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The Preface

Stroke and injuries in the central nervous system (CNS) such as traumatic brain 
injury and spinal cord injury are the leading causes of long-term disability world-
wide. During the past several decades, great efforts have been made to understand 
the pathological process and develop therapeutic strategies for reducing neuron loss 
and improving functional restoration after stroke or CNS injuries. Accumulating 
evidence has revealed that the pathological process after stroke and CNS injuries is 
orchestrated in a very complex manner throughout the acute, subacute and chronic 
phases. A large number of molecules, proteins and cells both inside and outside the 
CNS are crucially involved in the events occurring from initiating stroke and CNS 
injuries to recovery from the injuries; these events include oxidative stress, inflam-
matory, neuroprotection, dead tissue removal, neurogenesis, angiogenesis, and neu-
ral network rewiring. Learning from the lessons that thousands of drugs targeting 
a signal molecule, protein or cell failed in clinical trials, combinational therapies 
targeting multiple molecules, proteins or cells have recently been proposed to be the 
new direction for developing treatment for stroke and CNS injuries.

The Cellular Therapy for Stroke and CNS Injuries was chosen as the theme of 
this book because a large body of evidence suggests that stem cell therapy would 
be a good candidate to meet the new mission of searching for treatment for stroke 
and CNS injuries. Numerous studies have demonstrated that stem cells can release 
neuron trophic factors, growth factors, and anti-inflammatory cytokines in situ, 
which protect neurons from injuries, reduce inflammation, and enhance neurogen-
esis, angiogenesis, and neuronal network remodeling in the recipient CNS after 
transplantation. Importantly, recent studies have demonstrated that stem cells also 
release abundant exosomes and microvesicles (EMVs), which contain membrane 
receptors, proteins, mRNAs, miroRNAs and organelles. Stem cell-derived EMVs 
have been shown to rescue cells from injury, reprogram terminally differentiated 
cells to re-enter the cycle, and promote tissue regeneration and repair. Although 
transplantation of neural stem cells or bone marrow stem cells has moved to clinical 
trials, many open questions in basic stem cell research still remain to be addressed 
in future. Further studies needed in future include mechanistic elaboration of stem 
cells in rebuilding the neurovascular unit and in neuroprotection and neurorepair 
in the settings of stroke and CNS injuries, limitation of stem cell passages before 
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transplantation, refined methods for culturing stem cells ex vivo or in vitro, the opti-
mal timing, route and dose of stem cell delivery, the frequency of stem cell therapy, 
and the combination of stem cell therapy with other treatments.

Many investigators in the world, especially those who have given important con-
tributions to the field of stem cell research and stem cell therapy, were invited to 
create the chapters of this book. In these chapters, the development of stem cell 
therapy and new advances in stem cell research and therapies for stroke and CNS 
injuries have been summarized, and challenging questions and future directions 
have been discussed. This book is organized by several sections divided by stem 
cell types. We believe that the readers of this book will obtain new knowledge on 
the progress in stem cell research and therapy for stroke and CNS injuries, will get 
new insights into how the current approaches can be improved, and will find the 
gaps to advance this research field to a deeper level.

We would greatly appreciate all the contributors for each of the chapters. Obvi-
ously without their support and contributions, the creation of this book would not 
have been possible.

 Li-Ru Zhao
 John H. Zhang
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Foreword

The concept of cell-based therapy can be traced back to the nineteenth century when 
it was discovered that cells were the building blocks of life and that some cells had 
the ability to produce other types of cells such as blood cells. The term “stem cell” 
appeared in the scientific literature as early as the middle of the nineteenth cen-
tury in the works of the eminent German biologist Ernst Haeckel. Inspired by the 
German word “stammbäume” meaning family trees or “stem trees”, Haeckel used 
the term “stammzelle” (German for stem cell) to describe the ancestor unicellular 
organism from which he presumed all multicellular organisms evolved. In 1968, the 
first bone marrow transplant was performed to successfully treat two siblings with 
severe combined immunodeficiency. It was 10 years later when multipotent stem 
cells were discovered in human cord blood. Groundbreaking discoveries in recent 
history include the creation of the sheep Dolly, which was the first mammal cloned 
from an adult somatic cell, the identification of hematopoietic cancer stem cells, 
isolation of embryonic stem cells and, more recently, the creation of induced plu-
ripotent stem (iPS) cells from adult mouse and human cells. These discoveries were 
exciting for the fields such as cell biology, embryology, and carcinogenesis, and 
they provided broad tools for drug discovery using in vitro tests. Meanwhile, cell-
based transplantation therapy has been investigated for several decades. In addition 
to bone marrow transplantation, most early transplantation studies used mature cells 
and generated some enthusiastic results. This approach, however, was hampered by 
very poor cell survival, unreliable efficacy, insufficient cell sources, and adverse 
side effects. In this respect, the discovery of embryonic stem cells and iPS cells 
opened the door for more effective and clinically feasible cell-based transplantation 
therapies. Today, stem cell transplantation therapy has been studied in many animal 
models and tested in a number of clinical trials for the treatment of stroke, traumatic 
brain or spinal cord injury, neurodegenerative diseases, heart ischemia, and many 
other disorders.

Stem cell research is a rapidly progressing, multifaceted research area. Nowa-
days, there are fewer doubts that cell-based therapy possesses the promising poten-
tial for reducing neuronal injury and promoting regenerative effects following brain 
injuries and disorders. Transplantation of various types of stem cells, including em-
bryonic stem cells, neural stem cells, endothelial progenitor cells, mesenchymal 
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stem cells, hematopoietic stem cells, iPS cell-derived neural progenitor cells, and 
many others has been extensively tested. In animal models of ischemic stroke, stem 
cell transplantation therapy shows consistent functional benefits after intracerebral 
and systemic administration of cells. Transplanted stem cells are able to differenti-
ate into neurons and glial cells in the injured brain and spinal cord, and provide 
growth and trophic supports for neural reconstruction and blood flow recovery in 
the ischemic region. As a trend in recent years, stem cell transplantation therapy has 
been combined with other protective and/or regenerative treatments to enhance the 
efficacy and efficiency of the therapy. This is an area that will be benefited by the 
accumulating knowledge in basic research of cellular and molecular mechanisms 
of cell death, proliferation, differentiation, migration, and neural development. A 
good example of the combination therapy is the preconditioning strategy that shows 
multiple benefits such as enhancing cell viability, trophic supports, and functional 
recovery after transplantation.

Compared to previous neuroprotective treatments, cell-based therapy in the 
treatment of stroke and CNS injuries are thought to have longer windows of ad-
ministration and fewer exclusion criteria for clinical indications. However, issues 
regarding cell sources, long-term safety and efficacy, delivery route, homing to the 
lesion site, cell tracking, and tissue engineering/reconstruction are the examples of 
some bottlenecks in the translational process. Although pre-clinical and clinical tri-
als for cell-based therapies have accumulated compelling results on it’s therapeutic 
potential, the mechanisms of the beneficial effects are not well understood. The 
information presented in this book is our collective effort to address some of these 
concerns and provide information for future research. The collection of research 
summaries and research perspectives should be useful to basic scientists, physi-
cians, medical or graduate students, and biologists who are interested in stem cells 
biology and translational research focused on stroke, traumatic injuries, and other 
CNS disorders.

The time is ripe for many of the ideas presented in this book. It is expected that 
in a few years, preclinical and clinical studies will demonstrate some successes in 
resolving the aforementioned bottlenecks in the development of stem cell therapy. 
At this exciting period when we are entering a more advanced phase of regenera-
tive medicine, this book seeks to illustrate critical points relevant to the important 
concerns. Part I of this book introduces cellular therapies as a promising treatment 
for stroke. Part II summarizes applications of cellular therapies on traumatic brain 
injury and spinal cord injury. The cell types tested for treating stroke and CNS 
injuries are summarized and the issue of motivating endogenous stem cells is dis-
cussed. Several chapters address the need for understanding the microenvironment 
following stroke and CNS injuries. The functional and morphological integrations 
with endogenous cells and neural networks are discussed by several authors. Based 
on their own research, authors provide current understanding on the trophic support 
from transplanted cells, which may hold the key for the success of transplantation 
therapy. The regenerative and restorative benefits, as well as their dependence on 
cell types and delivery routes are the focus of some chapters in this book. The selec-
tion of distinct cell types and monitoring of migration patterns post-transplantation 
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are discussed as the critical questions in translational research. The book also pro-
vides useful information on the collection methods and cell characterization. In this 
regard, optimized protocols and industry standards are emerging in recent years that 
will facilitate clinical application of cell-based therapies.

The Editors have done a great job attracting the leading scientists on the research 
frontier to bring forth novel ideas and present comprehensive summaries of their 
research achievements. The book offers new updates on many research areas and 
criticisms on the current status of stem cell transplantation therapy, which can be 
regarded as useful references and guidelines for improving future pre-clinical and 
clinical investigations.

Ling Wei
Professor and John E. Steinhaus Endowed  
Chair for Stem Cell Research
Emory University School of Medicine 
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Chapter 1
Basic Studies on Neural Stem Cells in the Brain

Isis Cristina do Nascimento and Henning Ulrich

© Springer International Publishing Switzerland 2015
L.-R. Zhao, J. H. Zhang (eds.), Cellular Therapy for Stroke and CNS Injuries, 
Springer Series in Translational Stroke Research, DOI 10.1007/978-3-319-11481-1_1

H. Ulrich () · I. C. do Nascimento
Departamento de Bioquímica, Instituto de Química, Universidade de São Paulo, 
Avenida Professor Lineu Prestes 748, São Paulo 05508-000, Brazil
e-mail: henning@iq.usp.br

Abstract Neural stem cells self-renew and differentiate into neurons, astrocytes 
and oligodendrocytes. In the developing brain, they proliferate, migrate and dif-
ferentiate into neurons and glial cells, which form trillions of connections in the 
adult brain. Different from the developing nervous system, where neural stem 
cells (NSC) are widely distributed, in the adult brain the occurrence of NSC is 
restricted to the subventricular zone of the lateral ventricles and the subgranular 
zone of the dentate gyrus of the hippocampus. NSC, residing in so-called stem 
cell niches, promote neurogenesis throughout life for maintaining plasticity of 
the brain. They can also be induced to proliferate and migrate to brain injury sites 
upon extrinsic signals such as growth factors and other signaling cues. In this 
book chapter we will explain the principles of neural stem cell isolation, their 
culture as well as proliferation and differentiation regulation, studied in vitro and 
in vivo.

Abbreviations

BDNF  Brain-derived neurotrophic factor
BMP  Bone-morphogenetic protein
CNS  Central nervous system
CNTF  Ciliary neurotrophic factor

Contents

1.1  Neural Stem Cells  .............................................................................................................. 4
1.2  Neural Stem Cells in Developing and Adult Brain  ............................................................ 5
1.3  Neural Stem Cells in Culture  ............................................................................................. 8
1.4 Neural Stem Cell Proliferation, Migration and Differentiation  ......................................... 8
 Conclusions  ................................................................................................................................. 11
References .................................................................................................................................... 13
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EGF  Epidermal growth factor
FGF  Fibroblast growth factor
GDNF  Glial cell line-derived neurotrophic factor
GFAP  Glial fibrillary acidic protein
IFN- γ  Interferon-γ
IGF  Insulin-like growth factor
IL  Interleukin
LIF  Leukemia-inhibitory factor
miR  Micro RNA
MMP  Metaloproteinases
nAChRs  Nicotinic acetylcholine receptors
NPC  Neural progenitor cells
NSC  Neural stem cells
PDGF  Platelet-derived growth factor
SGZ  Subgranular zone
Shh  Sonic hedgehog
SVZ  Subventricular zone
T3  Triiodothyronine
TNF  Tumor necrosis factor
VEGF  Vascular endothelial growth factor

1.1  Neural Stem Cells

The growing interest on stem cells is justified by the diversity of applications of 
these cells in basic research as well as in the regenerative medicine seeking func-
tional recovery of injured tissues. Stem cells are unspecialized cells that can self-
renew, i.e. are able to generate cells identical to themselves indefinitely by cell divi-
sion and in certain physiological or experimental conditions, can differentiate into 
specialized cells of one or more tissues. Based on their potency stem cells can be 
classified into at least four types: Totipotent cells capable of generating cells of all 
tissues of the body and the extra embryonic structures, pluripotent cells originating 
all cells of organisms, but not extra embryonic cells; multipotent cells committed 
to originate only a limited number of cells of a particular tissue, and unipotent cells 
capable to differentiate into only one cell type. Stem cells can also be classified ac-
cording to their origin as embryonic, fetal and adult ones.

