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Chapter 2
Stem Cell Therapy in Traumatic Brain Injury

Sicong Tu and Jian Tu

2.1  �Introduction

Traumatic brain injury remains a leading cause of mortality and long-term disability 
worldwide. Traumatic brain injury results in enormous losses to individuals, fami-
lies, and communities (Corrigan et al. 2010). World Health Organization has esti-
mated that 25 % of road traffic collisions requiring admission to a hospital suffered 
traumatic brain injury in 2004 (Corrigan et al. 2010; Atlas: country resources for 
neurological disorders home page; Global burden of disease estimates). World 
Health Organization has also introduced the new metric tool – the disability adjusted 
life year, which quantifies the burden of diseases, injuries and risk factors. The 
worldwide leading causes of traumatic brain injury include road traffic accidents 
that were estimated being 41.2 million disability adjusted life year in 2008, violence 
being responsible for 21.7 million disability adjusted life year, and self-inflicted 
injuries being 19.6 million disability adjusted life year, respectively. All these will 
leave disability associated with traumatic brain injury in survivors (Atlas: country 
resources for neurological disorders home page; Global burden of disease 
estimates).

However, no effective therapy or program is available for treatment of indi-
viduals with traumatic brain injury; nonetheless, researchers had tried some thera-
peutic agents like levodopa/carbidopa and some neurotrophic factors in brain 
injury with persistent vegetative state with the aim of augmenting and slowing the 
progression from persistent vegetative state into some degree of consciousness. 
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This still needs experimentation to confirm if these dopamine precursors and 
other neurotrophic factors have any role in traumatic brain injury. Several other 
therapeutic agents like carnabinoid dexanabinol, erythropoietin, and gamma-glu-
tamylcysteine ethyl ester have all shown to have neuroprotective effect in human 
at experimental stage with remarkable improvement in post-traumatic brain injury 
outcome (Nori et al. 2012; Ugoya and Akinyemi 2010; Biegon 2004; Lok et al. 
2011; Maas 2001).

Recent advancement in knowledge about stem cells promotes the translation of 
stem cells to therapy in traumatic brain injury. The stem cells may play an important 
role in the treatment of traumatic brain injury by replacing damaged cells, and help-
ing long-term functional recovery. The search for stem cell therapy for traumatic 
brain injury is promising and progressing. One obstacle in the search for an effec-
tive stem cell therapy is that the pathophysiology of traumatic brain injury is largely 
unknown. This is because multiple cell types like neuronal cells, glial, and endothe-
lial cells are usually involved in traumatic brain injury. Furthermore, cerebral vascu-
lature, especially the blood brain barrier may be affected in traumatic brain injury; 
this injury may be focal or diffuse axonal injury. Taming these burgeoning effects of 
traumatic brain injury requires neural stem cells which can differentiate into neu-
rons and glial cells. It has been reported that progenitor cells differentiated into 
neurons and glial in adult brain, and an increase in astrocytic progeny forming reac-
tive astrocytes to primarily limit cyst enlargement in posttraumatic syringomyelia 
(Mammis et al. 2009; Stoica et al. 2009; Tu et al. 2010, 2011).

This chapter is an optional extra to confirm whether we can achieve the transla-
tion of basic knowledge of neural stem cells into therapeutic options in persons with 
traumatic brain injury by enhancing and integrating these neural precursor cells 
unto neurogenesis and directing these cells to the specified targets or through mul-
tipotency where the transplanted stem cells can differentiate into glial cells, neurons 
and endothelial cells. As traumatic brain injuries are not always focal but diffuse we 
need to induce these transplanted stem cells differentiating into appropriate pheno-
type for long term structural and functional recovery. This chapter critically reviews 
current literatures on neural stem cell research and proposing an approach for qual-
ity clinical translation of stem cell research to therapy in traumatic brain injury. The 
author explains the pathophysiology of traumatic brain injury and proposes the “six 
point schematic approach” to achieving quality bench to bedside translation of neu-
ral stem cells to therapy for traumatic brain injury. The author also highlights the 
need for suitable clinical translation, coordination, and administration of research in 
the field of stem cell therapy for traumatic brain injury.

