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This  review  covers  existing  treatments  in  TBI  therapy,  with  a focus  on  their  potential  applications  to improve  the  functional  outcomes  of  TBI
Complex  pathophysiology  and  molecular  mechanisms  of TBI  are  reviewed.
Stem  cell  therapy  as an  optimal  solution  to  treat  TBIis  reviewed,  including  endogenous  or exogenous  stem  cells  from  embryonic,  induced  pluripotent,
mesenchymal,  and  neural  origin.
Combination  therapy  is  discussed  as a novel  method  to  treat  TBI.  Two  approaches  are highlighted,  growth  factors  and  ROCK  inhibitors.
Emphasis  is given  for  improvements  in  motor  and  cognitive  functions  after  stem  cell  therapy.
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a  b  s  t  r  a  c  t

TBI  is a  nondegenerative,  noncongenital  insult  to the  brain  from  an external  mechanical  force;  for
instance  a violent  blow  in a car accident.  It is  a complex  injury  with  a  broad  spectrum  of  symptoms
and has  become  a major  cause  of death and  disability  in  addition  to being  a burden  on public  health
and  societies  worldwide.  As such,  finding  a  therapy  for  TBI  has  become  a major  health  concern  for
many  countries,  which  has  led to the  emergence  of  many  monotherapies  that  have  shown  promis-
ing  effects  in  animal  models  of TBI,  but have  not  yet  proven  any  significant  efficacy  in  clinical  trials.

In  this  paper,  we  will  review  existing  and  novel  TBI  treatment  options.  We  will  first  shed  light  on
tem cells
ombination therapy
raumatic brain injury
athophysiology
reatment
rowth factors
OCK inhibitors

the  complex  pathophysiology  and  molecular  mechanisms  of  this  disorder,  understanding  of  which  is
a necessity  for launching  any  treatment  option.  We  will then  review  most  of  the  currently  available
treatments  for TBI  including  the recent  approaches  in the  field  of  stem  cell therapy  as  an  optimal
solution  to treat TBI.  Therapy  using  endogenous  stem  cells  will  be reviewed,  followed  by  therapies
utilizing  exogenous  stem  cells  from  embryonic,  induced  pluripotent,  mesenchymal,  and  neural  origin.

Abbreviations: AIDS, acquired immuno deficiency syndrome; ATP, adenosine triphosphate; AOC, alteration of consciousness; AQP4, aquaporin 4; Kv.4.2, A-type voltage-
ated  potassium channel; bFGF, basic fibroblast growth factor; BBB, blood brain barrier; BM,  bone marrow; BDNF, brain-derived neurotrophic factor; Ca2+,  calcium; CBF,
erebral blood flow; CNS, central nervous system; CD, cluster of differentiation; CCI, controlled cortical injury; DG, dentate gyrus; DNA, deoxyribonucleic acid; ESCs, embryonic
tem  cells; EphA5, ephrin type A receptor 5; EGFR, epidermal growth factor receptor; FGF2, fibroblast growth factor 2; FDA, food and drug administration; GCS, Glasgow
oma  Score; GDNF, glial cell line-derived neurotrophic factor; GFAP, glial fibrillary acidic protein; GEF, guanine nucleotide – exchange factor; hESC, human embryonic
tem  cell; hEGF, human epidermal growth factor; HIV, human immunodeficiency virus; HBOT, hyperbaric oxygen therapy; iPSCs, induced pluripotent stem cells; IGF-1,
nsulin-like growth factor-1; ICAM-1, intercellular adhesion molecule 1; IL-1�, interleukin - 1 beta; IL-10, interleukin-10; IL-6, interleukin-6; ICP, intracranial pressure;
LF-4,  Kruppel-like factor-4; LOC, loss of consciousness; MSCs, mesenchymal stem cells; NGF, nerve growth factor; NPCs, neural progenitor cells; NSCs, neural stem cells;
MDA, N-methyl-d-aspartate; Oct-4, octamer binding protein 4; P-selectin, platelet- selectin; PEG-SOD, polyethylene glycol superoxide dismutase; PTA, post traumatic
mnesia; K+, potassium; RhoA, Ras homolog gene family member A; ROS, reactive oxygen species; RA, retrograde amnesia; ROCK, Rho GTPase and Rho serine/threonine
inases; RBD, RhoA binding domain; Sox-2, SRY (sex determining region Y)-box-2; SVZ, subventricular zone; TGF�, transforming growth factor beta; TBI, traumatic brain
njury; TNFR1, tumor necrosis factor receptor 1; TNF�, tumour necrosis factor alpha; VNS, vagal nerve stimulation; VCAM-1, vascular cell adhesion protein 1; VEGF, vascular
ndothelial growth factor; VDH, vitamin D hormone; WJ-MSCs, Wharton’s jelly derived mesenchymal stem cells; HA-1077, 1-(5-isoquinolinesulfonyl) homopiperazine;
-27632, (1)(R)-trans-4-(1-aminoethyl)-N-(4 pyridyl) cyclohexanecarboxamidedihydrochloride.
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Combination  therapy  is  also  discussed  as  an  emergent  novel  approach  to treat  TBI.  Two  approaches  are
highlighted,  an  approach  concerning  growth  factors  and  another  using  ROCK  inhibitors.  These  approaches
are highlighted  with  regard  to their  benefits  in  minimizing  the outcomes  of TBI.  Finally,  we  focus  on
the consequent  improvements  in  motor  and  cognitive  functions  after  stem  cell  therapy.  Overall,  this
review  will  cover  existing  treatment  options  and  recent  advancements  in  TBI  therapy,  with  a focus  on the
potential  application  of these  strategies  as a solution  to improve  the functional  outcomes  of  TBI.
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. Introduction

Traumatic brain injury (TBI) is a clinical condition characterized
y brain dysfunction experienced upon an insult to the brain by
n external mechanical force applied to the head, such as a blow to
he head, as seen in car accidents [1]. Nevertheless, there is actually

 narrow distinction between an injury being considered a typical
rain injury or a TBI. In fact, injury is considered as TBI when the

nitiating force would affect brain functioning, usually manifested
y one or more clinical signs including a loss, or altered level of con-
ciousness, amnesia, with or without neurologic deficits (Table 1).
n humans, the CDC classification of TBI is in terms of severity and
ased on the Glasgow Coma Scale (GCS) score, as either mild (GCS
3–15), moderate (GCS 9–12), or severe (GCS 3–8). Recently, TBI
as been categorized based on the length of loss of consciousness
LOC), alteration of consciousness (AOC), and post traumatic amne-
ia (PTA) [2]. TBI stands as the leading cause of death in young adults
n industrialized countries, with a death rate 3.5 times higher than
hat of cancer and heart diseases combined [3]. Moreover, with
n incidence rate of 1.7 million new head injury victims per year,
ffecting all age groups from both genders, TBI has a higher inci-
ence rate than any other disease, including breast cancer, AIDS,
arkinson’s disease and multiple sclerosis [4,5]. Despite substantial
nvestments in the field, TBI is still one of the major brain disorders
hat lack defined pharmacotherapy and treatment options [6]. In
rder to discover new therapeutics, it’s mandatory to understand
he complex pathophysiology of TBI and to explore the molecular

echanisms implicated in the initiation of the disease.

.1. TBI pathophysiology and molecular mechanisms

Ever since TBI was described by Masel and DeWitt in 2010 as a
rocess rather than an event, understanding the multidimensional
ascades of primary and secondary brain damage was  considered
he basis to novel treatments development or refinement of estab-
ished treatment strategies [7]. TBI is a challenging disease because
f its heterogeneity in terms of injury severity as well as related

odality, in other words penetrating or focal injury differs from

iffused one [8]. Furthermore, TBI phases add to its heterogene-
ty as they are neuropathologically classified as either primary or
econdary. Primary injury occurs at the moment of exposure to

able 1
ymptoms of mild and severe TBI.