For a long time it has been believed that the final structure of the central nervous 
system (CNS) is defined during development, and that after this process the tissue 
structure would be unchanged and the formation of new cellular components impos-
sible. According to this dogma, it was postulated that the replacement of old cells 
or neuronal reconstitution after injury would not occur. The discovery of neural 
stem cells (NSC) broke down this dogma, demonstrated brain plasticity and allowed 
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advances in the knowledge of neurogenesis in the adult brain, and subsequently the 
development of novel therapeutic strategies (Gage and Temple 2013).

NSC are multipotent, possess the ability of self-renewal and may give rise to the 
three major cell types of neural tissue (neurons, astrocytes and oligodendrocytes). 
They can be obtained from embryonic, fetal or adult neural tissue (Reynolds and 
Weiss 1992; Reynolds et al. 1992). Their identification is usually performed by 
the expression of markers CD133, Vimentin, Nestin, SOX1 & 2, Musashi, Notch1, 
GD3, and CXCR4 (Bottai et al. 2003; Hemmati et al. 2003; Nakatani et al. 2010; 
Tárnok et al. 2010; Li et al. 2011; Oliveira et al. 2013). A detailed list of NSC mark-
ers is given in Table 1.1.

1.2  Neural Stem Cells in Developing and Adult Brain

CNS development starts with neural tube formation from the ectoderm. During 
early stage of CNS development, neuroepithelial progenitor cells through symmet-
ric divisions expand the neuroepithelium. Later these cells by asymmetric division 
give rise to a stem cell and a more differentiated neural progenitor cell (NPC) cell 
characterizing neurogenesis initiation (Fig. 1.1). Overall, temporally and spatially 
distinct multipotent cell populations are widely present in the CNS tissue and re-
spond to specific microenvironmental cues regulating proliferation and differentia-
tion of these cells and being crucial for acquisition of the final cell phenotype and 
regionalization of the brain.

In the mouse, initial primitive NSC from E5.5 to 8.5 are responsive to leuke-
mia-inhibitory factor (LIF) or fibroblast growth factor (FGF). Then, NSC expand 
in the ventricular zone and respond to epidermal growth factor (EGF) and FGF 
on E13. Peaks of neurogenesis occur on E14.5 involving Notch signaling and 
platelet-derived growth factor (PDGF) receptor activation. With the progression 
of development, the number of NSC begins to decrease and represents only a 
small percentage of cells present in specific regions of the brain (reviewed by Ra-
masamy et al. 2013). In addition to the above-mentioned cues, one of the crucial 
factors for forebrain patterning is the bone-morphogenetic protein (BMP), which 
in conjunction with Wnt, FGF, and Sonic hedgehog (Shh) signaling determines 
dorsal-ventral forebrain patterning (Harrison-Uy and Pleasure 2012). Inibition of 
BMP-induced signaling is necessary for neural induction (Pera et al. 2014). Some 
cells from the neuroepithelium, known as radial glial cells, become bipolar and 
extend processes, which provide support for the migration of newborn neurons. 
These radial glial cells, regarded also as stem cells in neocortical development, 
are capable of self-renewal and originate differentiated neural cells, including 
neurons (Pinto and Gotz 2007; Gan et al. 2014). These cells expressed markers 
such as CXCR4, Vimentin, Nestin, and Sox2, characteristic for the NSC pheno-
type (Li et al. 2011).
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In adult brain, NSC are found in the subgranular zone (SGZ) of the dentate gy-
rus of the hippocampus and the subventricular zone (SVZ) of the lateral ventricles 
(Yamashima et al. 2007). Some molecules, such as BMP, Notch, and Shh, known 
to be involved in embryonic development of the CNS, are also presents in neuro-
genic regions of adult brain, and are also important for adult neurogenesis. Adult 
NSC respond to stimuli from the microenvironment and can proliferate, migrate to 
other regions of the brain and give rise to different neural phenotypes and function-
ally integrate into local circuits (Van Praag et al. 2002; Carleton et al. 2003; Gage 
and Temple 2013; Sequerra et al. 2013). Although NSC derived from embryonic 
and adult CNS are considered as multipotent, it is believed that there are temporal 
limitations for the potency of adult stem cells (Frantz and McConnell 1996; Nguyen 
et al. 2013).

The establishment of protocols for isolation and culture of NSC has been of 
great value, both for basic research in order to understand mechanisms of neural 
development and adult neurogenesis as well as therapeutic applications. NSC can 
be isolated from the adult brain tissue only in small amounts, making difficult their 
use in cell replacement therapy. A therapeutic concept could be to isolate these cells 
during biopsy and then replicate them in vitro to increase the number of cells prior 
to using them for transplantation purposes.

Alternatively, NSC obtained from fetal CNS or can be derived from other stem 
cell types, such as embryonic stem cells (Garzón-Muvdi and Quiñones-Hinojosa 
2009). More recently, NSC are being obtained by reprogramming mature somatic 
cells into induced pluripotent stem cells or direct-induced NSC (Li et al. 2013). We 
will focus on embryonic/fetal and adult brain NSC.

Fig. 1.1  Scheme of cell division promoting self-renewal and differentiation of neural stem cells
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1.3  Neural Stem Cells in Culture

NSC usually are isolated and expanded in culture using two different strategies: 
(1) Neurospheres, which are three-dimensional structures maintained in suspen-
sion originated from a single cell by asymmetric division and constituted by NSC 
and NPC at different stages of differentiation (Suslov et al. 2000). (2) Mono-
layer culture using adhesive substrate such as poly-lysine, poly-ornithine, lam-
inin and fibronectin. The proliferative capacity of NSC is very similar using both 
methods. However, the neurosphere culture reveals a higher potential for gener-
ating neurons compared to NSC cultured in monolayers (Meyer et al. 2012). In 
fact, neurospheres and other cultures of neuroepithelial cells contain low num-
bers of NSC and a much higher percentage of NPC with restricted differentiation  
potential.

The neural tissue of the developing or adult CNS tissue is dissociated in vitro 
providing single cells that are cultured as neurospheres or adherent monolayer at 
low density in growth medium containing hormonal supplements (B27 and N2) and 
the growth factors EGF and basic FGF (Kornblum 2007; Negraes et al. 2012). The 
supplemented medium with growth factors maintains the ability of neurospheres 
to proliferate and prevents spontaneous differentiation of the cells. The removal 
of growth factors induces the differentiation of these cells into neurons, astrocytes 
and oligodendrocytes (Reynolds and Weiss 1996; Meyer et al. 2012). Using em-
bryonic telencephalon rat E14.5 neurospheres, following 7 days of differentiation 
induction, a radial pattern of cell migration is observed together with an increase in 
neuron-specific β-3 Tubulin and glial specific GFAP (glial fibrillary acidic protein) 
expression from 25 to 75 % and 20 to 35 % of the cell population, respectively, 
while the percentage of Nestin-positive cells declines following induction of NSC 
to differentiation and the occurrence of oligodendrocytes remains below 10 % of 
the cell population. This cell system provides simplified conditions for studying 
the effects of extrinsic and intrinsic parameters on embryonic cortex development 
(Trujillo et al. 2012). Induction of differentiation results yet in a further increase 
of the number of neurons in the differentiated neurosphere population (Schwindt 
et al. 2011), while astroglial cell populations are enriched in long term cultures of 
neurospheres (Chiang et al. 1996).

1.4  Neural Stem Cell Proliferation, Migration  
and Differentiation

Neurogenesis is a highly regulated process in both development and the adult brain, 
where bioactive compounds are produced and released by the proper stem cells 
of the neurogenic niche. These extracellular messengers act together with intrinsic 
cues on proliferation, migration and differentiation of newborn cells. Growth fac-
tors, hormones, extracellular matrix molecules, neurotransmitters, cytokines, small 
non-coding RNAs have been related with regulation of NSC mobilization (Trujillo 
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et al. 2009; Trujillo et al. 2012; Schouten et al. 2012; Oliveira et al. 2013; Bellenchi 
et al. 2013).

Neurogenesis is also modulated by the activity of ion channels. The concept 
of depolarization-driven progress of neural differentiation and phenotype deter-
mination goes back to the fundamental studies of Nicholas Spitzer (Ben-Ari and 
Spitzer 2010). Different checkpoints need to be passed for putting control over 
proliferation, migration and neurotransmitter and receptor specification. In view 
that, acetylcholine receptor expression patterns guide the progress of neurogen-
esis (reviewed by Trujillo et al. 2009; Berg et al. 2013). Activation of α7 nicotinic 
acetylcholine receptors inhibits proliferation and promotes neuronal differentia-
tion of NSC (Narla et al. 2013). Moreover, the selective lesion of cholinergic 
input decreases neurogenesis in the dentate gyrus (Mohapel et al. 2005). The 
activation of muscarinic M1 receptors in the hippocampus induces neurogenesis 
(Ma et al. 2004; Van Kampen and Eckman 2010), as described as well for M2 
receptors in the ventricular zone of the embryonic rat cortex (Resende and Ad-
hikari 2009).

Dopaminergic receptors are involved in regulation of proliferation and differen-
tiation of NPC in the SVZ (O’Keeffe et al. 2009). Stimulation of NPC proliferation 
by dopamine can be mediated by EGF (O’Keeffe et al. 2009). Moreover activa-
tion of dopamine receptors in neurospheres from the SVZ stimulate brain-derived 
neurotrophic factor (BDNF) release, increase cell proliferation and the number of 
differentiating cells (Merlo et al. 2011).

Involvement of glutamate receptors in proliferation of precursor cells depends 
on the expressed subtype and involves expression of neurotrophins (Mackowiak 
2002). It has been shown that inhibited NMDA-glutamate receptor activity results 
in increased neurogenesis (Nacher et al. 2003), while activation of the metabotropic 
mGluR5 receptor augments NPC proliferation (Di Giorgi-Gerevini et al. 2005). 
SVZ progenitor activities depend on reactive astrocytes, which release glutamate 
and ATP resulting in activation of glutamate and purinergic receptors (Guo et al. 
2013; Boccazzi et al. 2014).

Furthermore, some studies suggest that trophic factors such as BDNF, glial cell 
line-derived neurotrophic factor (GDNF) and vascular endothelial growth factor 
(VEGF) act in conjunction with neurotransmitter systems on neurogenesis (Berg 
et al. 2013). BDNF promotes differentiation and maturation of progenitor cells by 
enhancing GABA release in the SGZ (Waterhouse et al. 2012). This neurotrophic 
factor promotes neuronal migration via p75 neurotrophin receptor (NTR) activation 
in the adult SVZ (Snapyan et al. 2009). It has been suggested that adult neuro-
genesis augments by environmental enrichment and voluntary physical exercise. 
Bekinschtein et al. (2011) suggest that this effect results from BDNF released by 
newborn neurons.

Platelet-derived growth factor-BB (PDGF-BB) leads to increased neuronal dif-
ferentiation and maintains the proliferation and migration of NPC. Such actions 
were observed in the embryonic ventricular zone and in post-natal brain develop-
ment (Smits et al. 1991; Sasahara et al. 1992). Promotion of neurogenesis by PDGF-
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BB was also observed in an animal model of impaired hippocampal neurogenic 
proliferation inflicted by HIV Tat & cocaine (Yao et al. 2012).