2.2  �Neuropathology of Traumatic Brain Injury

Neuropathology of traumatic brain injury involves two main phases. These are the 
primary brain injury following the trauma, and the secondary injury which are 
mediated by inflammatory response to the primary brain injury.

S. Tu and J. Tu



15

2.2.1  �Primary Injury After Traumatic Brain Injury

Neuropathology of the initial brain injury has been postulated to include accelera-
tion, deceleration, and rotational forces which may or may not be as a result of the 
trauma. This sequence of events leads to the initiation of inertia which is both accel-
eration and rotational head movement. This impact on the cortical and sub-cortical 
brain structures causes focal or diffuse axonal injury and these inertial forces disrupt 
the blood brain barrier (Albert-Weissenberger et al. 2012). The primary events also 
involve massive ionic influx referred to as traumatic depolarization. The major 
inflammatory neurotransmitters released from the damaged tissue are excitatory 
amino acids, which may explain the neuropathology of diffuse axonal injury in 
traumatic brain injury. This is followed by cerebral edema with associated increase 
in intracranial pressure, usually forms the major immediate consequences of trau-
matic brain injury. Brain edema may come from astrocyte swelling and disruption 
of the blood brain barrier (Povlishock 1992; Greve and Zink 2009). The blood brain 
barrier is disrupted in acute phase of severe traumatic brain injury. The expression 
of high levels of glucose transporter 1 was observed in capillaries from acutely 
injured brain, which occurs in association with compromised blood brain barrier 
function. Vascular endothelial growth factor also plays a role in neuronal tissue 
disruption and increases the permeability of the blood brain barrier via the synthesis 
and release of nitric oxide. Figure 2.1 depicts the neuropathology of the primary 
injury after traumatic brain injury.

Damage brain vasculature Damage cells

Acute inflammationIschemia Intracranial hypertension

BBB permeability
increases

Edema

Primary brain trauma

Necrosis/ apoptosis

Hemorrhage

Fig. 2.1  Sequential events of the primary injury in traumatic brain injury. Initial impact is usually 
by direct trauma to the head either open or closed head injury. This trauma causes mechanical dam-
age to neurons, axons, glia, and blood vessels by shearing, tearing or stretching. Blood vessel 
ruptures cause hemorrhage. Even in unruptured blood vessels, the permeability of blood brain 
barrier increases resulting in edema. Hemorrhage and edema often lead to intracranial hyperten-
sion. Following hemorrhage, ischemia could occur in brain tissue. Traumatic brain injury caused 
cell damage induces macrophage and lymphocytes migrant to the injury site releasing inflamma-
tory mediators that triggers a cascade of events towards necrosis and/or apoptosis. Necrosis and/or 
apoptosis also can be a consequence of hemorrhage and ischemia
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2.2.2  �Secondary Injury After Traumatic Brain Injury

The secondary events are a complex association of the inflammatory response initi-
ated by the trauma leading to diffuse neuronal degeneration of neurons, glial, axonal 
tearing, and genetic predisposition (Fig. 2.2). Furthermore, excitatory amino acids 
release, oxygen radical reactions, and nitric oxide production lead to the activation 
of N-methyl-D-aspartate, 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic 
acid, alpha-7 nicotinic receptor (α7), and nicotinic acetylcholine receptor (Hinzman 
et al. 2012; Goforth et al. 2009; Kelso and Oestreich 2012) and subsequent calcium 
influx. All these cascades of events cause mitochondrial disruption and free radical 
release with eventual tissue peroxidation. One theory is that excitatory amino acid 
release leads to calcium influx into neurons and other brain cells which promote 
oxygen free radical reactions. High calcium and the presence of free-radical mole-
cules create an unstable environment in the brain cells that lead to increased 