TBI symptoms

Mild Severe

Headache & confusion Accentuation of symptoms of mild TBI
Dizziness & blurred vision Persistent worsening headache
Sleepiness & fatigue Slurred speech
Change in sleep habits Seizures
Change in behavior & mood Loss of coordination
Cognitive problems Enlargement of the pupil
Photophobia & hyperacusis Numbness/tingling of extremities
Nausea or vomiting Loss of consciousness (few mins to hrs)
Loss  of consciousness (few sec to mins)
©  2017  Elsevier  B.V.  All  rights  reserved.

the external force and involves immediate mechanical disruption
of brain tissue [9]. The complex cascades of metabolic, cellular and
molecular events initiated by the primary injury collectively consti-
tute the secondary injury; these may  evolve over hours to months
post the primary injury [10]. An illustration of these secondary
injuries was described in the “Walk and die” or “Talk and dete-
riorate” patients who initially showed no clinical signs but later
developed serious intracranial complications [11]. Most TBI treat-
ments target the secondary insults since those arising from the
primary injury cannot be influenced therapeutically [8]. In fact,
with respect to time post-injury, secondary damage is classified
into three overlapping phases: early, intermediate, and late [12].
In the early phase, usually 24 h following the trauma, an inter-
ruption of normal local blood flow often leads to an ischemic
cascade that begins with an accumulation of lactic acid due to a
metabolic switch from the usual aerobic process to anaerobic fer-
mentation [13]. Since the latter is not enough to preserve cellular
energy homeostasis, ATP stores are depleted causing an increase
in membrane permeability due to failure of ATP-dependent ion
pumps [8]. This would lead to terminal membrane depolarization
along with excessive release of the excitatory glutamate neuro-
transmitter, which binds to glutamate receptors and induces a
perturbation in calcium, potassium, and sodium homeostasis [14].
This is manifested by an elevated Ca2+ influx into the mitochon-
dria [4,15] promoting the production of reactive oxygen species
(ROS) which cause additional damage [12]. Radical formation after
TBI can be measured directly and also indirectly via lipid peroxida-
tion, protein nitration and DNA oxidation [4]. Moreover, this Ca2+

stress activates caspases and calpains that trigger apoptotic and
necrotic pathways, respectively, leading to immediate cell death
and debris accumulation [16] (Fig. 1). In the intermediate phase,
a multitude of immunological/inflammatory tissue responses are
induced [12]. During this phase, the brain immune privilege is vio-
lated where the blood brain barrier (BBB) is broken down and the
brain is not only influenced by, but also contributes to, inflamma-
tory responses [17]. This is demonstrated by activation of resident
immune cells that release a number of cellular mediators includ-
ing pro-inflammatory cytokines such as IL-1�, IL-6, and TNF�,
coupled to anti-inflammatory cytokines production, mainly IL-10
and TGF�, along with prostaglandins, free radicals, chemokines,
and complement activation [12,18]. There is also leukocyte infil-
tration facilitated by upregulation of adhesion molecules such as
P-selectin, ICAM-1, and VCAM-1 proteins [8]. In fact, inflammation
seems to have dual roles in the brain, a beneficial role promoting
regeneration and a detrimental one inducing further damage. In the
latter, TNF� signaling via TNFR1 is positively linked to the upregu-
lation of the aquaporin protein, AQP4, that belongs to the family of
membrane water channels. This protein enhances edema forma-
tion that in turn contributes to an elevated intracranial pressure
(ICP) in brain tissues and the cerebrospinal fluid (CSF), accom-
panied with an increased degeneration of neurons. In addition,

AQP4 promotes microfilaments production by astrocytes, induc-
ing the synthesis of scar tissue [8,12]. As for the late stage, the most
prominent feature is an increased susceptibility to seizures and,
in more severe cases, epilepsy which is positively correlated with
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Fig. 1. Pathophysiology of TBI.
Following TBI there is an increase in membrane permeability due to failure of ATP-dependent ion pumps. This leads to terminal membrane depolarization and excessive
release  of the excitatory glutamate neurotransmitter, which binds to glutamate receptors inducing a perturbation in electrolytes homeostasis: the elevated Ca2+ influx into
the  mitochondria promotes the production of reactive oxygen species (ROS). Ca2+ stress also activates caspases and calpains that trigger apoptotic and necrotic pathways,
respectively, leading to immediate cell death and debris accumulation.
TNF�  signaling via TNFR1 is positively linked to the upregulation of the aquaporin protein, AQP4. This protein enhances edema formation contributing to an elevated
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ntracranial pressure (ICP) and increased degeneration of neurons. It also induces t
he  late stage, there is an increased susceptibility to seizures, which is thought to b
n  the potassium channel Kv.4.2 protein expression.

he nature and severity of the trauma [19]. It has been reported
hat excito-toxicity is a contributing factor in the development
f seizures; the TBI-induced reduction in the potassium channel
v.4.2 protein expression makes the neurons more excitable and
onsequently more subject to seizures (Fig. 1). This channel is an
-type voltage-gated K+ channel that plays a crucial role in return-

ng the depolarized cell to a resting state and current. Moreover, TBI
as been reported to contribute to seizure activity via a reduction
f inhibitory currents [12].

.2. Treatment options

In order to better understand the underlying pathophysiol-
gy and to explore potential treatments for TBI, several animal
odels that mimic  TBI patterns similar to those experienced in

umans have been developed [10]. Despite anatomical and physi-
logical differences between humans and rodents, and challenges
elevant to difficulties in extrapolating neurobehavioral outcomes
easured in rodents in comparison to humans, these animal mod-

ls offer the ability to perceive the events that follow TBI and
o translate them into clinical contexts [3]. The most commonly
sed TBI models can be classified as either “penetrating” or “non-
enetrating” injury. The penetrating injury involves direct brain

eformation due to injuries caused by lateral fluid percussion, con-
rolled cortical impact (CCI), or focal cortical compression. On the
ther hand, non-penetrating injury includes injuries caused by
mpact acceleration and weight drop models [10,20–23].
duction of microfilaments by astrocytes, promoting the synthesis of scar tissue. In
esult of decreased neuronal excitation threshold caused by TBI-induced reduction

Current TBI treatments have been developed to target each
of the three distinct pathological stages of TBI, with some treat-
ments targeting more than one stage (Table 2). Several preclinical
studies have tested the therapeutic efficacy of drugs in animal
TBI models by targeting secondary injury mechanisms belonging
to the early stage. These include calcium channel blockers such
as Nimodipine which had mild influence in TBI patients and did
not provide convincing evidence as a potential therapeutic strat-
egy, regardless of proving effective in rodents [24,25]. In addition,
Tirilazad, an inhibitor of lipid peroxidation, initially used to treat
brain edema associated with brain tumors, has shown neuro- and
vaso-protective abilities in multiple animal models of acute TBI.
Based on these results, clinical trials were performed to reveal Tiri-
lazad capacity to improve neurological recovery in moderately and
severely injured closed TBI patients [26–28]. Tirilazad failed to show
much improvement over placebo in phase III TBI clinical trials, how-
ever, Tirilazad is now an approved drug, in European countries, to
treat aneurysmal subarachnoid hemorrhage (aSAH) [26–28].