Bradykinin, a biologically active peptide classically involved in inflammation 
and blood pressure regulation, performs its functions by binding to G protein cou-
pled kinin-B2 receptors. Activation of B2 receptors results in proliferation block 
and induction of NPC migration and neurogenesis. Inhibition experiments in the 
presence of the selective B2 receptor blocker HOE-140 showed an increase in glio-
genesis over neurogenesis as well as down-regulation of muscarinic and purinergic 
receptor activity and expression, indicating that bradykinin participated in neural 
fate determination (Trujillo et al. 2012).

Metaloproteinases (MMP) have been attributed with functions in prolifera-
tion and differentiation of NPC in the embryonic development of the mouse brain  
(Tonti et al. 2009). As extensively reviewed by Tonti and co-workers, their par-
ticipation is suggested in embryonic and postnatal developmental neurogenesis by 
degrading extracellular matrix and allowing for neural migration. While MMP-9 
is highly expressed in early developmental stages together with migrating external 
granular cell precursors, MMP-2 expression is observed during postnatal develop-
ment. MMP-2 also seems to be involved in synaptic plasticity, as increasing activity 
of the enzyme was related to the recovery of plasticity along formation of cortex 
projection to the hippocampal dentate gyrus (Dzwonek et al. 2004).

Previous reports have shown the involvement of immune mediators in the con-
trol of neurogenesis in the adult brain (Gonzalez-Perez et al. 2010; 2012). Some 
studies suggest that inflammatory cytokines promote stimulating effects on neuro-
genesis especially in brain damage situations (McPherson et al. 2011). The brain 
is considered an immune-privileged environment due to the selectivity of blood-
brain barrier, which limits the entrance of molecules and cells of the peripheral 
immune system and the presence of microglia responsible for the identification 
of signs of injury and inflammation. However, in the healthy brain, both during 
development and in the adult brain, the microglia is involved in phagocytosis of 
apoptotic cells. It is believed that microglia releases cytokines and free radicals 
acting on surrounding cells, thereby in dependence on the environmental situation 
promoting survival or death of such cells (Marín-Teva et al. 2011). Microglia is 
present in neurogenic niches and suggested to regulate neurogenesis by interact-
ing with NSC.

Several cells in the brain including microglia, astrocytes and neurons produce 
and release cytokines, chemokines and express receptors for these factors, provid-
ing autocrine and paracrine loops for modulation of migration, fate choice and vi-
ability of NPC of the SVZ NPC (Gordon et al. 2012). Cytokines may have pro- or 
anti-inflammatory actions. While interferon-γ (IFN- γ), interleukin (IL)-1β, 6 and 
18 and tumor necrosis factor (TNF)- α promote inflammatory reactions, insulin-like 
growth factor (IGF)-1 and IL-15 have anti-inflammatory properties, and IL-4 ex-
erts opposing effects under different cellular conditions. However, their properties 
in augmenting or reducing inflammatory events cannot be directly linked to their 
inflammation-promoting or -inhibiting capabilities.
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The pro-inflammatory cytokine TNFα leads to increased proliferation and dif-
ferentiation into astrocytes and decreased the number of neurons. IFN-γ augments 
differentiation and neurite outgrowth in NSC, while it is also involved in reduction 
of proliferation and survival of NPC. On the other side, IL-1β inhibits proliferation 
and differentiation of NSC, such as has been observed for IL-6.

The anti-inflammatory cytokine IGF1, produced by activated microglia, is relat-
ed to the promotion of neurogenesis. IL-4 leads differentiation to oligodendrocytes. 
In addition, NPC decreases proliferation and promotes the migration of these cells. 
IL-15 inhibits differentiation and self-renewal capacity of NSC. IL-18 produced by 
astrocytes and microglia acts by decreasing differentiation and promoting neuronal 
apoptosis. Leukemia inhibiting factor (LIF) and ciliary neurotrophic factor (CNTF), 
known to maintain pluripotency in embryonic stem cells during replication (Wolf 
et al. 1994), are also important for the self-renewal capacity of NSC (Deverman and 
Patterson 2009; Gonzalez-Perez et al. 2010, 2012; Yoneyama et al. 2011).

The above-discussed modulators are extrinsically acting, either by receptor li-
gand interaction with induction of proliferation-/ differentiation signal transduction 
in the target cells or by protease secretion for digestion of extracellular matrix com-
pounds. However, intracellular hormone receptors, activated by lipophilic ligands, 
also participate in developmental and adult neurogenesis. Triiodothyronine (T3) is 
known to be involved in neuronal development, and deficiency of T3 affects forma-
tion of the CNS during childhood. Using cellular models, T3 has been attributed 
with functions in neuronal migration, cortex formation and cerebellar differentia-
tion as well as with glial differentiation and proliferation (Ausó et al. 2004; De-
zonne et al. 2009; Portella et al. 2010; Johe et al. 1996; Lima et al. 1997; see for a 
complete review Dezonne et al. 2013).

The action of small noncoding RNAs, denominated also micro RNAs (miR), 
such as also epigenetic transcription regulation, is intrinsic. Post-transcriptional 
control by such RNAs has been described for proliferation, differentiation and 
apoptosis (Stefani and Slack 2008), being a critical event for embryonic and adult 
neurogenesis (Visvanathan et al. 2007; Cheng et al. 2009). Small non-coding RNAs 
are needed for specific cellular fate for maintenance of the adult CNS, i.e. for oli-
godendrocyte lineage specification and differentiation by miR-219 and miR-338, 
thereby providing key points for myelin repair (Zhao et al. 2010). The here reported 
mechanisms are summarized in Fig. 1.2.

 Conclusions

Since the first evidence of the existence of neural stem cells around the 1960s, many 
studies have been conducted to understand mechanisms involved in their forma-
tion, proliferation, differentiation, migration and integration into the local neural 
network. In this chapter, we summarized some of the advances made   in this field 
of knowledge. However, despite the growing number of studies conducted it seems 
that we are still far away from fully understanding the biology of NSC. The success 
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in the clinical application of NSC/NPC depends on the methodologies used for their 
isolation and enrichment as well as in directing these cells to the target location by 
endogenous factors. The latter should be a microenvironment that favors the sur-
vival and functional integration of transplanted NSC/NPC and/or the recruitment of 
endogenous stem cells to the site of injury.

Effects of NSC transplantation of various origins have been tested in animal 
models of diseases, such as amyotrophic lateral sclerosis, Parkinson’s disease, Al-
zheimer’s disease, multiple sclerosis, Huntington’s disease and glioblastoma; how-
ever, in most applications there were large limitations due to poor cell survival and 
engraftment into functional networks.

Fig. 1.2  Autocrine and paracrine secretion of growth factors, hormones, neurotransmitters and 
cytokine as control mechanisms for embryonic and adult NSC proliferation, differentiation and 
phenotype specification. Abbreviations: BK bradykinin, α7 nAchR, α7 subtype of the nicotinic 
acetylcholine receptor
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Abstract Neural stem cells/neural progenitor cells (NSCs/NPCs) residing in the 
neurogenic regions of the brain play a crucial role in brain development, brain plas-
ticity, and brain repair. Recent progress in NSC/NPC research has advanced our 
understanding of the NSC/NPC niche and signaling networks controlling NSC/
NPC proliferation and differentiation. However, the natural behavioral of NSCs/
NPCs in response to physiological and pathological changes inside and outside 
the brain remains poorly understood. This chapter has summarized recent find-
ings concerning NSC/NPC activity in the early stage of cortical brain ischemia 
and the hematopoietic stem cell growth factors in regulating NSC/NPC prolifera-
tion and differentiation. Moreover, future directions for NSC/NPC research are also 
discussed in this chapter.
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Abbreviations

Ara-C  Cytosine-β-d-Arabinofuranoside
bFGF  Basic fibroblast growth factor
bHLH  Basic helix-loop-helix
BDNF  Brain-derived neurotrophic factor
BrdU  Bromodeoxyuridine
EGF  Epidermal growth factor
EMVs  Exosomes and microvesicles
G-CSF   Granulocyte-colony stimulating factor
GFAP  Glial fibrillary acidic protein
GFP   Green fluorescent protein
LTP  Long-term potentiation
Ngn1 Neurogenin 1
NSCs/NPCs  Neural stem cells/neural progenitor cells
OB  Olfactory bulb
RMS Rostral migratory stream
RT-PCR  Reverse transcription polymerase chain reaction
SCF  Stem cell factor
SGZ   Subgranular zone
SHRs  Spontaneously hypertensive rats
SVZ  Subventricular zone
TuJ1   Neuron-specific class iii beta-tubulin
VEGF  Vascular endothelial growth factor

2.1  Introduction

Neural stem cells/neural progenitor cells (NSCs/NPCs) have the capacity for self-
expansion (symmetrical division), self-renewal (asymmetrical dividing) and differ-
entiation into neurons and glial cells. During embryonic brain development, NSCs/
NPCs are located in the neuroepithelium lining the lumen of the lateral ventricle (the 
ventricular zone) to generate neurons and glial cells throughout the brain (Farkas 
and Huttner 2008; Egger et al. 2011). It has been widely accepted that there are 
two neurogenic regions in which NSCs/NPCs reside in the postnatal or adult mam-
malian brain: the subgranular zone (SGZ) in the dentate gyrus of the hippocampus 
and the subventricular zone (SVZ) in the forebrain (Gage 2000; Curtis et al. 2007). 
Convincing evidence has shown that the NSCs/NPCs in the postnatal brain or adult 
brain are involved in learning and memory (Kempermann et al. 2004a), and that 
they may also participate in brain repair in the settings of brain injury (Jin et al. 
2001; Arvidsson et al. 2002).
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Although much progress has been made towards understanding the NSC/NPC 
niche and signaling networks controlling NSC/NPC proliferation and differentiation, 
the natural behavioral of NSCs/NPCs in physiological and pathological conditions 
remains poorly understood. Greater knowledge also needs to be gained regarding 
the role of NSCs/NPCs in self-protection and brain protection in the settings of 
brain injury and the regulation of NSC/NPC proliferation and differentiation by the 
growth factors of other systems or organs. In this chapter, our recent findings con-
cerning the NSC/NPC behavior in intact brain and in the brain of ischemic injury, 
the effects of NSCs/NPCs on brain protection, and the involvement of hematopoi-
etic stem cell growth factors in directing NSC/NPC proliferation and differentiation 
will be reviewed, and future directions for NSC/NPC research will be discussed.

2.2  NSC/NPC Classification: Bridge Cells and Migrating 
Cells

A large body of evidence has supported the notion that NSCs/NPCs in the SGZ 
generate granular neurons locally in the hippocampus, whereas the NSCs/NPCs in 
the SVZ travel a relatively long distance along the rostral migratory stream (RMS) 
to the olfactory bulb (OB) where they give rise to the interneurons (Luskin 1993; 
Lois and Alvarez-Buylla 1994; Gage 2000; Lie et al. 2004) in the postnatal or adult 
brain. During the migration along the RMS, NSCs/NPCs form chains providing 
supportive substrates to help NSCs/NPCs move forward to their destination, the OB 
(Lois et al. 1996; Chazal et al. 2000).