Traumatic brain
injury, ongoing
degenerative

changes

Depolarisation
from glutamate

release 

Microglia
activationCell injury

NMDA, AMPA, α7,
nACR activation,

oxidative stress, ROS
formation, proteolytic 

enzyme release,
liberation of free fatty
acids, phospholipid

production, abnormal
prostaglandin

Fig. 2.2  Sequential events of the secondary injury in traumatic brain injury. This includes variety 
of processes, such as depolarization, disruption of ionic homeostasis and release of neurotransmit-
ters, lipid degradation, and oxidative stress. These events are a result of interaction between the 
excitatory amino acids released with an influx of oxygen free radicals that ultimately set up 
N-methyl-D-aspartate, 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid, α7 and nico-
tinic acetylcholine receptor to sustain the unstable environment for cell injury and degenerative 
changes
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production and release of nitric oxide and excitatory amino acids, such as gluta-
mate. Nitric oxide participates in oxygen radical reactions and lipid peroxidation in 
neighboring cells (Stoffel et  al. 2001). A summary of the secondary injury after 
traumatic brain injury is shown in Fig. 2.2. The secondary injury plays a major role 
in the outcome of traumatic brain injury. Therapeutic interventions should target 
this phase as it is the major determinant of morbidity and mortality in traumatic 
brain injury (Nawashiro et al. 1994). Clinically, the application of stem cell therapy 
early to patients with traumatic brain injury is ethically challenging because of the 
difficulty in obtaining informed consent immediately following the brain injury. 
Genes implicated to influence the outcome of traumatic brain injury include apoe, 
comt, drd2, ace, and cacna1a. Apoe multifactorially affects the clinicopathological 
consequences of traumatic brain injury (Potapov et al. 2010). Apoe is associated 
with increased amyloid deposition, amyloid angiopathy, larger intracranial hemato-
mas, and more severe contusional injury. Comt and drd2 are genes which influence 
dopamine-dependent cognitive and behavioral processes, such as executive or fron-
tal lobe functions. The ace gene affects traumatic brain injury outcome via altera-
tion of cerebral blood flow and/or autoregulation. The cacna1a gene exerts an 
influence via the calcium channel pathways and its effect on delayed cerebral edema 
(Jordan 2007). Increased signal transducers and activator of transcription 3 signal-
ing has been reported in a rodent model of traumatic brain injury (Oliva et al. 2012). 
Although several potential genes that may influence the outcomes following trau-
matic brain injury have been identified, future investigations are needed to validate 
these genetic studies, and identify new genes that might contribute to the patient 
outcomes after traumatic brain injury.

2.3  �Current Pharmacotherapy for Traumatic Brain Injury

Pharmacotherapies aim at promoting neurorepair, neuroregeneration, and neuropro-
tection following traumatic brain injury. Clinical trials evaluating these interven-
tions apply standardized clinical outcome measures to demonstrate efficacy. In the 
past, drug research and development for traumatic brain injury focused on limiting 
secondary brain injury after the initial traumatic event because of lacking evidence 
that the central nervous system could be repaired or regenerated. Growing body of 
evidence indicates that the adult brain can be repaired and regenerated after trau-
matic brain injury. Potential drug targets for post-traumatic injury brain repair 
include angiogenesis, axon guidance and remodeling, remyelination, neurogenesis, 
and synaptogenesis. Pharmacotherapies may also target brain regeneration by 
enhancing the capacity of pluripotent cells to differentiate into neurons, glia, and 
vascular endothelium (Jin et al. 2011; Valable et al. 2010; Xiong et al. 2008a, 2010a; 
Yatsiv et al. 2005; Zhang et al. 2009, 2010). Brain repair and regeneration processes 
can be activated or enhanced by pharmacotherapy over a longer therapeutic window 
than pharmacologic interventions designed to limit injury. Pharmacotherapies are 
potentially effective in the acute, subacute, post-acute, and chronic phases after 

2  Stem Cell Therapy in Traumatic Brain Injury
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traumatic brain injury. Thus, repair and regeneration therapies have the potential 
advantage of being effective over a prolonged period of time following traumatic 
brain injury.