Moreover, excitatory amino acid inhibitors such as Selfotel,
an NMDA receptor antagonist and the first glutamate antagonist
to go into phase III clinical trials, were shown to induce psy-
chomimetic/psychoactive behavioral effects on TBI patients and as
a result their TBI clinical trials were discontinued [29,30]. Simi-

larly, free radical scavengers like PEG-SOD, were shown to prevent
secondary injury in experimental TBI models and phase I trials
but showed no significant difference in neurological outcome or
mortality in phase III trials [31]. On the other hand, Cyclosporine
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Table 2
Existing TBI treatment options and their corresponding modes of action.

Target Stage Drug Mode of Action Ref #

Early Nimodipine Calcium channel blocker [24,25]
Selfotel NMDA receptor antagonist [29,30]
Cyclosporine Temporary inhibition of calcium entry into the mitochondria [32]
Hypothermia Intervention Temperature reduction in affected tissue [33]
Hyperbaric Oxygen Therapy (HBOT) Normalization of Cerebral Metabolism [12,40–42]

Early & Intermediate Tirilazad Inhibition of lipid peroxidation [26–28]
PEG-SOD Free radical scavenger [31]

Intermediate Hyperosmolar agents Reduction of Intracranial Pressure [43–47]
Pro
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Late Antiepileptics 

All stages Statins, Erythropoietin 

Progesterone 

as found to be neuroprotective in animal models and temporar-
ly prohibits Ca2+ from entering into the mitochondria, yet not in
BI patients [32]. Hypothermia Intervention is another treatment
ption that aims to reduce temperature in the brain tissue before
r soon after the early ischemia-precipitating event. This treat-
ent showed promising positive results in experimental animal
odels of TBI as well as in clinical trials in specific patient popu-

ations where it significantly improved behavioral and histological
utcomes [33]. However, many factors concerning injury severity,
ge, sex, therapeutic window of hypothermic treatment, duration
f cooling and rewarming pose critical questions about the efficacy
f this treatment intervention [34–39].

Hyperbaric Oxygen Therapy (HBOT) is a different, yet similar,
reatment that aims at pushing cerebral metabolism toward its nor-

al, aerobic state through providing increased oxygen saturation in
he brain. It consists of the inhalation of pure oxygen in a hyperbaric
hamber whereby increasing oxygen concentration in the blood
nd, consequently, in cerebral metabolism is expected to attenuate
rain tissue hypoxia and neuronal cell death following TBI [12,40].

n fact, HBOT has shown neuroprotective effects in a variety of
BI models as well as in clinical studies; however, adverse effects
nd complications such as damage to the lungs and sinuses and
hanges in vision have raised doubts about its utility as an ultimate
reatment option [40–42]. Hyperosmolar agents such as Mannitol
nd hypertonic saline along with a less supported treatment route,
here a skull flap is removed to allow space for cerebral expansion,

re currently used to reduce elevated ICP caused by inflamma-
ion, the hallmark of the intermediate phase [43–47]. Furthermore,
ntiepileptic drugs, such as levetiracetam,  phenytoin,  and vagal nerve
timulation (VNS) are used to relief TBI associated seizures or to
educe the probability of post-traumatic seizures of the late stages
ollowing TBI [12,48,49].

In summary, the currently available treatment options for TBI
ither did not reach clinical trials yet or were ineffective, except
or a few that are only limited to the alleviation of related symp-
oms. This is probably due to the fact that available treatments are
irected to inhibit the secondary injury cascade by targeting a sin-
le event post TBI, while in reality many pathophysiological events
ontribute to secondary injury.

Of these mono-therapies that showed promising results, Statins
ave been seem to play anti-inflammatory, anti-apoptotic, and
ntioxidant roles in preclinical models of TBI [50]. Despite clinical
ata showing their efficacy, there are still issues concerning their
dverse effects, timing, duration of administration, and choice of

 particular statin [51]. Erythropoietin has similar effects in animal
odels but recent clinical studies failed to support its beneficial

eurologic effect in TBI patients [52]. Likewise, Progesterone, which
ad positive effects in animal TBI models and two  phase II ran-

omized, controlled clinical trials, also failed to show any clinical
enefit in patients with severe TBI in a large prospective, phase III
andomized clinical trial [53–55].
phylaxis against post-traumatic seizures [12,48,49]
i-Inflammatory, anti-apoptotic and antioxidant roles [50–52]
roprotective Role [53–55]

To date, there is no FDA approved pharmacologic agent up that
proved to improve the outcomes following TBI. This justifies the
need for a treatment that targets multiple stages along the cascade
[56]. Therefore, combination therapy among the previously men-
tioned drugs might seem beneficial if designed to target multiple
events post TBI.

Recently, the use of stem cells (SCs) as a potent treatment option
for TBI has emerged. Given their neuroprotective abilities, the role
of SCs in tissue reconstruction and their capabilities in preventing
cell death make them a suitable treatment option for TBI [57]. On
this basis, the current review focuses on the use of stem cell ther-
apy and combination therapy in TBI treatment. This review details
the treatment of TBI with endogenous neural stem cells, as well as
exogenous stem cells such as embryonic (ESCs), induced pluripo-
tent (iPS), mesenchymal (MSCs), and neural stem cells (NSCs). This
is coupled with combination therapy including the use of growth
factors, lipids, and ROCK inhibitors. Finally, the route of admin-
istration for these two  main treatment options will be presented
in terms of the consequent improvements in motor and cognitive
functions following treatment.

2. Endogenous stem cells in adults

The traditional concept that mature mammalian brain is an
organ with no regenerative capacity has changed since the discov-
ery of multipotent NSCs, that can give rise to new neurons and
glial cells [58]. Two  regions of the adult CNS have been confirmed
to exhibit ongoing neurogenesis; the subventricular zone (SVZ)
surrounding the lateral ventricle and the dentate gyrus (DG) of
the hippocampus. Cytogenesis occurring in these regions has been
quantified in many studies and clearly shows that large numbers
of new cells are regularly generated by stem cells [59].

Stem cells are defined by two  characteristics: self-renewal and
differentiation into multiple cell types. Adult tissue stem cells share
these features and constantly replace lost and senescent cells by
proliferation and differentiation [60]. Indeed, adult born neurons in
the hippocampus play a critical role in many important functions
in normal adult brain. Moreover, newly generated granular cells in
the adult DG of hippocampus have the ability to become mature DG
neurons generating action potentials and functional synapses [61].
Therefore, endogenous adult stem cells residing in the neurogenic
niche would be beneficial for brain repair. It’s important to note
that the functional role of these new cells is dependent upon a sig-
nificant number of cells being generated, and their differentiation,
survival and integration into existing neuronal circuitry.

2.1. Response of endogenous NSCs to brain injury and their role

in brain repair

Studies have shown that TBI significantly increases cell prolifer-
ation in the SVZ and DG of adult injured mice and rats [58]. Indeed,
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he regenerative capacity of stem cells residing in these zones is
f particular interest since adult-generated neurons within these
egions have important functional roles and can integrate into the
rain circuitry when added into an injured brain area. Therefore,
he use of endogenous NSC populations is an attractive strategy to
epair the injured brain by regenerating injured brain cells [58].