In addition to the findings collected from the fixed brain tissue as stated above, 
a live cell imaging technique enabled us to extend our knowledge on the natural 
status of NSC/NPC migration. Using multiphoton microscopy, we recorded NSC/
NPC migration in the RMS in the transgenic mice carrying a report gene, green 
fluorescent protein (GFP) driven by nestin promoter (nestin-GFP mice). The nestin-
GFP mice were sacrificed at the age of 3–4 weeks in the conditions of intact or 
ischemic injury, and the sagittal slices of the brain were prepared for live imaging. 
We observed something very interesting: there were two different types of nestin-
GFP-labeled NSCs/NPCs in the RMS: non-migrating cells and migrating cells. 
We named the non-migrating NSCs/NPCs as bridge NSCs/NPCs and the traveling 
NSCs/NPCs as migrating NSCs/NPCs (Zhao et al. 2007a). The bridge NSCs/NPCs 
act as a bridge to support migrating NSCs/NPCs for travel. The traveling directions 
of the migrating NSCs/NPCs are multiple: forward to the OB, backward to the 
SVZ, up or down in the RMS (Fig. 2.1 a). Interestingly, the bidirectional migration 
of NSCs/NPCs has also been found by other investigators in vitro (Wichterle et al. 
1997) or in the neonatal rat brain (Suzuki and Goldman 2003). It remains uncertain, 
however, how NSCs/NPCs are divided into bridge cells and migrating cells, what 
molecules are involved in distinguishing these two subtypes of NSCs/NPCs and 
how they retain their unique biological function.
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2.3  The Early Reaction of NSCs/NPCs in Response  
to Cortical Brain Ischemia is Self-Protective

Time-lapse images revealed that the early response to cortical brain ischemia for 
NSCs/NPCs was to escape away from the area of brain damage (Zhao et al. 2007a). 
Cortical brain ischemia was made by the permanent occlusion of the right common 
carotid artery and the right middle cerebral artery distal to the striatal branch. Brain 
slices were prepared 3 h after induction of cortical brain ischemia in the right hemi-
sphere of nestin-GFP mice, live brain slice imaging was acquired with a multipho-
ton microscope, and time-lapse images were recorded for 15 h at 7 min intervals. 
Very interestingly, we observed that only bridge NSCs/NPCs remained in the RMS 
next to the infarct cortex, whereas there were no migrating NSCs/NPCs in the RMS 
adjacent to the infarct cortex (Fig. 2.1 b–f). The migrating NSCs/NPCs were seen in 
the RMS distal to the infarct area. The migrating NSCs/NPCs in this part of RMS 
continued touching each other for a while (Fig. 2.1 b); thereafter, some of the NSCs/
NPCs immediately moved away from the lesion area and towards to the direction 
of OB, and some other NSCs/NPCs traveled toward to the direction of infarct area 
along the RMS (Fig. 2.1 c). However, once they touched the bridge NSCs/NPCs in 
the location closer to the infarct cortex (Fig. 2.1 d), these migrating NSCs/NPCs 
changed their direction 180° and started moving away from the infarct area (Fig. 2.1 
e and f). This observation suggests that cell-cell communication between the NSCs/
NPCs leads to changes of direction for the migrating NSCs/NPCs, and that the 
early reaction of the migrating NSCs/NPCs in response to ischemic damage in the 
cortex is to move away from the infarct area during the 3–18 h after the induction of 
cortical ischemia. The results of this study offer insights into the natural self-protec-
tive behavior of migrating NSCs/NPCs in response to brain ischemic injury in the 
early period of cortical ischemia–-escape from the infarct area, and this behavior is 
self-protection.

The open questions to be addressed in the future studies are: how the NSCs/NPCs 
sense the microenvironment changes, how the signals are transported/delivered 
among the NSCs/NPCs, and how NSCs/NPCs escape away from “danger”– the 
dead zone (infarct) induced by focal brain ischemia.

2.4  Focal Brain Ischemia-Induced NSC/NPC 
Proliferation is Required for Brain-Self Protective

It has been well documented that focal brain ischemia is a robust trigger for stimu-
lating NSC/NPC proliferation in both SVZ and SGZ in the brain of adult rodents 
(Arvidsson et al. 2001; Jin et al. 2001; Arvidsson et al. 2002). It has been proposed 
that focal brain ischemia-induced NSC/NPC proliferation and neurogenesis may 
play a role in brain self-repair. However, more than 80 % of newly formed neurons 
have been found dead in the setting of focal brain ischemia, and the surviving 
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newborn neurons replace only 0.2 % of dead neurons by ischemic injury (Arvidsson 
et al. 2002). Therefore, the capability of brain-self repair by the endogenous NSCs/
NPCs in the adult brain after ischemic injury is limited. Is brain ischemia-induced 
NSC/NPC proliferation per se actually involved in brain self-repair/protection? To 
address this question, we performed experiments in which NSC/NPC proliferation 
was blocked with a cell proliferating inhibitor, and we then determined whether 
NSC/NPC proliferation triggered by brain ischemia is vital for brain self-protection.

Cortical brain ischemia was produced by the permanent occlusion or ligation of 
the right common carotid artery and the middle cerebral artery distal to the stria-
tal branch in male adult C57BL mice or spontaneously hypertensive rats (SHRs). 
Cytosine-β-D-Arabinofuranoside (Ara-C), a DNA synthesis inhibitor to prevent 
cell proliferation, was infused into the cerebral lateral ventricle ipsilateral to the 
ischemic hemisphere with a 7-day-infusion osmotic minipump. Ara-C was initially 
delivered one day before the induction of cortical brain ischemia or immediately af-
ter the induction of cortical brain ischemia, and the infusion of Ara-C was continued 
for 7 days. Bromodeoxyuridine (BrdU), a synthetic thymidine analog, can be incor-
porated into DNA during cell dividing. To identify proliferating NSCs/NPCs, BrdU 
was intraperitoneally injected daily during Ara-C infusion. We found that cortical 
brain ischemia-induced NSC/NPC proliferation in the bilateral SVZ and ipsilateral 
SGZ was completely inhibited by Ara-C (Li et al. 2010). In addition, slow dividing 
type −1 NSCs/NPCs in the bilateral SGZ were also significantly reduced by Ara-
C infusion (Li et al. 2010). These findings indicate that cerebral lateral ventricle 
infusion of Ara-C is sufficient to prevent cortical brain ischemia-induced NSC/NPC 
proliferation in both SVZ and SGZ.

Our research data also revealed that inhibiting cortical brain ischemia-induced 
NSC/NPC proliferation in both SVZ and SGZ exaggerated neuron loss in both the 
hippocampus and infarct cortex) (Li et al. 2010). There are two types of neuron loss 
in the setting of focal brain ischemia: primary neuron loss and secondary neuron loss. 
The primary neuron loss occurs in the ischemic core within several hours after focal 
brain ischemia, whereas the secondary neuron loss appears in the brain tissue remote 
to the infarct core days and even months after focal brain ischemia (Hara et al. 1993; 
Touzani et al. 2001). It is worth noting that focal brain ischemia-induced NSC/NPC 

NSCs/NPCs are the traveling cells in the RMS, and their traveling directions are multiple ( purple 
arrows). b–f NSC/NPC behavior in the RMS of the brain suffering from cortical ischemic injury 
during 3–18 h after the induction of cortical brain ischemia. Note that there are no migrating NSCs/
NPCs in the RMS adjacent to the cortical infarct area; only bridge NSCs/NPCs remain in the RMS 
nearby the cortical infarction. b Two migrating NSCs/NPCs physically interact with each other 
(communication) in the RMS distal to the cortical infarction. c The result of communication: one 
of the migrating NSCs/NPCs moves forward in the direction of OB (escaping away from the dead 
zone—cortical infarction), and other migrating NSC/NPC travels towards the infarction area along 
the RMS. d The migrating NSC/NPC “communicates” with a bridge NSC/NPC in the RMS close 
to the zone of dying brain cells (the cortical infarction area). e and f The results of the communica-
tion shown in d. The migrating NSC/NPC flees away from the dead zone (cortical infarction). The 
schematic diagram summarizes the results of time-lapse images published elsewhere (Zhao and 
Nam 2007). LV lateral ventricle. RMS the rostral migratory stream
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proliferation in the SVZ and SGZ is markedly increased during the period of 4 days 
to 2 weeks post-ischemia (Jin et al. 2001; Arvidsson et al. 2002) Therefore, fo-
cal brain ischemia-induced amplification of NSCs/NPCs in the SVZ and SGZ may 
contribute to protecting neurons from the ischemia-induced secondary death. The 
evidence supporting this hypothesis shows that inhibiting NSC/NPC proliferation 
in the SGZ causes significant neuron loss in the hippocampus 7 days after cortical 
brain ischemia (Li et al. 2010). In addition, the neuron loss in the hippocampus has 
been demonstrated as the secondary neuron loss through apoptosis (Li et al. 2010) 
because the stroke model used in this study only causes infarction in the ipsilateral 
cortex, whereas the hippocampus is spared from the infarct.

How focal brain ischemia-induced amplification of NSCs/NPCs in the SVZ and 
SGZ protects brain from ischemic damage remains poorly understood. One possi-
bility may be due to releasing trophic factors as our findings have shown that adult 
brain-derived NSCs/NPCs can protect cortical neurons against excitotoxic damage 
through the NSC/NPC-released trophic factors, brain-derived neurotrophic factor 
(BDNF) and vascular endothelial growth factor (VEGF) (Li et al. 2010). In agree-
ment with these observations, other investigators have also found that both BDNF 
and VEGF are produced by NSCs/NPCs (Leker et al. 2007; Mochizuki et al. 2008) 
and that administration of BDNF and VEGF in animal models of brain ischemia 
leads to reduction in infarction size (Schabitz et al. 1997; Ren and Finklestein 2005).

NSCs/NPCs may act as trophic factor providers to save neurons from the injury 
of focal brain ischemia. Several lines of evidence have shown that the NSCs/NPCs 
in the SVZ of adult brain can migrate long distances to the cortex adjacent to the 
infarct area. It has been demonstrated that the neuroblasts derived from prolifer-
ating NSCs/NPCs in the SVZ can migrate to the peri-infarct cortex through the 
white matter (Jin et al. 2003) and blood vessels (Ohab et al. 2006). In line with 
these findings, we also observed that SVZ-derived NSCs/NPCs migrated toward 
the cortical infarction along the corpus callosum at day 7 after induction of cortical 
brain ischemia (Li et al. 2010). Proliferating NSCs/NPCs in the SGZ may rescue 
hippocampal neurons through the delivery of BDNF via axonal projections between 
the dentate gyrus and hippocampal CA1 and CA3 subregions. It has been revealed 
that trkB, the receptor for BDNF, is expressed in CA1 and CA3 (Yan et al. 1997). 
BDNF has been shown to prevent glutamate-induced apoptotic cell death (Almeida 
et al. 2005).

Our knowledge and understanding of the precise role of focal brain ischemia-
induced amplification of NSCs/NPCs in the SVZ and SGZ in adult brain is still far 
from complete. Is the focal brain ischemia-induced amplification of NSCs/NPCs 
part of a reaction from NSCs/NPCs to protect themselves in the condition of isch-
emic injury? It has been shown that a widespread hyperexcitability occurs in the 
intact brain regions including peri-infarct cortex and hippocampus, and that the 
hyperexcitability is most pronounced at 3–7 days and persists 1 month after cerebral 
cortical ischemia (Schiene et al. 1996; Qu et al. 1998; Redecker et al. 2002). NSCs/
NPCs in the adult brain share many physiological features with astrocytes (Filippov 
et al. 2003; Kempermann et al. 2004b). Astrocytes can regulate inhibitory synapses 
formation in hippocampal neurons (Elmariah et al. 2005), manipulate glutamatergic 
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transmission and uptake glutamate (Newman 2003). Can focal brain ischemia-in-
duced amplification of NSCs/NPCs in both SVZ and SGZ contribute to preventing 
the hyperexcitability-induced neuron damage?

Other interesting questions that remain elusive are: whether generating and re-
leasing trophic factors from NSCs/NPCs are cell-status dependent (proliferation 
vs. quiescent), and whether there are other mechanisms involved in NSC/NPC -in-
duced neuroprotection in addition to the trophic factors released by NSCs/NPCs. 
Recent studies have revealed that exosomes and microvesicles (EMVs) play a key 
role in cell-to-cell communication. EMVs contain membrane receptors, proteins, 
mRNAs, miroRNAs and organelles that offer genetic regulation of cell survival, 
phenotype, proliferation, differentiation or death to the target cells either nearby 
(paracrine) or at a distance (endocrine) (Camussi et al. 2010). Stem cells have been 
demonstrated to release abundant EMVs (Camussi et al. 2010; Aoki et al. 2014). 
Stem cell-derived EMVs have been shown to rescue cells from injury, reprogram 
terminally differentiated cells to re-enter the cycle, and promote tissue regeneration 
and repair (Camussi et al. 2010). However, the role of NSC/NPC-released EMVs in 
supporting brain tissue survival and regeneration in the setting of stroke remains an 
open question to be addressed in future.