Currently, no effective pharmacologic agent has received approval from the 
U.S.  Food and Drug Administration for the treatment of patients with traumatic 
brain injury. Table 2.1 lists candidate compounds currently undergoing clinical eval-
uation for traumatic brain injury treatment. Because traumatic brain injury damages 
the brain tissue by multiple mechanisms, combination therapy designed to simulta-
neously target multiple mechanisms of injury is likely required. To date, all phase 
II/III traumatic brain injury clinical trials have failed (Xiong et al. 2012; Watanabe 
et al. 2013). Stem cell therapy offers an alternative option for traumatic brain injury.

2.4  �Stem Cell Therapy in Traumatic Brain Injury

There are at least two strategies involving stem cell therapy to repair injured brain 
tissue. They are transplantation of exogenous stem cells to replace damaged cells 
and stimulation of endogenous stem cells to proliferate to the number of cells 
needed and differentiate them to the phenotype of cells required for normalization 
of brain function.

2.4.1  �Transplantation of Exogenous Stem Cells in Traumatic 
Brain Injury

There is great number of attempts to transplant various types of cells, such as neu-
rons, and neural stem cells to repair damaged brain tissue. The main objectives of 
transplantation experiments are (1) growth facilitation: the transplant fills the lesion 
site and serves as a cellular bridge; (2) new neurons: the transplant can provide new 
neurons, which in turn provide new targets and sources of innervations and thus 
repair the damaged neural circuits; (3) factor secretion: the transplant can produce a 
variety of substances, such as neurotrophic factors, that promote the brain tissue 
repair process (Barami and Diaz 2000). Several characteristics of neural stem cells 
make them potentially suitable to repair damaged brain tissue after traumatic brain 
injury. Firstly, they can serve as a renewable supply of transplantable cells by clonal 
expansion in cell culture. Secondly, they are of central nervous system origin and 
the stem cells generated from the grafts have neural characteristics. Thirdly, neural 
stem cells can be manipulated by genetic engineering methods to produce specific 
proteins, such as neurotrophins, neurotransmitters and enzymes (Pincus et al. 1998).

It has been reported that autologous cultured cells harvested at time of emer-
gency surgery from patients with traumatic brain injury, and subsequently engrafted 
into damaged part of the brain can be detected using magnetic resonance imaging 
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1. Advance knowledge
in the mechanism of