In a recent study in the cortex of injured human brains, an
ncreased number of cells were found to express endogenous
SCs/neural precursor cells (NPCs) markers, indicating the repar-
tive attempts of the brain after injury [62]. Neurogenesis can be
nhanced, particularly in the hippocampus, by using the endoge-
ous NSCs as a therapeutic target for boosting the endogenous
epair response after TBI. For instance, biochemical factors such
s serotonin, glucocorticoids, and growth factors strongly regu-
ate the proliferation and maturation of cells within the SVZ and
G [58,59]. In addition, the intraventricular administration of basic
broblast growth factor (bFGF) or epidermal growth factor (EGF),
hich enhances endogenous neurogenesis, drastically enhance

BI-induced cell proliferation in the SVZ and the hippocampus, and
ignificantly improve cognitive functional recovery [63]. Further
nderstanding of the pathways that drive endogenous neuroge-
esis is necessary for better intervention at the time of injury.
or example, activating the signals that drive endogenous NSCs
owards glial and neuronal fates will help in the use of these
ells for repair. In this respect, restoring the regenerative poten-
ial via upregulation of Sonic Hedgehog signaling is considered a
romising strategy contributing to NSC activation and prolifera-
ion following TBI [64]. More recently it has been shown that neural
eprogramming can be facilitated in an environment of low oxida-
ive stress and Bcl-2 overexpression, which was accompanied by
lial-to-neuron conversion after TBI in vivo [65].

In a recent study, the regenerative responses to a focal brain
esion showed that cell proliferation in the dorsolateral SVZ dou-
led by 48 h in the injured immature animals in comparison to an
ndetectable proliferative response in the adult brain [66]. Like-
ise, precursors from the injured immature SVZ formed twice the

mount of neurospheres, and divided more rapidly, in comparison
o those from uninjured brains of the same age [66]. Nonethe-
ess, this reparative response did not result in significant neuronal
egeneration, indicating that new neuroprotective strategies need
o be implemented to combat brain injuries. Targeting endogenous
eurogenesis via activation of NSCs is not simple considering that
ndogenous stem cells cannot be equally stimulated because of the
omplex environment surrounding each cell [67].

Other studies showed that neuron formation and integration
nto an existing network takes approximately 10–14 days [58].
inally, it has been estimated that less than 1% of astrocytes within
he SVZ were undergoing cell division in normal humans. Although
hese endogenous NSCs can be expanded in culture, their response
o injury in patients has not been studied [68].

Some drugs and behavioral changes may  increase endoge-
ous neurogenesis. Recently, metformin was found to increase
ndogenous neurogenesis in a hypoxia-ischemia injury model. Its
dministration activated endogenous NPCs in the injured neonatal
rain expanding the size of NPC pool and promoting their migration
nd differentiation [69]. In fact, primary neurospheres derived from
eonatal pups produced more oligodendrocytes and neurons in the
resence of metformin, in comparison to control groups [69]. In
ddition, metformin promoted the migration of endogenous NPCs
nto the surrounding parenchyma and improved sensory-motor
unctions [69].

Extensive studies have shown the potential of endogenous stem

ell therapy to successfully repair the injured brain [58], however,
any challenges still exist. One major challenge is the generation of

ufficient mature neurons capable of integrating into injured brain
eural circuitry whereas another obstacle is the focal microenvi-
 Research 340 (2018) 49–62 53

ronment of the injury site. Primary brain damage together with
loss of the secondary tissue induced by oxidative stress, inflamma-
tion and ischemia create a hostile environment following TBI, which
antagonize the survival and integration of transplanted cells. There-
fore, other sources of inexhaustible, self-propagating alternative
precursors should be employed [58].

3. Exogenous stem cells

Due to the limited capacity of the injured brain to repair
the damaged neurons endogenously, neural transplantation is a
promising therapy for TBI. In fact, transplanted cells have the capac-
ity to replace lost cells in the injured brain by differentiation into
region-specific cells and providing trophic support. Studies have
implemented a wide array of cell types for neural transplantation
including embryonic stem cells (ESCs), induced pluripotent stem
cells (iPSCs), mesenchymal stromal cells (MSCs) or patient-derived
adult Neural stem/precursor cells (NSPCs) [70].

3.1. Embryonic stem cells (ESCs)

Adult stem cells have limited differentiation ability into only
the cell types of their tissue of origin. In contrast, ES cells are an
alternative pluripotent stem cell therapy option due to their abil-
ity to differentiate into derivatives of all of the three germ layers
in addition to their ability of indefinite self-renewal in vitro [71].
ES cells can be harvested from the ganglionic eminences of mouse
embryos at day 14 of gestation in addition to their isolation from
areas of active neurogenesis in the SVZ of lateral ventricle [72,73].
Due to their high plasticity, they are an ideal cell source for neu-
ral transplantation since they can differentiate, migrate and make
innervations to different layers of the brain when transplanted into
normal or damaged CNS [74]. On the other hand, ESCs have the
drawbacks of being ethically debated, prone to transplant rejection
and may  create teratomas when administered in vivo.

ES cells derived from human or mice fetal brains have been used
as a source for cell transplantation in different animal models of TBI
where they restored motor and cognitive functions (Table 3). For
instance, Wennersten et al. have transplanted NSCs derived from
ES cells of human fetal brain where they survived and differenti-
ated into neurons and astrocytes after migrating to the contralateral
cortex of the injured brain [73]. Recently, it was shown that trans-
planting differentiated human fetal ES cells into the injured rat
brain following a severe controlled cortical injury (CCI) resulted
in a transient elevation in angiogenesis and an increase in neu-
ronal survival in the lesion area with a reduction in astrogliosis and
brain injury lesion volume [72]. Moreover, NSCs derived from mice
fetal brain grafted into injured brain of adult mice showed signifi-
cant improvement in motor and spatial learning functions, as these
cells differentiated into neurons and glial cells that helped in tissue
repair [72].

Stem cells have emerged as a potential cell therapy for degen-
erative diseases and many traumatic injuries due to their ability
of differentiation and integration into the neural parenchyma of
the host. However, a recent model has been developed suggesting
that the paracrine actions of these cells may  also contribute to their
functional benefits [75]. Indeed, stem cells can secrete at the site
of injury a broad spectrum of chemokines, cytokines, growth fac-
tors, immunosuppressive molecules and other trophic factors that
actively contribute to their environment and to induce responses
from host residing cells leading to healing effects and neuro-

protective properties. For instance, glial cell- and brain- derived
neurotrophic factors (GDNF and BDNF) can be secreted by human
NSCs, thus protecting the motor neurons from dysfunctioning and
prolonging the lifespan of the animal in models of amyotrophic



54 A. Dekmak et al. / Behavioural Brain Research 340 (2018) 49–62

Table 3
References for studies on TBI treatment using ESCs and iPSCs. ENSCs, embryonic neural stem cells; iPSCs, induced pluripotent stem cells.

Stem Cells Author Content Year Ref #

ENSCs Hoane M.R  Transplantation of neuronal and glial precursors dramatically
improves sensorimotor function but not cognitive function in the
traumatically injured brain

2004 [163]

Riess P Embryonic stem cell transplantation after experimental TBI
dramatically improves neurological outcome, but may  cause tumors

2007 [161]

Dobrowolski Stem cells in TBI 2013 [57]
Rolfe A Implications for Repair and Regeneration of Injured Brain in

Experimental TBI Models using stem cell therapy
2015 [58]

iPSCs Kobayashi Y Pre-evaluated safe human iPSC-derived neural stem cells promote
functional recovery after spinal cord injury in common marmoset
without tumorigenicity

2012 [79]

Dobrowolski Stem cells in traumatic brain injury 2013 [57]
Dunkerson J Combining enriched environment and induced pluripotent stem cell

therapy results in improved cognitive and motor function following
2014 [164]
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ateral sclerosis (ALS) transplantation [75]. More recently, trans-
lanting modified ES cells, over-expressing growth factors such as
DNF, into TBI animals showed both motor and cognitive improve-
ent in the injured animals concomitant with better graft survival

nd neuronal differentiation [73]. On the other hand, further stud-
es are needed to improve the survival of ESCs and their functional
eural replacement and integration into the host neural network
y modifying the injured host environment.