Enhancing propagation of NSCs/NPCs has been shown to protect brain from 
ischemic injury in animal models. Systemic administration of stem cell factor 
(SCF) 3h after induction of cortical brain ischemia in SHRs dramatically increases 
NSC/NPC proliferation in the SVZ, reduces infarction size and eliminates neuro-
logical deficits (Zhao et al. 2007a). Sodium butyrate has been reported to enhance 
amplification of NSCs/NPCs, reduce infarction size and improves functional out-
come when systemically administered for 7 days after focal brain ischemia in rats 
(Kim et al. 2007; Kim et al. 2009). Leker and co-workers (2007) (Leker et al. 2007) 
demonstrated that long-term delivery of fibroblast growth factor-2 (bFGF) imme-
diately after induction of cortical brain ischemia in SHRs resulted in the enhance-
ment of NSC/NPC proliferation in the SVZ, white matter (the corpus callosum) 
and peri-infarct cortex throughout 90 days after ischemia and the improvement of 
motor function. These findings provide insights into developing new therapeutic 
approaches for brain protection through increasing endogenous NSCs/NPCs.

2.5  Hematopoietic Growth Factors Govern NSC/NPC 
Lineage Differentiation

Stem cell factor (SCF) and granulocyte-colony stimulating factor (G-CSF) were 
initially discovered as the essential hematopoietic growth factors that regulate 
the mobilization, proliferation and differentiation of hematopoietic stem cells/
hematopoietic progenitor cells (HSCs/HPCs) (Ashman 1999) (Ripa and Kastrup 
2008). Accumulating evidence has revealed that these hematopoietic growth fac-
tors may also play roles in the central nervous system (CNS). SCF (Zhao et al. 
2007a) and G-CSF (Schneider et al. 2005; Zhao et al. 2007a) have been proven to 
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pass through the blood-brain barrier in intact rodent brains. Systemic administra-
tion of SCF (Zhao et al. 2007b; Zhao et al. 2007a) and G-CSF (Schabitz et al. 2003; 
Six et al. 2003; Shyu et al. 2004; Schneider et al. 2005; Komine-Kobayashi et al. 
2006; Zhao et al. 2007a) alone, or SCF in combination with G-CSF (Zhao et al. 
2007b; Zhao et al. 2007a) has been shown to protect the brain against ischemic 
injury (Schabitz et al. 2003; Six et al. 2003; Shyu et al. 2004; Schneider et al. 2005; 
Komine-Kobayashi et al. 2006; Zhao et al. 2007a) and facilitate brain repair dur-
ing chronic stroke (Zhao et al. 2007b). In addition, SCF and G-CSF appear to be 
involved in neuronal plasticity. Mice with mutations of SCF (Motro et al. 1996) or 
SCF receptor (Katafuchi et al. 2000) show impaired long-term potentiation (LTP) 
and spatial learning and memory. G-CSF deficient mice display cognitive impair-
ment, LTP reduction, and poor neuronal networks in the hippocampus (Diederich 
et al. 2009). Interestingly, SCF receptor, ckit, and G-CSF receptor, GCSFR, have 
been found to be expressed in the NSCs/NPCs of the adult rodent brain (Schneider 
et al. 2005; Zhao et al. 2007a). However, the effects of SCF and G-CSF on the 
NSCs/NPCs remain largely unknown.

Using the approaches of cellular biology and molecular biology, we have deter-
mined the regulatory effects of SCF and G-CSF on lineage commitment of NSCs/
NPCs. First of all, we observed that the receptors for SCF and G-CSF were ex-
pressed on the NSCs/NPCs in the ventricular zone of the developing rat brain at 
embryonic day 18 (Piao et al. 2012). The NSCs/NPCs were then isolated from the 
ventricular zone of the embryonic rat brain at E18, a time period in which both 
neurogenesis and gliogenesis take place. The NSCs/NPCs were then grown in cell 
culture dishes to form neurospheres. After forming the secondary neurospheres, 
NSCs/NPCs were disassociated into single cells and were then allowed to differ-
entiate in a differentiation medium. SCF and G-CSF alone or in combination were 
added at the beginning of the differentiation stage of NSCs/NPCs. We found that 
SCF and G-CSF alone or in combination increased the number of TuJ1-positive 
neuronal cells and reduced GFAP-positive astrocytes (Piao et al. 2012), suggesting 
a regulative role of SCF and G-CSF on lineage switch of NSCs/NPCs. In line with 
our observation, other investigators have revealed that SCF (Jin et al. 2002) and 
G-CSF (Schneider et al. 2005), promote neurogenesis in vivo.

Very interestingly, SCF and G-CSF can promote neuronal fate determination 
of NSCs/NPCs at the proliferation stage. SCF and G-CSF alone or in combination 
were added to the dividing NSCs/NPCs in the secondary neurospheres for 3–4 
days. Thereafter, the mitogens (bFGF and EGF) and the hematopoietic growth 
factors were then withdrawn, and the NSCs/NPCs were allowed to differentiate. 
We observed that only SCF in combination with G-CSF (SCF+G-CSF) treatment 
showed a significant increase in neurogenesis and reduction in gliogenesis (Piao 
et al. 2012). This observation led us to hypothesize that SCF+G-CSF promotes neu-
ronal lineage commitment of NSCs/NPCs through the regulation of the cell cycle. 
To test this hypothesis, we examined the effects of SCF+G-CSF on the cell cycle 
and NSC/NPC propagation. The results of a cell cycle assay showed that SCF+G-
CSF increased the population of NSCs/NPCs at the G1/G0 phase and decreased 
the population of NSCs/NPCs at the S phase (Piao et al. 2012), suggesting that 
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SCF+G-CSF causes the cell cycle arrest of NSCs/NPCs. To further confirm this 
result, BrdU was added into the NSCs/NPCs during the proliferating stage. We 
chose BrdU for labeling the dividing NSCs/NPCs at the S phase because BrdU is 
a thymidine analogue and can be incorporated into the newly synthesized DNA in 
S-phase cells. We found that SCF+G-CSF treatment during NSC/NPC proliferation 
resulted in a significant reduction of BrdU positive NSCs/NPCs, indicating that the 
NSC/NPC dividing is inhibited by SCF+G-CSF (Piao et al. 2012). Furthermore, 
when we examined NSC/NPC growth curve, we observed that NSC/NPC propaga-
tion was reduced by SCF+G-CSF (Piao et al. 2012). Together, these data suggest 
that SCF+G-CSF leads to cell cycle exit of NSCs/NPCs and inhibits NSC/NPC 
proliferation. Inducing cell cycle arrest of NSCs/NPCs is the critical and initial step 
to promote neuronal lineage differentiation of NSCs/NPCs. This notion is supported 
by the findings that pro-differentiation molecule-induced neuronal differentiation is 
preceded by cell cycle withdrawal (Henrique et al. 1997; Farah et al. 2000; Politis 
et al. 2008) and that promoting the cell cycle leads to inhibition of neuronal differ-
entiation (Ohnuma et al. 2001).

How does SCF+G-CSF induce neuronal fate determination and commitment of 
NSCs/NPCs? To address this question, we examined the effects of SCF+G-CSF on 
the regulation of proneural bHLH transcription factors and Notch signaling path-
way. Convincing evidence has shown that neurogenin 1 (Ngn1), one of the proneu-
ral bHLH transcription factors, promotes neuronal differentiation of NSCs/NPCs. 
Ngn1 has been found to be expressed in the ventricular zone, and Ngn1 only ap-
pears during cortical neurogenesis (Gradwohl et al. 1996; Sommer et al. 1996; Ma 
et al. 1997). In fact, Ngn1 acts as an activator of neuronal transcription factor that 
promotes neurogenesis and inhibits glial differentiation (Sun et al. 2001). Eryth-
ropoietin, one of the hematopoietic growth factors, has been shown to promote 
neuronal differentiation of NSCs/NPCs through Ngn1 mediation (Wang et al. 
2006). By contrast, Notch1/Hes1 signaling contributes to maintaining NSCs/NPCs 
in an undifferentiated stage (Artavanis-Tsakonas et al. 1999; Mizutani and Saito 
2005), enhances astroglial differentiation (Schmid et al. 2003; Anthony et al. 2005), 
and suppresses neuronal lineage commitment of NSCs/NPCs (Kageyama and Oht-
suka 1999). Based on these findings, we hypothesized that SCF+G-CSF promotes 
neuronal differentiation of NSCs/NPCs through acting the Ngn1 transcription and 
inhibiting the Notch1/Hes1 signaling. To test this hypothesis, we quantified gene 
expression of NSCs/NPCs with real-time RT-PCR after SCF+G-CSF treatment. 
The gene expression data showed that Ngn1 gene expression was significantly up-
regulated by SCF+G-CSF. In addition, both Notch1 and Hes1 genes were signifi-
cantly down-regulated by SCF+G-CSF (Piao et al. 2012). Moreover, when Ngn1 
transcription was silenced by the siRNAs against Ngn1, SCF+G-CSF-induced en-
hancement of neuronal lineage commitment and inhibition of astroglial differen-
tiation was significantly prevented (Piao et al. 2012). These findings suggest that 
Ngn1 is required for SCF+G-CSF-induced lineage determination and neuronal fate 
commitment of NSCs/NPCs. A putative model of the effects of SCF+G-CSF on cell 
cycle withdrawal and cell fate switch in NSCs/NPCs is presented in Fig. 2.2.
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Taken together, our research data support that hematopoietic growth factors, 
SCF+G-CSF, can govern NSC/NPC proliferation and differentiation and control 
lineage switch of NSCs/NPCs. SCF+G-CSF appears to display the dual effects on 
promoting the exit of proliferative NSCs/NPCs from the cell cycle and directing 
neuronal fate differentiation of NSCs/NPCs. It remains, however, to be further de-
termined why and how SCF in combination with G-CSF but not SCF or G-CSF 
alone effectively stops the cell cycle for NSCs/NPCs and directs NSC/NPC differ-
entiation into the neuronal fate, whether SCF+G-CSF facilitates survival and matu-
ration of newborn neurons, and whether SCF+G-CSF-induced neurogenesis play a 
functional role in brain repair after brain injury. These mechanistic studies would 
advance our understanding of hematopoietic growth factors on neurogenesis and 
would help in developing a unique pharmaceutical therapy to reinforce endogenous 
NSCs/NPCs for repairing the brain in the condition of brain injury.

Other interesting questions to be addressed in future include whether SCF and 
G-CSF play a role in maintaining neurons in a differentiated stage and assuring neu-
rons in a healthy and functioning status, and whether SCF and G-CSF are involved 
in pathogenesis of age-related neurodegenerative diseases. Addressing these open 
questions is important because a large body of evidence has shown that cell cycle 
re-entry of mature neurons leads to neuronal degeneration in Alzheimer’s disease 
(Raina et al. 2004; McShea et al. 2007).