stem cell differentiation

2. Enhance industrial
involvement in stem

cell therapy 

3. Participation  in
clinical trials

4. Fast track
approval  for
clinical trials

5. Developing
biomarkers  for

clinical follow-up and
monitoring treatment

outcomes 

6.  Comprehensive
assessment

system for clinical
trials

1. Identify health need,
research focus and

evidence based medicine

2. Health
communication and

dissemination  

3. Train and retrain
researchers in the
field of stem cells

4. Overcome health
disparities and

develop strategies to
improve monitoring 

5. Recommendations
and guidelines

Adoption of
recommendations 

6. Public

a

b

Fig. 2.3  (a) Proposed schema for effective translation of stem cells to therapy in traumatic brain 
injury involving concerted effort of multilevel strategies of six main stakeholders. (b) Proposed 
framework for the reinforcement of the multilevel strategies effective bench to bedside translation 
of stem cells to therapy in traumatic brain injury
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(Nakamura et al. 2003). The efficacy of transplantation largely depends on a graft-
ing method that optimizes the survival of the transplanted stem cells and minimizes 
the graft-induced lesion. Most transplantation studies involved intraparenchymal 
injection into the central nervous system, in which cells were grafted directly into or 
adjacent to the lesion (Chow et al. 2000; Cao et al. 2001; Jendelová et al. 2004). The 
optimal time for transplantation may not be immediately after injury. The levels of 
various inflammatory cytokines (tumor necrosis factor alpha, interleukin-1α, 
interleukin-1β and interleukin-6) in the injured brain peak 6–12 h after injury and 
remain elevated until the 4th day. Although these inflammatory cytokines are known 
to have both neurotoxic and neurotrophic effects, they are believed to be neurotoxic 
within a week after injury, which causes the microenvironment to be unsuitable for 
survival of the grafted stem cells (Zhu et  al. 2006). However, if too much time 
passes after the injury, glial scar forms a barrier surrounding the lesion site and 
inhibits revascularization of the graft preventing local blood circulation which is 
needed for graft survival. Thus, it is considered those 7–14 days after traumatic 
brain injury is the optimal time for stem cell transplantation (Ogawa et al. 2002; 
Okano et al. 2003).

2.4.2  �Stimulation of Endogenous Neural Precursor Cells 
in Traumatic Brain Injury

Endogenous neurogenesis has been identified in adult brain (Luskin et  al. 1996; 
Alvarez-Buylla et al. 2000). In adult rodent brain, neural stem cells migrate from 
ventricular zone to the olfactory bulb and integrate into the neuronal network. This 
is called the rostral migratory stream. However, the potential success of stimulating 
endogenous neural precursor cells is hinged on delivery of various growth factors. 
This is the most common way to stimulate neural precursor cells. The following 
growth factors are needed to stimulate neural precursor cells: epidermal growth fac-
tor, fibroblast growth factor-2 (Martens et al. 2002; Kojima and Tator 2000, 2002), 
basic fibroblast growth factor (Rabchevsky et  al. 2000), acidic fibroblast growth 
factor (Lee et  al. 2004), brain-derived neurotrophic factor (Namiki et  al. 2000; 
Wang et al. 2013), vascular endothelial growth factor (Sharma 2003; Chang et al. 
2013), nerve growth factor, neurotrophin-3 (Namiki et al. 2000; Widenfalk et al. 
2003), glial cell line-derived neurotrophic factor (Iannotti et al. 2004), insulin-like 
growth factor-1 (Sharma 2003), and stromal cell-derived factor-1 alpha (Imitola 
et  al. 2004). They were administrated by intraventricular (Martens et  al. 2002), 
intraparenchymal (Namiki et  al. 2000; Sharma 2003) or intrathecal (Kojima and 
Tator 2000, 2002; Rabchevsky et al. 2000; Iannotti et al. 2004) injection. They were 
reported not only to enhance the proliferation, migration and gliogenesis of neural 
precursor cells (Martens et al. 2002; Kojima and Tator 2000, 2002; Imitola et al. 
2004) but also to protect the spinal cord from further damage (Sharma 2003; 
Widenfalk et al. 2003). In addition, these growth factors facilitate the regrowth of 
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axons and remyelination (Lee et al. 2004; Namiki et al. 2000; Gensert and Goldman 
1997). Functional recovery has been reported after growth factors were delivered 
into injured spinal cord (Martens et al. 2002; Kojima and Tator 2000, 2002; Lee 
et  al. 2004). However, the mechanisms of functionary recovery by stimulating 
endogenous neural precursor cells are not fully understood.