NSCs have been used in clinical trials for the treatment of motor
euron diseases such as amyotrophic lateral sclerosis (ALS), a fatal
eurodegenerative condition with unknown causes and no effec-
ive treatment to date. ALS leads to paralysis and ultimately to death
ith a life expectancy of 2–5 years. The NSCs, called human spinal

tem cells (HSSC), were engineered from the spinal cord of a sin-
le fetus electively aborted after 8 weeks of gestation. In this trial,
he stem cells are transplanted into the ALS patient’s spinal cord
fter laminectomy [clinical trial ID# NCT01348451]. Moreover, in

 recent Phase I trial, the safety of human spinal cord derived NSC
ransplantation for the treatment of chronic spinal cord injury (SCI)
s being tested. Patients within this study will receive spinal cord
njections of HSSC through a period of 6 months, and will be fol-
owed for additional 54 months during which safety assessments

ill be conducted [clinical trial ID# NCT01772810].
There is a lot of variety in the sources of original ES cells and the

ifferentiation protocols, with different degrees of success, make it
ard to draw any conclusion at the moment about the efficacy of
he use of stem cells for TBI treatment. Drawbacks of variation in
he lines used, also the healing effect of stem cells is due to integra-
ion in the neural network plus secretion of neuroprotective trophic
actors.

Although ESCs offer new means of treatments, it still raises
ntense ethical controversies since it involves the destruction of
uman embryos. Human ESC research raises some complex ethical
estrictions that must be discussed along with scientific challenges
o ensure that the potential therapies offered by stem cell research
s carried out in an ethically appropriate manner.

.2. Induced pluripotent stem cells (iPS)

It is now well established that reprogramming of differentiated
omatic cells into pluripotent ES cells can be accomplished by the
ctopic expression of four transcription factors: Oct4, Sox2, c-Myc,
nd Klf4 [76]. The obtained iPS cells can self-renew and differentiate

nto various cell types, similar to ES cells. The discovery of iPS cells
ives new hopes to stem cell therapy (Table 3). The two  main advan-
ages of iPS cells are to avoid the use of ESCs for ethical reasons
nd the ability to be generated from the patients themselves, thus
neration of Injured Brain in
tem cell therapy

2015 [58]

allowing iPS cells to be transplanted without any immunological
rejection [77].

A recent study confirmed that iPS cells, derived from an 82-
year-old patient with amyotrophic lateral sclerosis (ALS), could
differentiate in vitro into motor neurons and into all various body
cell types [78]. Another study described a protocol for using an
acutely harvested dura mater, from a 60-year-old patient suffering
severe cognitive impairment, for the generation of iPS cells using
fibroblasts transduced with non-integrating Sendai virus [78]. Dura
mater can be easily taken during most cranial neurosurgical oper-
ations, which makes it an efficient source for generation of iPS
cells. The iPS clones were shown to express some ESC markers like
Nanog, the transcription factors SOX2 and OCT-4 in addition to hav-
ing a normal chromosomal metaphase spread and karyotype [78].
Therefore, these iPS cells are candidates for auto-transplantation
that can be efficiently used in targeted differentiation applications
and protocols.

In a spinal cord injury (SCI) model in adult marmosets, trans-
planted human iPS cells survived and differentiated into all three
neural lineages without becoming tumorigenic, enhancing axonal
regeneration and preventing demyelination after SCI [79]. The
undifferentiated NSCs/NPCs residing in the injured spinal cord
could secrete trophic factors that prevent neural cell death and
glial scar formation, thus enhancing endogenous remyelination.
The transplanted iPS cells not only promoted regeneration but also
exerted immunomodulatory and neuroprotective effects in order
to prevent tissue damage [79].

Furthermore, iPS cells are also potential stem cell replacement
therapy for human cellular models of Huntington’s disease (HD),
a neurodegenerative irreversible disorder resulting in massive cell
death in the striatum of patients who  suffer from psychological
problems, cognitive deficits and continuous motor dysfunction.
Surprisingly, the phenotype of diseased cells could be reversed in
a study using corrected iPS cells derived from a HD patient. The
corrected cells retained pluripotent characteristics and were suc-
cessfully reprogrammed and differentiated into striatal neurons
[80]. In addition, cadherin and TGF-b signaling alterations and mito-
chondrial deficits associated with HD were also retained. Besides,
NSCs derived from these corrected cells could repopulate the stria-
tum in a HD mouse model [80].

On the other hand, iPS technology has some major limitations.
[71]. In fact, the risk of tumor formation is present due to the use of
viral infections and a low efficiency of reprogramming during the

production of these cells. It is critical to carefully assess safety con-
cerns prior to the use of iPS cells in the clinic since the produced cells
are of unknown genetic and epigenetic background [74]. Further
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nowledge of iPS cells is urgently requested for the understanding
nd application of these cells in cell based therapies.

.3. Mesenchymal stem cells (MSCs)

These are adult stem cells with multipotent capacity that are
ound in the bone marrow (BM) and other adult tissues [81].

SCs normally express various surface molecules such as CD105,
D73, and CD90, whereas they lack the expression of hematopoi-
tic markers including CD45, CD19, and CD34 [82,83]. They can
e easily isolated from rodents and humans, cultured, and manip-
lated in vitro and in vivo. They have significant plasticity, high
elf-renewal, proliferative, and differentiation capacities. These
haracteristics allow MSCs to exhibit a therapeutic potential for

 wide range of diseases including neurological injuries such as TBI
81,84] (Table 4). The cultured MSCs can be administered intra-
enously or injected directly into the site of injury, where they will
ecrete growth factors, aid in tissue repair and induce angiogene-
is [82]. When administered intravenously, MSCs were shown to
enetrate the BBB and at the same time to induce increased lev-
ls of trophic factors in rat brain after TBI [85]. The most known
ecreted factors are Brain-Derived Neurotrophic Factor (BDNF),
erve Growth Factor (NGF), Vascular Endothelial Growth Factor

VEGF), and Glial Cell-Line Derived Neurotrophic Factor (GDNF).
wing to their plastic-adherent characteristic and their ability to
ifferentiate into different cell lineages, MSCs have been proposed
s candidates to treat TBI. Indeed, neural cells, expressing neural
arkers such as beta-tubulin III and glial fibrillary acidic protein

GFAP), can be derived from MSCs when they are cultured with
FGF and hEGF. Following TBI, transplantation of MSCs showed
igration, survival, and differentiation of these cells in the injured

rain where they participated in neuroprotection, neural repair,
nd motor function improvements due to the formation of new
strocytes and neurons [83,86]. However, intravenous administra-
ion of MSCs into rat TBI models only showed neuroprotection and
eural repair abilities, with no significant amelioration in motor
ecovery [87].

The effect of MSCs on brain stroke is assessed in different experi-
ents. Recently, Cheng et al. revealed that inflammatory cytokines

uch as TNF-�, IL-17, and IL-23 can be attenuated by MSCs thus
ndirectly modulating inflammation [88]. Moreover, Mert et al.
evealed that the levels of IL-6 and IL-1� were suppressed by the
ocally transplanted MSCs which enhanced IL-10 levels [89]. On
he other hand, a new study has investigated the effect of MSCs
nd NSCs combination therapy on the neurological functioning
ollowing brain stroke. Groups receiving the combination therapy
howed a better anti-inflammatory, anti-oxidant, neuroprotection,
ecreted neurotrophic cytokines and less brain lesion [90]. These
ffects make the surrounding microenvironment more suitable for
he reparative activity of transplanted NSCs. After brain stroke both

SCs and NSCs, separately, have the potential to reduce brain
amage and enhance the neuronal regeneration. However, their
ombination is more efficient and more significant in recovery
fter brain stroke [90]. Finally, neural differentiation is enhanced
obustly after reducing the inflammation, which develops follow-
ng brain stroke [91].