It is worth noting that the biological function of SCF and G-CSF is not restricted 
on regulation of the lineage commitment of NSCs/NPCs. Receptors for SCF and 
G-CSF have been found to be expressed not only on the NSCs/NPCs but also on the 
neurons (Schneider et al. 2005; Zhao et al. 2007a). In addition to the effects of SCF 
and G-CSF on neuroprotection as stated earlier in this chapter, our research group 
has recently demonstrated that SCF+G-CSF synergistically promotes neurite out-
growth (Su et al. 2013). Moreover, systemic administration of SCF+G-CSF in the 
phase of chronic stroke increases neuronal network formation in the cortex adjacent 
to the infarct cavities (Cui et al. 2013). These findings support a novel view con-
cerning the role of SCF and G-CSF in the CNS that SCF+G-CSF has the capability 
to cease NSC/NPC dividing, guide NSCs/NPCs for neuronal lineage differentia-
tion, promote neurite extension, enhance neuronal network formation, and protect 
neurons from injury. These research data suggest that SCF+G-CSF may have much 
broader biological function involved in brain development, brain plasticity, and 
brain repair after injury.

switch may be accomplished through the following processes: a Repress NSC/NPC proliferation 
and drive NSCs/NPCs out of cycle by inhibiting Notch1/Hes1 signaling and enhancing Ngn1; b 
Inhibit Notch1/Hes1 signaling and release the repressive effect of Hes1 on Ngn1 to repress astro-
gliogenesis and to trigger neuronal fate commitment; and c Directly activate Ngn1 to promote 
the differentiation of NSCs/NPCs into neurons. This schematic diagram summarizes the data of 
SCF+G-CSF on NSC/NPC differentiation published elsewhere. (Piao et al 2012)
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 Concluding Remarks

NSCs/NPCs do not reside in an “isolated” microenvironment in the brain, the fac-
tors or molecules produced by other organs or systems may also regulate the prolif-
eration and differentiation of NSCs/NPCs. Hematopoietic growth factors, SCF and 
G-CSF, are produced by bone marrow stromal cells and fibroblasts (Heinrich et al. 
1993; Watari et al. 1994) to govern bone marrow stem cell survival, proliferation 
and differentiation. The findings provided in this chapter supports that SCF and G-
CSF are also involved in cell fate determination and commitment of NSCs/NPCs. 
This observation leads to the insight that the physiological and pathological changes 
in other systems may also affect NSC/NPC proliferation and differentiation in the 
CNS. In fact, the precise role of NSCs/NPCs in the setting of brain injury remains 
poorly understood. Our research data suggest that the early reaction of NSCs/NPCs 
in the condition of cortical brain ischemia is self-protective: escaping away from the 
area suffering from ischemic injury. Cell-cell interaction and communication play 
a key role in directing the migrating NSCs/NPCs to flee. In addition, focal brain 
ischemia-induced the increase in proliferation of NSCs/NPCs during the 1st week 
after brain ischemia appears to be critical for neuroprotection. Further clarifica-
tion of the contribution of brain ischemia-induced NSC/NPC amplification in brain 
protection is critically important because it will provide crucial evidence needed to 
assist in developing new therapeutic strategies for the treatment of stroke.
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Abstract Stroke is the 4th leading cause of death and the leading cause of severe 
long-term disability worldwide, with no effective treatment for most cases. The 
development of new effective therapies is needed to improve functional neurologi-
cal recovery in stroke patients. Researches in experimental stroke in animal models 
over the past decade demonstrate that ischemic stroke enhances endogenous neural 
stem cells proliferation in SVZ and SGZ and promotes SVZ NSCs migration to the 
ischemic infarct site, differentiation into functional mature neurons. Ischemic injury 
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triggers endogenous neural stem cell proliferation by a variety of growth factors, 
morphogens and neurotransmitters. Neuroblast migration occurs through SDF-1, 
MCP-1, MMP production and through association with vasculature and endothelial 
cells. These promising findings in stroke have brought hope to the development 
of neurorestorative therapy which aims to enhance endogenous neurogenesis after 
ischemic stroke and thereby contribute to the functional recovery.

Abbreviations

BDNF Brain-derived neurotrophic factor
DG Dentate gyrus
EGF Epidermal growth factor
EPO Erythropoietin
FGF-2 Fibroblast growth factor-2
GABA Gamma-aminobutyric acid
GFAP Glial fibrillary acidic protein
IGF-1 Insulin-like growth factor-1
MCP-1 Monocyte chemoattractant protein-1
MMP Matrix metalloproteinase
NMDA N-Methyl-D-aspartate
NPC Neural progenitor cells
NSCs Neural stem cells
rt-PA Recombinant tissue plasminogen activator
SVZ Subventricular zone
SGZ Subgranular zone
SDF Stromal cell-derived factor
VEGF Vascular endothelial growth factor

3.1  Introduction

Stroke is the 4th leading cause of death in the United States and the leading cause 
of severe long-term disability worldwide and the number of patients suffered from 
stroke is on the increase at present, with no effective treatment for most cases. Cur-
rently, thrombolysis with recombinant tissue plasminogen activator (rt-PA) remains 
the only FDA approved treatment for acute ischemic stroke, but the short thera-
peutic time window makes this treatment applicable to only a minority of stroke 
patients (Brott and Bogousslavsky 2000). Therefore, the development of new ef-
fective therapies is needed to improve functional neurological recovery in stroke 
patients.

Endogenous Neural stem cells (NSCs) resident in the brain neurogenic regions 
raise the possibility of developing neural repair strategies for stroke. Researches in 
experimental stroke in animal models over the past decade have demonstrated that 
ischemic stroke enhances endogenous neural stem cells proliferation in SVZ and 
SGZ of dentate gyrus and promotes SVZ NSC migration to the ischemic infarct 
regions (Jin et al. 2001; Thored et al. 2006). Moreover, stroke-induced neurogenesis 
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has also been reported in the adult human brain (Jin et al. 2006). These promising 
findings in stroke have brought hope to develop neurorestorative therapy which aims 
to enhance endogenous neurogenesis after stroke and thereby contribute to the func-
tional recovery. This chapter aims to provide an understanding the role of endog-
enous neural stem cells in stroke and to describe current knowledge of how stroke 
induces endogenous neural stem cells proliferation, migration and differentiation.

3.2  Proliferation of Endogenous Neural Stem Cells After 
Stroke

It is well accepted that NSCs are primarily present in the adult SVZ and SGZ of 
dentate gyrus. Based on the morphology, protein expression, proliferation kinetics, 
and differentiation potential, three types of SVZ cells have been identified: type A 
(neuroblasts), type B (GFAP-positive progenitors) and type C (transit amplifying 
cells) (Zhao et al. 2008). GFAP, Nestin and Sox2 -positive type B cells are consid-
ered as the primary NSCs in the SVZ. This population resides in the wall of lateral 
ventricle and gives rise to actively dividing type C cells. Type C cells, which are 
negative for GFAP but express Mash1 and EGF receptor, generate type A cells that 
migrate into the olfactory bulb via the rostral migratory stream (RMS). In the SGZ 
of dentate gyrus, two types of NSCs, type 1(GFAP+SOX2+) and type 2(GFAP-) 
NSCs are present, maintaining a reciprocal relationship in the DG of hippocampus 
(Suh et al. 2007).

Proliferation is the first step of endogenous NSCs’ response to ischemic stroke 
injury. It is reported that ischemic injury alone is sufficient to promote the pro-
liferation of endogenous NSCs and thereby expands the NSCs pool (Zhang et al. 
2007). The expansion of the NSCs pool is an essential factor in the development of 
endogenous neurorestorative strategies after stroke. Stroke induces early expansion 
of the NSCs pool by increasing the proportion of proliferating cells and shortening 
the length of cell cycle (Zhang et al. 2008b). In the adult rat brain, the proportion 
of actively dividing SVZ NSCs is about 15–21 % and the length of cell cycle of 
this population is approximately 18–21 h (Zhang et al. 2006). Stroke increases the 
proportion of proliferating SVZ NSCs, starting 2 days (24 %) and reaches a maxi-
mum at 7 days (31 %) after stroke. Two weeks after stroke, the level of proliferation 
returns to the baseline. Concurrently, stroke changes the cell cycle length of NSCs. 
The length of cell cycle shortens to 11 h at 2 days after stroke, which is significantly 
shorter than cell cycle length of 18–21 h in normal brain. Alteration of the G1 phase 
of SVZ NSCs may contribute to stroke-induced changes of the cell cycle length. 
Furthermore, studies by Zhang and his colleagues also revealed that stroke tran-
siently switches NSCs division from asymmetric to symmetric (Zhang et al. 2004b). 
Symmetric division gives rise to two identical daughter cells that stay in the SVZ 
to maintain the NSCs pool, whereas asymmetric division generates two different 
daughter cells and the basal daughter becomes a young migratory cell that migrates 
away. The switching NSCs division from asymmetric to symmetric amplifies the 
pool of NSCs.
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Mediators of Stroke-Induced NSCs Proliferation
Although little is known about the exact molecular mechanisms underlying the reg-
ulation of endogenous NSC proliferation after stroke, several potential mediators 
are beginning to be identified. Here, we review current data on growth factors, mor-
phogens and neurotransmitters that are involved in the regulation of endogenous 
NSC proliferation after stroke.

3.2.1  Growth Factors and Neurotrophic Factors

3.2.1.1  FGF-2

FGF-2 is a well-known growth factor that plays a role in neurogenesis in the 
adult brain. Studies have reported that FGF-2 expression in the brain increased 
significantly after ischemic stroke (Naylor et al. 2005). Overexpression of FGF-2 
significantly increased the proliferation of progenitor cells after ischemic stroke in 
both FGF-2 deficient mice and wild-type mice (Yoshimura et al. 2001). Conversely, 
FGF-2 knockout mice showed a reduction of ischemia-induced progenitor prolif-
eration when compared with wild type mice. Moreover, administration of bone 
marrow stromal cells engineered to produce FGF-2 (Ikeda et al. 2005) has been 
shown to decrease infarct size. Taken together, these findings suggest that FGF-2 
plays a role in NPC proliferation and neuroprotection after ischemic stroke. Several 
potential mechanisms underlying the neurogenic effect of FGF-2 in the ischemic 
injured brain have been presented. These include upregulation of BDNF, induction 
of GDNF, and downregulation of the NMDA receptor (Mattson et al. 1993; Lenhard 
et al. 2002; Kiprianova et al. 2004).

3.2.1.2  EGF

EGF, a known mitogen involved in the proliferation of adult NPCs, has an effect 
similar to FGF-2 in regulating endogenous NSC proliferation after stroke. Impor-
tantly, the expression of EGF-receptor on type C cells or TAPs was found to be 
increased after ischemic stroke (Ninomiya et al. 2006). Ischemia also causes an up-
regulation of Heparin binding EGF (HB-EGF) (Tanaka et al. 2004), which is known 
to act through the EGF receptor to promote neurogenesis. Previous studies have 
demonstrated that exogenous EGF administration in ischemic animals rescued 20 % 
of the interneurons that would have died after ischemia, suggesting the neurogenic 
role of EGF in the adult brain after ischemic injury (Teramoto et al. 2003). Further-
more, infusion of EGF together with FGF-2 into the brain of adult rats was found 
to promote DG and SVZ NPC proliferation after focal ischemic stroke (Nakatomi 
et al. 2002; Tureyen et al. 2005). Administration of HB-EGF enhanced postisch-
emic neurogenesis and contributed to the improvement of functional recovery (Jin 
et al. 2004). Overexpression of HB-EGF by viral delivery also led to a significant 
improvement in neurological function after ischemic stroke, which was attributed 
to increased neurogenesis by HB-EGF (Sugiura et al. 2005).
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3.2.1.3  IGF-1

IGF-1, primarily produced in the liver, plays a major role in brain development. 
Several studies have demonstrated that focal ischemia significantly increases IGF-1 
expression, its receptor and binding proteins (Yan et al. 2006). Blockage of IGF-1 
by intracerebroventricular administration of IGF-1 antibodies resulted in a signifi-
cant inhibition of neural progenitor proliferation induced by ischemic stroke, sug-
gesting that IGF-1 regulates neurogenesis after ischemia. Conversely, administering 
IGF-1 after ischemic stroke promoted neurogenesis (Dempsey et al. 2003; Zhang 
et al. 2004a) and reduced neuronal loss (Brywe et al. 2005). In vitro studies demon-
strated that IGF-1 stimulated the proliferation of cultured NPCs via phosphorylation 
of the PI-3-kinase/Akt signaling pathway (Kalluri et al. 2007). Furthermore, IGF-1 
also enhanced glycogen synthase kinase phosphorylation, suggesting its involve-
ment in NPC survival (Kalluri et al. 2007).