In addition to growth factors, other molecules are shown to stimulate endoge-
nous neural precursor cells. Proliferation of endogenous neural precursor cells was 
demonstrated when the sodium channel blocker, tetrodotoxin and the glycoprotein 
molecule, sonic hedgehog were injected into the parenchyma (Rosenberg et  al. 
2005; Bambakidis et al. 2003). It has been reported that cognate chemokine recep-
tor type 4 expressed by neural precursor cells can regulate their proliferation and 
direct their migration towards the injury site (Imitola et al. 2004). In addition, anti-
bodies blocking interleukin-6 receptors were reported to not only inhibit differentia-
tion of endogenous neural stem cells into astroglia in vivo and in vitro, but also to 
promote functionary recovery (Okada et al. 2004; Nakamura et al. 2005). The func-
tionary recovery is resulting from blocking interleukin-6 and consequently inhibit-
ing the formation of glial scars and promoting axonal regeneration (Okada et al. 
2004; Okano et al. 2005). Notably, studies of ATP-binding cassette (ABC) trans-
porters have emerged as a new field of investigation. ATP-binding cassette trans-
porters, especially ATP-binding cassette sub-family A member 2, ATP-binding 
cassette sub-family A member 3, ATP-binding cassette sub-family B member 1, and 
ATP-binding cassette sub-family G member 2, play an important role in prolifera-
tion and differentiation of neural stem cells (Lin et al. 2006; Eckford and Sharom 
2006; Leite et al. 2007; Li et al. 2007; Saito et al. 2007; Tamura et al. 2006).

In contrast to transplantation of exogenous neural precursor cells, stimulation of 
endogenous neural precursor cells to repair damaged spinal cord has three main 
advantages: (1) there is no ethical issue involved in human embryonic stem cells, 
(2) it is usually less invasive since no surgical procedure required, and (3) no 
immunogenicity, which avoids immunorejection that observed in the transplanta-
tion of exogenous neural precursor cells (Mohapel and Brundin 2004). Similar to 
the transplantation studies of adult neural precursor cells in spinal cord injury, no 
neurogenesis has been reported from the stimulation of endogenous neural precur-
sor cells. It has been reported that up-regulation of the Notch signal pathways leads 
to poor neuronal differentiation (Yamamoto et al. 2001). The increased levels of 
various cytokines within the microenviroment surrounding the area of injury cause 
a lack of trophic support for differentiation of neural precursor cells into neuronal 
lineage (Okano et al. 2003; Frisén et al. 1995; Johansson et al. 1999; Widenfalk 
et al. 2001).

Recently, more attention has been drawn to cAMP response element binding 
protein/p300-phosphorylated Smad protein complex. It was found that cAMP 
response element binding protein/p300-phosphorylated Smad protein complex can 
be bound in neural stem cells, which determines the differentiation of neural stem 
cells. If the complex is bound with phosphorylated signal transducers and activator 
of transcription 3, the neural stem cells differentiate into astroglia lineage cells. On 
the other hand, if the complex is bound with proneural-type of the basic 
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helix-loop-helix factor, such as neurogenin 1 and 2, they differentiate into the neu-
ronal lineage (Okano et al. 2005; Sun et al. 2001; Nakashima et al. 1999). Apart 
from that, SOX gene may also play an important role in neural differentiation 
(Pevny and Placzek 2005). Once neural stem cells decide to differentiate into neu-
ronal lineage, a cascade of hundreds of genes is regulated over time to lead the 
immature neuron into its mature phenotype. Many of these neural genes are con-
trolled by RE1-silencing transcription factor. RE1-silencing transcription factor acts 
as a repressor of neural genes in non-neural cells, while regulation of RE1-silencing 
transcription factor activates large networks of genes required for neural differentia-
tion (Gage and McAllister 2005; Ballas et al. 2005; Ballas and Mandel 2005).

2.5  �Bench to Bedside Translation of Stem Cell Therapy 
in Traumatic Brain Injury