MSCs are the most promising stem cell therapy for TBI. Indeed,
 recent clinical trial aimed to use autologous BM mononuclear
ells (MNCs) intravenously (i.v.) for treatment of adult severe TBI
nd whether these cells could retain the structure of the white
atter (WM)  as well as gray matter (GM) volume and integrity

NCT02525432]. Pre-clinical and Phase I clinical progenitor cell

herapies have shown promise in TBI by promoting the CNS struc-
ural preservation, and reducing neuroinflammatory response to
njury. The trial is a blinded, randomized, placebo-controlled study
or adults with severe acute TBI and is a follow-up from a previ-
 Research 340 (2018) 49–62 55

ously performed Phase 1–2a trial where 40 additional participants
will be enrolled yielding outcome data for 65 adult TBI subjects
over the 4 year term of the study. After 48 h from the initial injury,
eligible subjects will receive a single infusion of either autolo-
gous BM MNCs or placebo. Subjects will be monitored for infusion
related toxicity while also receiving the usual standard care for TBI
[NCT02525432].

In another recent clinical study, the efficacy, safety and tol-
erability of intracranial administration of SB623 cells’ will be
evaluated in patients suffering from chronic motor deficit after TBI
[NCT02416492]. SB623 cells were derived from adult BM and pro-
tected neurons by producing trophic factors in models of ischemic
insult. Significant improvement of motor function was  noticed
after the implantation of these cells around the injury area in a
rat TBI contusion model. Further, no adverse effects, dose-limiting
toxicities, laboratory, histological or clinical abnormalities were
found after the safety evaluation of the animal models receiving
SB623 cells. To date, the study has shown significant motor func-
tion improvements according to the European Stroke Scale (ESS),
the National Institute of Health Stroke Scale (NIHSS) and the Fugl-
Meyer scale.

3.4. Adult stem cells (ASCs)

Embryonic or fetal tissue stem cells are mainly exploited in cell
therapy areas, however, their use is complicated by many technical
and ethical issues, the risk of tumor formation, and immunological
rejection [92]. To overcome these complications, adult stem cells
(ASCs) are considered as a promising potential source for TBI ther-
apy (Table 4). In adult brains, both humans and rodents, ASCs are
harvested from and are confined to the SVZ region surrounding the
lateral ventricle. These cells are multipotent stem cells that have a
decreased potential of self-renewal, unlike ESCs, and normally, for
the purpose of repair, differentiate into only one cell lineage of the
tissue where they reside (unipotent). ASCs can differentiate into
neuronal cells and hence their use as a possible therapeutic option
in TBI.

ASCs showed an improved survival capacity for a long period
when transplanted into the rodent injured brain and could mature
into region specific functional cells [93]. When rat or human ASCs
were injected into injured brain, they survived and restored the
anatomy and function of the injured areas [83,93,94]. In fact, these
cells migrate away from the site of injury towards surrounding
areas where they express markers of mature glial cells, such as
astrocytes and oligodendrocytes, indicating that the transplanted
cells were able to differentiate into both neurons and glia [72,77].
Another study showed that NSCs from human spinal cord can graft
successfully in adult rat spinal cord and that the grafts can show
substantial neuronal differentiation in the injured adult rat spinal
cord with good potential of integration into host neural circuits. In
addition, excellent neuronal survival and differentiation of human
NSC grafts was achieved in normal rats [95].

Several clinical studies involve the use of neural stem cell
approaches in patients. For instance, purified human ASCs have
been transplanted into patients with chronic spinal cord injury in
a phase I/II clinical trial by Stem Cells Inc [77]. Another example in
the NSCs therapy domain is Neuralstem’s phase I clinical trials for
ALS patients and ReNeuron’s  trial for disabled stroke patients [96].

The discovery that transplanted exogenous neural cells can inte-
grate into the neural parenchyma facilitates the ability to use cell
based therapy in traumatic diseases of the nervous system. The use

of stem cells with different differentiation pathways is sometimes
needed. For instance, diffuse TBI which involves axonal damage
due to demyelination, unlike focal TBI, may need to introduce
combination therapy of SCs that include cells that are in the neu-
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Table 4
References for studies on TBI treatment using adult stem cells. ASCs, adult stem cells; MSCs, mesenchymal stem cells; BMSCs, bone marrow stem cells; NSCs, neural stem
cells.

Stem Cells Author Content Year Ref #

ASCs
Walker P.A The barriers and opportunities of progenitor cell therapies for TBI 2009 [83]
Dobrowolski Stem cells in TBI 2013 [57]
Rolfe A Implications for Repair and Regeneration of Injured Brain in

Experimental TBI Models using stem cell therapy
2015 [58]

MSCs
ADSCs Tajiri N Intravenous transplants of human adipose-derived stem cell protect

the  brain fromTBI-induced neurodegeneration and motor and
cognitive impairments

2014 [159]

BMSCs Mahmood A Intracranial bone marrow transplantation after TBI improving
functional outcome in adult rats

2001 [160]

Mahmood A Treatment of TBI in adult rats with IV administration of human BMSCs 2003 [156]
Mahmood A Long-term recovery after bone marrow stromal cell treatment of TBI in

rats
2006 [86]

Mahmood A Treatment of TBI with a combination therapy of marrow stromal cells
and atorvastatin in rats

2007 [103]

Mahmood A Long-lasting benefits after treatment of TBI in rats with combination
therapy of marrow stromal cells and simvastatin

2008 [104]

Li L Transplantation of marrow stromal cells restores cerebral blood flow
and reduces cerebral atrophy in rats with traumatic brain injuryTBI:
in  vivo MRI study

2011 [157]

Anbari F Intravenous transplantation of bone marrow mesenchymal stem cells
promotes neural regeneration after TBI

2014 [158]

CBs Harting M.T  Intravenous mesenchymal stem cell therapy for TBI 2009 [87]
Walker P.A The barriers and opportunities of progenitor cell therapies for TBI 2009 [83]
Dobrowolski Stem cells in TBI 2013 [57]
Gutierrez-Fernandez Effects of intravenous administration of allogenic bone marrow- and

adipose tissue-derived mesenchymal stem cells on functional recovery
and  brain repair markers in experimental ischemic stroke

2013 [82]

Lam P.K Transplantation of mesenchymal stem cells to the brain by topical
application in an experimental TBI model

2013 [141]

Donega V Intranasal mesenchymal stem cell treatment for neonatal brain
damage; long-term cognitive and sensorimotor improvement

2013 [142]

Mouhieddine T.H Stem cells in neuroinjury and neurodegenerative disorders 2014 [106]
Hosseini S.M Combination cell therapy with MSCs and NSCs for brain stroke in rats 2015 [90]

NSCs/NPCs
Wennersten A Proliferation, migration, and differentiation of human neural stem

progenitor cells after transplantation into a rat model of TBI
2004 [73]

Bakshi A Neural progenitor cells engineered to secrete GDNF show enhanced
survival, neuronal differentiation and improve cognitive function
following TBI

2006 [162]

Yan J Extensive neuronal differentiation of human NSC grafts in adult rat
spinal cord

2007 [95]

Walker P.A The barriers and opportunities of progenitor cell therapies for TBI 2009 [83]
Wallenquist U Grafted neural progenitors migrate and form neurons after

experimental TBI
2009 [92]

Barkho B.Z Response of adult neural stem cells to stroke injury and their potential
role in therapeutic applications

2011 [77]

Skardelly M Long-term benefit of human fetal neuronal progenitor cell
transplantation in a clinically adapted model after TBI

2011 [72]

Sun D Sustained survival and maturation of adult neural stem/progenitor
cells after transplantation into the injured brain

2011 [93]

Donega, M Systemic injection of neural stem progenitor cells in mice with chronic
EAE

2014 [70]
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onal differentiation pathway and others that are differentiated
nto oligodendrocytes.