3.2.1.4  VEGF

Vascular endothelial growth factor (VEGF) is the major angiogenetic growth fac-
tor, which can induce angiogenesis and vasculogenesis through interaction with 
the VEGF receptor on endothelial cells. Our previous study revealed that VEGF 
promotes the proliferation of NSCs both in vitro and in the adult rat brain (Jin et al. 
2002). Wang et al. showed that VEGF overexpression in transgenic mice greatly 
promoted ischemia-induced neurogenesis (Wang et al. 2007). Furthermore, intra-
venous administration of VEGF after stroke promoted angiogenesis in the isch-
emic penumbra and improved neurological performance. In addition, we previously 
showed that VEGF ICV administration to rats after focal ischemic stroke reduced 
infarct volume and resulted in enhanced neurological recovery suggesting that 
VEGF induces neurogenesis and neuroprotection after ischemic stroke (Sun et al. 
2003).

3.2.1.5  BDNF

BDNF, one of the most extensively studied neurotrophic factors, is necessary for 
NSC proliferation and differentiation in the adult brain. Two research groups have 
revealed that the expression of BDNF and its receptor increased after ischemic 
stroke(Arai et al. 1996; Kokaia et al. 1998). Intrastriatal infusion of BDNF before 
ischemia in adult rats increased the survival of neurons in the dorsolateral side of 
the striatum and resulted in improved functional recovery (Andsberg et al. 2002). 
Furthermore, infusion of human mesenchymal stem cells expressing the BDNF 
gene after ischemic stroke greatly reduced the infarct volume. Consistent with these 
observations, knockout of BDNF in mice resulted in larger infarct volumes after 
MCAO as the inhibition of endogenous BDNF after ischemic injury may decrease 
the survival of neurons (Endres et al. 2000; Larsson et al. 2002).
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3.2.2  Notch Signaling

Notch signaling is involved in neurogenesis in the neurogenic regions of the intact 
adult brain. Recent studies have documented that expression of Notch and Hes1 in 
SVZ NPCs significantly is increased after stroke (Zhang et al. 2008a). Inhibition of 
the Notch signaling pathway with siRNA or γ-secretase inhibitor blocked stroke-
induced neurogenesis. Moreover, an in vivo study demonstrated that administration 
of Notch ligand delta-like 4 (Dll4) together with FGF-2 after stroke significantly 
increased the rate of proliferation of SVZ neural progenitor cells (Androutsellis-
Theotokis et al. 2006). The same study also revealed that the Notch pathway in-
teracts with the Shh pathway in regulating NSCs (Balordi and Fishell 2007; Angot 
et al. 2008).

3.2.3  Shh and Wnt Signalings

The Shh signaling pathway is involved in the proliferation and maintenance of 
NSCs in the adult brain. It is also associated with EPO in mediating adult neurogen-
esis. EPO is known to regulate neurogenesis in both the adult normal and ischemic 
brains through its receptor EPOR in the adult SVZ. Infusion of EPO significantly 
increased ischemia-induced neurogenesis whereas blockage of the Shh pathway 
with cyclopamine or siRNA significantly suppressed EPO-increased neurogenesis 
(Liu et al. 2007). Wnt signaling promotes proliferation and neuronal differentia-
tion in adult hippocampal progenitor cells in the DG (Lie et al. 2005). Expression 
of Wnt and BMP family genes in SVZ NSCs of adult rodents were altered after 
stroke. However, how these genes regulate the proliferation of endogenous NSCs 
after stroke remains to be determined (Morris et al. 2007).

3.2.4  Neurotransmitters

Neurotransmitters released from nerve terminals have been demonstrated to pro-
mote NPC proliferation in the adult brains. Studies have also shown the involvement 
of the glutamate signaling pathway in post-ischemic NSC proliferation. Abnormal 
glutamatergic neurotransmission, in particular disrupted glutamatergic receptor ex-
pression, has been reported to play a significant role in neuronal death after isch-
emic stroke. Several studies have revealed that activation of the NMDA receptor, 
an ionotropic glutamate receptor, blocks proliferation of NPCs while inhibition of 
NMDA receptors via antagonists promotes NPC proliferation (Cameron et al. 1995; 
Nacher et al. 2003). A subsequent study conducted by Kluska et al. also reported 
that administration of an NMDA antagonist during brain ischemic stroke induced 
by photothrombosis resulted in enhanced neurogenesis in the hippocampus of rats 
(Kluska et al. 2005). However, Bernabeu and Sharp reported that administration of 
NMDA and AMPA receptor antagonists prevented stroke-induced neurogenesis in 
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the SGZ after transient global ischemia (Bernabeu and Sharp 2000). These conflict-
ing results may be attributed to species-specific differences and the different models 
of ischemic stroke. The mechanism by which glutamatergic signaling pathway me-
diate stroke-induced neurogenesis is unclear. Several other neurotransmitters such 
as GABA and dopamine have also been reported to play significant roles in the 
intact adult brain. However, their roles in mediating ischemic stroke-induced neu-
rogenesis still need further evaluation.

3.3  Migration of Endogenous Neural Stem Cells After 
Stroke

In order for proliferating NSCs to contribute to the functional recovery, it is neces-
sary for these NSCs to migrate from birthplace to the ischemic region. In the normal 
adult brain, the SVZ neuroblasts are destined to follow rostral migratory stream to 
migrate to the olfactory bulb. However, many of these SVZ neuroblasts migrate 
from the SVZ through the brain parenchyma into the ischemic injury region after 
ischemic stroke, as revealed by several studies (Arvidsson et al. 2002; Jin et al. 
2003; Thored et al. 2006). This redirected migration is associated with cellular in-
teractions between immature migrating neuroblasts, astrocytic processes and blood 
vessels (Yamashita et al. 2006). However, ischemic stroke also up-regulate inhibi-
tory molecules such as chondroitin sulfate proteoglycans (CSPGs), which blocks 
neuroblast migration (Carmichael 2005). Stroke not only up-regulates attractive 
factors for neuroblast migration but also forms peri-infarct scar and produces bar-
rier molecule to inhibit neuroblast migration. The net neuroblast migration is depen-
dent on the balance of inhibitory molecules and attractive factors.

The mechanism underlying stroke-induced redirected migration is unclear. 
Several receptor-ligand signaling pathways and molecular factors involved in the 
stroke-induced endogenous NSCs migration have been identified. These include: 
stromal cell-derived factor 1 (SDF-1) and CXC chemokine receptor 4 (CXCR4), 
monocyte chemoattractant protein-1 (MCP-1) and CC chemokine receptor 2 
(CCR2), and matrix metalloproteases (MMP). Further, the neurovascular niche 
within SVZ and SDG is also reported to be closely associated with post-stroke 
neuroblasts migration.

3.3.1  SDF

SDF-1 (CXCL12), a member of the alpha chemokine family, has been demonstrated 
to play an essential role in the mobilization and homing of stem cells to bone mar-
row with its receptor CXCR4 (Hattori et al. 2003). A role of SDF-1 and CXCR4 in 
the directing migration of neuroblasts in brain has also been reported as well. Study 
by Robin et al. showed that CXCR 4 is expressed in the NPCs and migrating neuro-
blasts in stroke brain, while blocking SDF-1alpha by a neutralizing antibody against 
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CXCR 4 significantly attenuated stroke-enhanced NPC migration, suggesting that 
SDF-1alpha generated in the stroke hemisphere may guide NPC migration towards 
the ischemic boundary via binding to its receptor CXCR 4 in the NPC (Robin et al. 
2006). Moreover, Ohab et al. also demonstrated that intraventricular administration 
of SDF-1 in ischemic mice promote neuroblast migration after stroke and contribute 
to behavioral recovery (Ohab et al. 2006).

3.3.2  MCP-1

Monocyte chemoattractant protein-1 (MCP-1), a chemokine of the CC family, was 
previously shown to increase the migration of neural progenitors in vitro (Widera 
et al. 2004). It is also reported to plays a critical role in neuroblast migration after 
focal cerebral ischemia. Study by Yan et al. demonstrated that ischemic stroke in 
adult rats induces increase of MCP-1 expression in the activated microglia and as-
trocytes, which lasted for more than 3 days of reperfusion (Yan et al. 2007). This 
study also found that the migrating neuroblasts in the ischemic brain express the 
MCP-1 receptor CCR2, and there was a significant decrease in the number of mi-
grating neuroblasts in MCP-1 and CCR2 knockout mice.

3.3.3  MMP

Matrix metalloproteinases (MMP), a family of proteinases, are known to play a role 
in extracellular matrix remodeling and cell migration. Recently, MMP have also 
been implicated in neuroblast migration from the SVZ. MMP-3 and −9 have been 
shown to express in NPCs, and inhibition of MMPs resulted in reduction in post-
stroke neuroblast migration (Barkho et al. 2008). Furthermore, the expression of 
MMP on the vascular also contributes to the localization of neuroblasts after stroke 
(Wang et al. 2006). These findings suggest that neuroblasts may “digest” their way 
through the extracellular matrix as they migrate via secreting MMP. However, the 
detailed cellular and molecular mechanism underlying is unknown.

3.3.4  Neurovascular Niche

Neurogenesis is associated with angiogenesis in an environment termed the neu-
rovascular niche within the SGZ and SVZ in the adult brain. In addition, the vas-
culature also appears to be closely tied to the migration of neuroblasts to ischemic 
injury regions. The vasculature promotes localization of migrating neuroblasts in 
the peri-infarct cortex after stroke. Many migrating neuroblasts are found to localize 
specifically to blood vessels in areas of active vascular sprouting and remodeling in 
the peri-infarct cortex region (Ohab et al. 2006; Thored et al. 2007). By blocking an-
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giogenesis with endostatin, a direct inhibitor of post-ischemic angiogenesis, Ohab 
et al. demonstrated that angiogenesis and neurogenesis are causally linked within 
the post-stroke neurovascular niche (Ohab et al. 2006). One week of endostatin 
treatment resulted in a significant decrease in the number of new born endothelial 
cells and overall vascular density, leading to a 10-fold reduction in neuroblasts.

The mechanism by which angiogenic vascular mediate the migration and local-
ization of neuroblasts in the peri-infarct region after stroke remain to be identified. 
Vasculature may provide a scaffold on which neuroblasts can migrate (Kojima et al. 
2010), as the close association of migrating neuroblasts with vascular endotheli-
al cells is observed. Vasculature not only provides a scaffold for the migration of 
neuroblasts, but also promotes neuroblsts migration via secreting various growth 
and chemotactic factors, including BDNF, MMPs, angiopoietins, and SDF-1. An-
other clue demonstrated the role of neurovascular niche in mediating post-stroke 
neuroblasts migration is that the processes of angiogenesis and neurogenesis share 
several similar molecular signaling in the peri-infarct neurovascular niche, such as 
ephrin/EphB signaling and Semaphorin 3α and its receptor neuropilin 1 (Suchting 
et al. 2006). Taken together, these suggest that neurovascular niche plays an essen-
tial role in mediating neuroblasts migration after ischemic stroke.

3.4  Differentiation and Neuronal Function

What is the fate of endogenous neuroblasts that migrate to peri-infarct region af-
ter ischemic stroke? Although a great quantity of neuroblasts reached the ischemic 
injury region, only few of them survived and differentiated into mature neurons. 
It is reported that most of neuroblasts which migrate to the peri-infarct region ap-
pear to die, perhaps from a failure to integrate or due to the inflammatory milieu 
(Arvidsson et al. 2002). In the DG of hippocampus, the stroke-induced neuroblasts 
migrate into GCL. Most of the surviving neuroblasts differentiate into calbindin or 
NeuN positive mature neurons by 3–4 weeks after ischemic stroke (Jin et al. 2003). 
Only a small number of the newly generated cells differentiate into GFAP positive 
astrocytes in the GCL of hippocampus (Zhu et al. 2003). In the SVZ, many of the 
surviving cells differentiate into neurons, but the precise nature of the neurons in 
the striatum is controversial. Some research groups reported that most of surviv-
ing neuroblasts differentiate into mature striatal neurons in adult rats after stroke 
(Arvidsson et al. 2002; Parent et al. 2002). However, study by Liu et al. found that 
the stroke-induced adult-born neurons exclusively differentiated into calretinin-
expressing interneurons (Liu et al. 2009). The reasons for these disparate findings 
are not entirely clear. Further studies using transgenic methods to label adult-born 
neurons are therefore needed to address this question.