The main purpose of state-of-the-scientific studies is to translate our discoveries 
into daily clinical practice. The basic research laboratory takes its observations 
obtained at molecular or cellular levels in a cutting edge state and implements this 
into acceptable clinical practice to the benefit of the public. However, this is always 
met with a lot of challenges, such as ethics, governmental regulations, funding con-
straints, paucity of adequate collaboration among clinical and basic scientists, and 
the challenges during conducting clinical trials. From the identified gaps in the cur-
rent state of the stem cell science and inherent challenges faced by the field, the 
author proposes six point schema for improving bench to bedside translation of 
stem cell therapy in Fig. 2.3a involving a rigorous network of six stakeholders: basic 
researchers, pharmaceutical companies, patients or general public participating in 
clinical trials, regulatory bodies or government agencies for providing research 
grant approval, collaborative research between basic and clinical scientists with the 
plan of developing biomarkers for potential drug targets and creating a concerted 
network of groups that identifies some of the medical problems relating to traumatic 
brain injury. Patients with moderate traumatic brain injury who suffer long-term 
complications are a major unmet medical need. Within our capabilities to clinically 
assess improvement, historically, the majority of individuals with moderate trau-
matic brain injury are likely to recover to their pre-injury state. Early identification 
of those individuals likely to experience long-term complications is essential to 
maximize benefit of stem cell therapy. Strategies to delineate this population from a 
larger population of individuals with moderate traumatic brain injury could include 
enrollment of patients with persistent symptoms 1–2 weeks after injury, because 
recovery is most rapid in the first few days. Patients who are unlikely to fully recover 
could be identified using prognostic biomarkers including neuroimaging, biochemi-
cal, and objective clinical measures. Prognostic biomarkers are defined by the 
U.S. Food and Drug Administration as indicators that inform the natural history of 
a disorder in the absence of a therapeutic intervention (Drug Administration 2010). 
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Although identifying individuals with traumatic brain injury who are most likely to 
respond to stem cell therapy and evaluating the biologic response to the therapy are 
essential for successful clinical trials, the ability to do either is lacking. Predictive 
biomarkers of stem cell therapeutic response are needed to address this challenge. 
Predictive biomarkers are baseline characteristics that identify individuals by their 
likelihood to respond to a stem cell therapy and may include biochemical markers 
including oxidative stress, inflammation, neuronal, and glial integrity, molecular 
imaging with positron emission tomography, or functional imaging with functional 
magnetic resonance imaging. By identifying patients who are most likely to respond 
to stem cell therapy, the appropriate population can be selected for enrollment in 
clinical trials. Identifying specific predictive biomarkers would decrease the sample 
size needed to power clinical trials, thus decreasing risk to subjects, time to com-
plete accrual, and cost. Biomarkers are dynamic measurements that show a biologic 
response occurred after stem cell therapy, including neuroimaging to measure 
effects on neuroprotection, neurorecovery, and neuroinflammation, or biochemical 
biomarkers of oxidative stress, inflammation, and neuronal integrity. Clinical trials 
would greatly benefit from biomarkers, which allow for the measurement of the 
effect of the stem cell therapy on the putative mechanism of a specific phenotype of 
cell’s action, thus providing evidence of engagement of the target tissue by the ther-
apy. To achieve stem cell repair, regeneration and protection after traumatic brain 
injury, each of the six points identified is critical for advancing the field, and efforts 
to address the points should be conducted in parallel to ensure ultimate success in 
improving clinical care and outcomes for individuals with traumatic brain injury. 
We are still faced with the need to formulate hypothesis both at experimental and 
clinical epidemiologic level and implementing these into clinical practice while the 
translational researchers serve to collaborate and coordinate all these strategies to 
yield rapid results.

Indeed, communication and dissemination shown in Fig. 2.3b which is patient 
centredness will not only impact on the public, but will also help to tame the ethical 
issues in this field. Communication will involve both patients and clinicians involve 
in conducting randomized clinical trials. With strong feedback on outcomes, phar-
macovigilance, and health promotion. Education of the populace in form of scien-
tific advocacy is so paramount as this will impact on improved scientific 
collaboration, quality public control, and increased transparency among researchers 
and may improve funding of research work (Keramaris et al. 2008).

Research in neural stem cells is still a grey area and much knowledge needs to be 
gained at the bench in order to actually close the knowledge gaps in stem cell ther-
apy. There is inadequate understanding of the secondary brain injury process after 
traumatic brain injury, insufficient preclinical testing in diffuse axonal injury mod-
els, species differences, and lack of understanding of the mechanism of drug-
receptor interactions. It has been suggested the need to use gyrencephalic models 
for proper translation of stem cell therapy in traumatic brain injury (Loane and 
Faden 2010). Academic and biotech researchers should address how to make their 
stem cell therapy products more feasible for commercial-scale production (Eaker 
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et al. 2013). There is need for increased linkages and networking between academi-
cian, researchers, and clinician for greater reward of what is being generated.