. Combination therapy

A strong rationale for the use of combination therapies is
rought upon by the complexity of the TBI insult. Moreover, the suc-
ess of this approach for other medical conditions presents another

riving force for exploring combination therapies in TBI [97]. A
umber of studies have shown the efficacy of combining promising
ingle therapies with other treatments for treating medical condi-
ions such as HIV/AIDS, Crohn’s disease and Alzheimer’s [98–101].
ith MSCs and NSCs for brain stroke in rats 2015 [90]
Regeneration of Injured Brain in
ing stem cell therapy

2015 [58]

Indeed, a number of combination therapies were undertaken in TBI
with positive effects. For instance, the use of erythropoietin (EPO)
combined with granulocyte-colony stimulating factor (GCSF) was
recently linked to an improvement in functional recovery and brain
nerve cell regeneration after TBI in rats [102]. Moreover, it has
been shown that when administered in combination with MSCs,
atorvastatin and simvastatin improve functional outcomes after
TBI in rats [103,104]. However, no clear evidence of the clinical

value of either combination therapies can be found in humans. On
the other hand, the use of progesterone in combination with 1,25-
dihydroxyvitamin D(3) (VDH) has been clinically proven to have a
much profound ability at reducing neuro-inflammation compared
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o progesterone and VDH administered separately at 24 h following
BI [105].

Given the fact that growth factors may  have a promising role
n enhancing cell proliferation and survival during early differen-
iation of MSCs to neural progenitor-like cells in vitro and in vivo
n addition to the role of ROCK inhibitors in axonal regeneration in
he adult CNS injury, we choose to focus in the following discus-
ion on the use of stem cells in combination with growth factors on
ne hand and stem cells along with ROCK inhibitors on the other
106,107].

.1. Growth factors

Growth factors have been linked to TBI (Table 5), for instance,
uman epidermal growth factor receptor (EGFR) has been shown
o decrease oligodendroglia death and enhance the generation of
ew oligodendrocytes from progenitor cells [108]. In addition, in
n ischemic adult rat model, treatment with vascular endothe-
ial growth factor (VEGF), which promotes blood vessel growth
nd is upregulated following brain injury, has been linked to
mproved neurological deficit scores and an inhibited apoptosis
n the basal ganglia and cortex [109,110]. Moreover, Glial cell
ine-derived neurotrophic factor (GDNF), a sequence-related factor
f the transforming growth factor-beta (TGF-�)  family, has been
hown to be a potent neurotrophic factor for a variety of neuronal
ell populations and to protect damaged cortical neurons in rats
111,112]. In addition, the expression of insulin-like growth factor-

 (IGF-1) significantly increases following TBI. Its administration
lone resulted in a significant decrease in cell injury markers and
mproved the “motor activity” of injured rats. On the other hand,
ts co-administration with growth hormone produces sustained
mprovement in metabolic and nutritional endpoints after mod-
rate to severe acute TBI [113–115]. Moreover, IGF-1 has a crucial
ole in the support of proliferation and differentiation of MSCs into
he neuronal lineage [116]. Other growth factors such as neural
rowth factor (NGF) significantly improves the outcome after TBI.
n fact, NGF was shown not only to protect neurons after TBI in rats
ut also to confer on NGF-transduced NSCs the capacity to improve
ognitive and neuromotor functions [117,118]. Recent studies on
odents have shown that transfection of human umbilical SCs with
EGF and fibroblast growth factor 2 (FGF2) leads to the transfor-
ation of these stem cells into astrocytes and contributes to the

urvival of damaged neurons. Finally, genetically modifying NSCs
o express brain-derived neurotrophic factor (BDNF) demonstrated

 more potent neuronal differentiation and higher survivability as
ell as a significant improvement in motor functions in rat mod-

ls of TBI [119]. This is not surprising given the roles of BDNF in
romoting growth and survival of neurons [120]. A most recent
ombination therapy study uses propranolol, a �-adrenergic recep-
or blocker, in combination with MSCs to treat TBI. In this study
he combination of propranolol and MSCs improved cognitive and

emory functions more significantly than either treatment alone
121]. Therefore, growth factors are promising candidates for com-
ination therapy with stem cells.

Recently, it was shown that only one among six preclinical stud-
es of combination therapies for TBI in adult and immature male rats
eported significant improvements in long-term outcomes across

 battery of behavioral tests [122].

.2. ROCK inhibitors

Rho GTPase and Rho associated serine/threonine kinases

ROCKs) are known to have a disrupted function in TBI. It has
een shown that the activation of RhoA and its effectors Rho
inases (ROCK) is a key element for axonal growth inhibition
nd thus blockade of the Rho-ROCK pathway promotes axonal
 Research 340 (2018) 49–62 57

regeneration in vivo [123,124]. This in turn renders ROCK inhi-
bition a promising candidate for the treatment of TBI. Rho and
ROCK are downstream effectors in the Ephrin signalling pathway
that is initiated when a membrane-bound Ephrin type A recep-
tor 5 ligand (EphA5) binds to an EphA receptor. This binding
activates signaling via the kinase domain of the EphA receptor.
The activated EphA receptor kinase then leads to the consequent
recruitment and clustering of several signaling molecules into a
complex that in turn activates one of two  GEFs, either Ephexin
or Vms-Rho. The activated GEF further activates RhoA, which in
turn stimulates a downstream ROCK signaling pathway by bind-
ing to the RhoA binding domain (RBD) of ROCK, ultimately leading
to a block of nerve fiber growth (Fig. 2). Among ROCK inhibitors
are the isoquinoline derivative Fasudil (HA-1077), which stands
as one of the first identified small-molecule ROCK inhibitors. Y-
27632, which belongs to the 4-aminopyridine series, is another
small-molecule ROCK inhibitor [125]. While Fasudil has been exper-
imentally proven to have anti-inflammatory, anti-oxidative, and
anti-dementia effects, both drugs demonstrated anti-apoptotic
roles and neuroregenerative capacity [126–132]. Most importantly,
and concerning the combination therapy using ROCK inhibitors,
Fasudil has been recently shown to have the ability to stimu-
late neurite outgrowth and differentiation in the stem-like neural
progenitors C17.2 cells [133]. Fasudil appeared to play a role in driv-
ing mobilization of adult NSCs after hypoxia/reoxygenation injury
in mice [133,134]. Moreover, priming Wharton’s jelly derived
MSCs (WJ-MSCs) with Fasudil represents a possible application
for enhanced cell therapy in stroke given its effect on morphol-
ogy as well as expression of neuronal markers in vitro and on
functional performance in vivo [135]. Furthermore, separate exper-
iments have shown that Y-27632 promotes stem cell differentiation
into cortical and basal telencephalic progenitors, increases the sur-
vivability and recovery of cryopreserved hESCs, and could inhibit
the anti-neurogenesis/neurodifferentiation effect of chondroitin
sulfate proteoglycan, found in glial scar tissue, on MSCs [136–138].
Taken together, ROCK inhibitors are considered as promising can-
didates for combination therapy following TBI.

