, since many of these drugs are not
yet approved for clinical use, repurposing ROCK inhibitors such as fasudil that are already in use for
the treatment of other CNS injuries may be the best available option to date to treat TBI. To develop
more specific therapeutic targets, it would also be interesting to assess the contribution of various
RhoA-GEFs in increasing RhoA activity post-injury. Unfortunately, the role of specific RhoA-GEFs in
TBI is currently unclear. While two Rho-family GEFs, GEF-H1 and Cool-2/αPix, have been reported to
be activated following TBI [92], the effects of inhibiting these GEFs after TBI remain to be determined.
Moreover, although this review focuses exclusively on the RhoA-ROCK pathway as a target for
therapeutic intervention, it is likely that combining RhoA/ROCK inhibitors with existing and/or future
treatment strategies will result in a greater improvement of motor, behavioral and cognitive symptoms
in individuals suffering from a TBI.
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