Methodological disparities between experimental models of traumatic brain 
injury and clinical studies cannot be overemphasized. The intent to treat models, 
differences in statistical analysis as a result of different sample size, and different 
behaviours between human and animals. Animal research is a rapid, well-controlled, 
and cost-effective means to initially verify hypothesis. However, limitations exist in 
animal models of traumatic brain injury and their application in stem cell therapy. 
First, because no single animal model accurately mimics all of the features of human 
traumatic brain injury, individual investigators have appropriately refined experi-
mental approaches to better fit their specific research goals. However, the resulting 
variability in experimental approaches among studies makes comparison of results 
across laboratories and models difficult, limiting the confidence that results can be 
translated into successful clinical trials. Advancing preclinical research in animal 
models requires that results are comparable across studies and can translate into 
human studies. This requires standardization of available animal models and intro-
duction of new models when scientifically necessary. Second, some of the popular 
current models do not correspond well with the human condition. Injury severities 
in animals differ from humans; while they are well defined in animals, it could take 
any direction in human. Third, preclinical studies should use the same level of rigor 
required for clinical trials. Specifically, assignment of animals to treatment condi-
tions should be randomized, assessments must be conducted by blinded examiners, 
the primary outcome measure must be pre-determined, and statistical assessment of 
secondary outcome measures should utilize appropriate corrections for multiple 
comparisons. Fourth, the transplantation of stem cells into animal models should 
mimic the timing, delivery route, and equivalent mass of cells feasible in humans. 
Last, the neurobehavioral outcome measures most widely used in preclinical mod-
els are not sufficiently sensitive to long-term behavioral and cognitive deficits, and 
more sensitive rodent behavioral tasks that discriminate injury severity beyond 12 
weeks after injury are needed. The need to improve study quality score has recently 
being called for by stroke therapy academic industry roundtable, which was recently 
updated and this include the following recommendations: (1) Elimination of ran-
domizations and assessment bias, (2) Use of a priori definitions of inclusion/exclu-
sion criteria, (3) inclusion of appropriate power and sample size calculations, (4) 
full disclosure of potential conflict of interests, (5) evaluation of therapies in male 
and female animals across the spectrum of ages, and with comorbid conditions, 
such as hypertension and/or diabetes. Furthermore, some researchers has expanded 
on these proposed recommendations for improved clinical trials in brain injury with 
special focus on neuroprotective therapies in traumatic brain injury (Loane and 
Faden 2010; Fisher et al. 2009). Nonadherence was the single most important deter-
minant of trial failure in the past.

Finally, the International Mission on Prognosis and Clinical Trial Design in trau-
matic brain injury proposed ways of overcoming the above disparities and chal-
lenges. The recommendations include a robust inclusion criteria and 
recommendations for general research in traumatic brain injury (Loane and Faden 
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2010). The six point schema is an overview recommendation with the public, patient 
or the society as the core and the fulcrum of all activities of research and if imple-
mented may yield quality research outcome in neural stem cells therapy in traumatic 
brain injury (Ugoya and Tu 2012).

2.6  �Conclusion

Mortality and long-term disability from traumatic brain injury is projected to rise 
globally. Neural stem cell therapy is a strategy that offers hope for the future in 
treatment of brain injury. In addition, we are now able to monitor autologous neural 
stem cells in vivo, cell migration, and clearly demonstrate that neural stem cells 
could selectively target injured brain or spinal cord tissue and undergo neurogene-
sis. Finally, the proposed six points cyclical schema should be implemented with 
determined effort of all stakeholders for effective bench to bedside translation of 
neural stem cell therapy in traumatic brain injury.
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