5. Route of administration

3 Since the brain is the most complex organ in a vertebrate’s
body, “effectiveness” and “minimal invasiveness” are two  major
issues that must be considered when choosing stem cell ther-
apy. In fact, the route of delivery of stem cells has a profound
impact on the above two  characteristics. Among the many routes
of administration, the intravenous, intra-arterial and the direct
routes are the most relevant [83]. The intravenous route is a mini-
mally invasive procedure; however, it has been shown that a very
modest percentage (1.48–3.69%) of infused MSCs reach the arte-
rial circulation and even less of the infused cells (0.0005%) make
their way to, and remain at, the site of injury in the brain [87].
This ‘diameter– induced sequestration’ drawback is a result of
the pulmonary first-pass effect brought upon by the pulmonary
microvasculature. The effect of this drawback can be diminished
by pre-treatment with sodium nitroprusside [83]. However, there
are issues associated with the intravenous delivery route, mainly
cell homing where stem cells appear to scatter among different
organs in the body, which requires the infusion of a large number
of stem cells [139]. To overcome this problem, intra-arterial injec-
tion is used; similarly, this is a minimally invasive approach that
bypasses the pulmonary first-pass effect. It involves injecting the

cells directly into the carotid artery ipsilateral to the side of the
ischemic lesion. Although previous data have linked this route to
an increased risk of damage caused by decreased cerebral blood
flow (CBF) and inflammation, new data have shown that intra-
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Table 5
Effect of growth factors on the progression of TBI. Growth factors post TBI protects and enhances the survival of neural cells.

Growth Factor Effect on TBI upon administration Ref #

EGFR Promotes survival and regeneration of oligodendrocytes [106]
VEGF Stimulates angiogenesis post-TBI; inhibits apoptosis in basal ganglia

and cortex
[107,108]

GDNF Protects cortical neurons [109,110]
IGF-1 Decreases cell-injury markers; improves motor activity and

metabolism after TBI; promotes the proliferation and differentiation of
MSCs into neuronal lineages

[111–114]

NGF Protects neurons after TBI; enhances cognitive and neuromotor
functions

[115,116]

BDNF Promote survival and growth of neurons; prevents neuronal
dysfunction; improves cognitive and motor functions

[117,118]

Fig. 2. EphA5 pathway.
E inase
o hoA, 

t

a
c
t
o
M
i
t
N
o
p
t
o
s
s
s
s
a

phA5 ligand binds to an EphA receptor (EphA-R) thus activating signaling via the k
f  one of two GEFs, either Ephexin or Vms-Rho. The activated GEF further activates R
o  a block of nerve fiber growth.

rterial injection of NSCs using a micro-needle technique does not
ause microembolic strokes [140]. Finally, direct stem cell implan-
ation, though invasive, it is promising and maximizes the amount
f stem cells at the site of injury. In fact, studies have shown that
SCs topically applied to the brain surface can migrate to a TBI site

n a rat model and show a higher proliferation rate as compared
o intravenous administration [83,141]. Moreover, transplanting
SCs into a nearby uninjured site rather than directly at the site
f injury seems to provide a much better opportunity for the trans-
lanted stem cells to proliferate away from the inflammation at
he TBI site [106]. It’s worth noting that intranasal administration
f MSCs in a mouse model of neonatal ischemic brain injury proved
uccessful in delivering stem cells to the site of injury [142]. In

ummary, the best route of administration is yet to be determined
ince each route presents its own advantages and disadvantages. As
uch, future comparative studies concerning the fate of cells after
dministration would aid in selecting the most appropriate route
 domain of the EphA-R. The activated EphA receptor kinase then leads to activation
which in turn stimulates a downstream ROCK signaling pathway ultimately leading

of administration with the least side effects, minimal costs, and
highest efficiency.

6. Improvements in motor and cognitive functions after SC
therapy

Motor and cognitive functions have been shown to be compro-
mised following mild, moderate and severe TBI in patients. Animal
experimental TBI models including blast and impact acceleration
injury, lateral and midline fluid percussion injury, and controlled
cortical impact (CCI) injury produced cognitive and motor deficits
similar to those observed in humans [10,143–145]. For instance, in
order to characterize impairments in memory in animal models

of TBI, Zhou and Riccio found that TBI is associated with retro-
grade amnesia (RA) which is the lack of ability to remember events
occurring minutes to years prior to injury, as well as working mem-
ory and anterograde memory, the loss of the ability to create new
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emories after the TBI event [145–149]. Similarly, Williams et al.,
resented several studies reporting an impairment of motor func-
ions after TBI in humans [145,150–154]. Moreover, Hamm and
olleagues showed motor deficits following mild and moderate
entral fluid percussion brain injury and an impaired ability of
nimals to perform the rotarod task [155]. Data showing improve-
ents in motor and cognitive functions following exogenous stem

ell therapy in TBI are numerous. In a rat TBI model, treatment with
MSCs significantly improved neurological function in the injured
rain, as evaluated with the rotarod test and neurological sever-

ty score. Moreover, their intravenous administration contributed
o cognitive improvement in spatial learning and memory using

 Morris water maze test [156,157]. Also, in another rat model,
otor deficits improved significantly in the group transplanted
ith MSCs, as compared with TBI group [158]. More recently, MSCs
erived from adipose tissue and their secretome were found to play

 significant role in amelioration of motor and cognitive functions
159]. In another study, bone marrow transplantation improved

otor functions after TBI [160]. Other improvements included the
ttenuation of motor dysfunction brought about by the transplan-
ation of immortalized NSCs, derived from GDNF secreting foetuses.
hese NSCs survive and differentiate into neurons and/or glia when
ransplanted into peri-injured cortex. Cognitive improvement was
bserved when these same NSCs were transplanted into the hip-
ocampus [161,162]. In addition, a large motor but not cognitive

mprovement was detected when ESCs, pre-differentiated into neu-
onal and glial precursors, were used [163]. In a separate study,
njections of ESCs after experimental TBI dramatically improved
he neurological outcome on a rotarod task and a Composite Neu-
oscore test [161]. Recently, Dunkerson and partners linked iPSCs
reatment with improved cognitive and motor performance follow-
ng TBI in rats [164].

. Conclusions and future directions

Despite the expansion of research on TBI diagnosis, treatment,
nd prevention, a major question remains unanswered: What is
he most effective method for promoting recovery of brain func-
ion after TBI? Given the complex genetic variability, a definitive
nswer would be far from easy, but it is not surprising if the
nswer lies within our own bodies: our stem cells. Whether exoge-
ous or endogenous, in combination with growth factors or ROCK

nhibitors, stem cells clearly present good candidates for TBI treat-
ent, and consequently a hope for many TBI survivors. Various

tem cell types have been investigated, however, further devel-
pment is required to improve their use in TBI transplantation
herapy. In addition, the limitations and controversies associated
ith stem cell therapies (MSCs, iPSCs, etc.)  should be explored

arefully in quest for solutions. For example, the ethical debate
f using ESCs, the differentiation and proliferation capacity of the
tem cells, their routes of administration and their potential side
ffects should all be considered. Therefore, although stem cell treat-
ent is a promising option for TBI, further research is mandatory

n order to translate the research outcomes into a clinical level by
xploring the fate of these cells, their tumorigenic potential, and
heir differentiation status and proliferation capacity. Mode and
ite of administration, patient history and age should also be taken
nto account before establishment of stem cell therapy for TBI.
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