A number of literature supports the concept that increased neurogenesis is relat-
ed to functional recovery (Kondziolka et al. 2000; Zhang et al. 2003). Whether these 
adult-born new neurons could replace lost cells by integrating into the surviving 
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brain circuitry and contribute to functional recovery is unclear. Some studies sup-
port the functional integration of a small portion of newly generated neurons that 
migrate to the injured striatum after cerebral ischemia in adult brain (Hou et al. 
2008). But whether this limited neurogenesis and functional integration contribute 
to functional improvement after stroke is uncertain. Arvidsson et al. (2002) doubted 
on the functional significance of post-stroke neurogenesis, as < 0.2 % of neurons 
destroyed after stroke were replaced in the infarcted striatum and an even smaller 
percentage in the infarcted cortex. Although interventions that are aimed at increas-
ing neurogenesis have been shown to improve functional outcome, but these treat-
ments are not specific to neurogenesis (Ohab et al. 2006; Leker et al. 2007). The 
causal link between neurogenesisand behavioral recovery after stroke remains to be 
demonstrated. And the approaches to resolve this issue are need in the near future. 
Using of transgenic technique such as inducible Cre to specifically knockout stroke-
induce migrating neuroblasts after stroke could provide insight into the direct effect 
of neurogenesis on functional improvement.

 Conclusions

Ischemic stroke induces endogenous NSC proliferation within the SVZ, migration 
from the SVZ, and localization in the peri-infarct cortex and striatum. This whole 
process include three distinct spatiotemporal zones, each of them is associated with 
distinct molecular and cellular interactions. The mechanisms that trigger augmented 
endogenous NSC proliferation, migration and their differentiation into specific neu-
ral types after stroke remains to be identified. Ischemic injury triggers endogenous 
NSC proliferation by a variety of growth factors, morphogens and neurotransmit-
ters. Neuroblast migration occurs through SDF-1, MCP-1, MMP production and 
through association with vasculature and endothelial cells. However, whether these 
neuroblasts could integrate into the surviving brain circuitry and contribute to func-
tional recovery is controversial. Understanding the fundamental mechanisms un-
derlying stroke-induced adult neurogenesis will thus provide the basis for endog-
enous NSC therapy for ischemic stroke.
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Abstract A decade long focus on neuroprotection for stroke and neural injury, and 
its failure to translate into the clinical setting has led to a major shift of focus from 
neuroprotection to neurorestoration. Neurorestoration involves the remodeling and 
rekindling of neurovascular plasticity within the central nervous system which 
drive neurological recovery. Bone marrow-derived mesenchymal stem cell (BMSC) 
therapy is a promising cell-based neurorestorative therapy for stroke. This chapter 
provides an update on the use of BMSCs to promote neurorestorative effects in the 
sub-acute and chronic phases after stroke. The biological processes involved in pro-
moting neurorestorative effects post ischemia are outlined, molecular mechanisms 
that promote neurogenesis, synaptogenesis, vascular and white matter remodel-
ing, and neurovascular interactions and plasticity are discussed, the involvement 
of microRNA’s in regulating neurorestorative mechanisms is introduced, and an 
update on clinical trials for BMSC treatment of stroke is presented.

Abbreviations

BMSCs  Bone marrow-derived mesenchymal stem cells
miRNA  microRNA
tPA  Tissue plasminogen activator
MSCs  Marrow stromal cells
BBB  Brain-blood-barrier
NeuN  Neuron-specific nuclear protein
GFP  Green fluorescent protein
IBZ  ischemic border zone
GFAP  Glial fibrillary acidic protein
VEGF  vascular endothelial growth factor
FGF2  Basic fibroblast growth factor
PGF  Placental growth factor
IGF  Insulin-like growth factor
BDNF  Brain derived neurotrophic factor
HGF hepatocyte growth factor
Ang1  Angiopoietin-1
SVZ  sub-ventricular zone
GDNF Glial cell-derived neurotrophic factor
NGF  Nerve growth factor
SDF Stromal cell-derived factor 1
CBF  Cerebral blood flow
PDGF  Platelet derived growth factor
MMP  Matrix metalloproteinase
OPC’s  Oligodendrocyte progenitor cells
OLs  Oligodendrocytes
T1DM  Type-one diabetes mellitus
MCAo  Middle cerebral artery occlusion
HBMSCs  Human BMSCs
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4.1  Introduction

Ischemic stroke is a world wide concern as the third leading cause of death and 
long-term disability. Developing innovative approaches to effectively promote 
neuroprotection and neurorestoration after stroke are of prime research interest. 
Neuroprotective approaches aim to prevent or slow down ischemic cell damage by 
introducing therapeutic agents that can uphold the integrity of the neuronal circuit. 
Encouraging results using neuroprotective agents were reported in animal stroke 
models; however, these were not successful in the Phase III clinical trials, except 
for the only FDA approved thrombolytic agent, tissue plasminogen activator (tPA). 
Decades long focus on neuroprotection and its failure to translate into the clini-
cal setting has led to a shift of interest to neurorestoration. In 2006 and 2011, the 
National Institutes of Neurological Disease and Stroke (NINDS) Stroke Progress 
Review Group identified post stroke neurorestoration as a major priority for stroke 
research. Today, we have available to us a vast amount of preclinical research data 
indicating that sub-acutely administered cell-based therapies can promote neurores-
toration after stroke (Chen et al. 2001a, b; Liu et al. 2014).

This chapter provides an update on the use of bone marrow-derived mesenchy-
mal stem cells (BMSCs) to promote recovery processes in the sub-acute and chronic 
phases after stroke. The biological process involved in promoting neurorestorative 
effects post ischemia will be outlined, molecular mechanisms that promote vascular 
and white matter remodeling discussed, the involvement of microRNA’s in regulat-
ing neurorestorative mechanisms will be introduced briefly and an update on clini-
cal trials presented.

4.2  Bone Marrow-Derived Mesenchymal Stem Cells 
(BMSCs) Biology

Mesenchymal stem cells, or marrow stromal cells (MSCs), are multipotent stromal 
cells that contain cells with a stem-cell-like character that allows them to differen-
tiate into a variety of cell types, including bone, cartilage, adipocytes, and hema-
topoietic supporting tissues (Krebsbach et al. 1999). MSCs express CD73, CD90 
and CD105 surface markers, and lack the expression of CD11b, CD14, CD19, 
CD34, CD45, CD79a and HLA-DR surface markers (Dominici et al. 2006). MSCs 
derived from bone marrow are referred to as BMSCs. In culture, the BMSCs can 
be separated from hematopoietic cells by their differential adhesion to the cultured 
plastic and their prolonged proliferative potential (Krebsbach et al. 1999). BMSCs 
are an excellent source of cells for treating a variety of central nervous system 
diseases.
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4.3  BMSCs Therapy of Stroke

Figure 4.1 shows how BMSC therapy for stroke induces neurorestorative effects. 
The various effects of BMSC therapy contributing towards neurological recovery 
has been discussed in the following sections. Figure 4.2 summarizes the various 
contributors towards neurorestoration that are typically targets of cell therapy.

4.3.1  BMSC Migration into the Ischemic Brain

Many studies have confirmed the ability of BMSCs to migrate to the injury site (Lee 
et al. 2003; Wu et al. 2008). BMSC therapy initiated intravenously at 1 or 7 days 
after stroke in an animal stroke model promoted neurovascular remodeling resulting 
in improved neurological function post stroke (Chen et al. 2001a, 2003a; Shen et al. 
2007). Administered BMSCs were found to survive and migrate to the ischemic 
brain. The disruption of the brain-blood-barrier (BBB) may contribute to the entry 
of BMSCs into ischemic brain compared to normal cerebral tissue thereby aid-
ing BMSC migration to the ipsilateral hemisphere. BMSCs harvested from mouse 
were labeled using a nuclear fluorescence dye, bis-benzimide, for 24 h. The labeling 
of BMSCs enabled visualization of migration and differentiation of the implanted 
BMSCs. The labeled BMSCs were stereotactically transplanted into the ischemic 
striatum in mouse post MCAo (middle cerebral occlusion) model.  Migration of the 

Fig. 4.1  BMSC therapy induces neurorestorative effects post stroke

 



51

implanted BMSCs to the injured cortex and corpus callosum was observed. Four 
weeks post transplantation, some BMSCs were found to express neuronal mark-
ers like NeuN (neuron-specific nuclear protein) (Zhao et al. 2002). After 7 days of 
BMSC transplantation in animals that underwent transient MCAo and were treated 
at 24 h post stroke, migration of BMSCs to tissues supplied by the middle cerebral 
artery was observed (Wu et al. 2008). Another interesting study included transplan-
tation of BMSCs derived from green fluorescent protein (GFP) expressing trans-
genic mice, 7 days post permanent MCAo in mice, followed by in vivo tracking 
of transplanted cells using fluorescence optical imaging (Shichinohe et al. 2004). 
The emitted green fluorescence was observed by exposing the skull and using in 
vivo fluorescence optical microscopy. Observations over the following 4–12 weeks 
revealed that the BMSCs migrated towards the ischemic injury site and immunohis-
tochemistry analysis indicated accumulation in the ischemic border zone (IBZ) and 
some expressed neural phenotypes (Shen et al. 2007).

4.3.2  BMSC Differentiation

BMSCs have the ability to differentiate into neural and mesodermal cell lines (Zhao 
et al. 2002). BMSCs can stimulate nerve regeneration (Tohill et al. 2004). An in 
vitro study, in which BMSCs were co-cultured with fetal brain neural cells,  suggests 
that differentiation of BMSCs to neurons can be promoted by close proximity to 
neural cells (Yan et al. 2005). When BMSCs were cultured in the presence of growth 
factors like BDNF or EGF, they expressed glial fibrillary acidic protein (GFAP), 
NeuN, and nestin (a marker for neural precursors), suggesting the capability of 
BMSCs to differentiate into neuronal cells (Sanchez-Ramos et al. 2000).  Purified 

Fig. 4.2  The various aspects of neurorestoration that are targeted by cell therapy to improve neu-
rological recovery post stroke
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human  BMSCs were grafted into the cortex surrounding the area of infarction 1 
week after stroke in rats, and some transplanted human BMSCs expressed markers 
for astrocytes, oligodendroglia, and neurons (Zhao et al. 2002). However, the mor-
phological features of the grafted cells were spherical in nature with few processes 
and did not show neuronal function (Zhao et al. 2002). In addition, treatment with 
BMSCs via intravenous administration demonstrated that very few  BMSCs dif-
ferentiated into neurons or astrocytes in the ischemic brain in vivo (Weaver et al. 
1991; Chen et al. 2001a, 2003a; Shen et al. 2007; Li et al. 2008). Although it has 
been suggested that differentiation of BMSCs into cells of neural lineage may occur 
both in vitro and in vivo, BMSCs do not survive long term and replace damaged 
tissue (van Velthoven et al. 2012). Therefore, it is highly unlikely that the functional 
recovery observed by the ischemic rats with BMSC grafts was mediated by the 
integration of new “ neuronal” cells into the circuitry of the host brain (Chen et al. 
2001a; Zhao et al. 2002).

Only a small fraction of the injected BMSCs expressed neural phenotype and the 
mechanism of action of the therapeutic effects of BMSCs differ from that originally 
proposed for stem cells therapy. Stem cells being totipotent may replace injured/
dead brain cells. The stem-cell like population in the BMSCs function in a similar 
manner and may differentiate into neural cell lines (Zhang et al. 2009; Shichinohe 
et al. 2010; Ding et al. 2011). However, these cells are a minor subpopulation of the 
BMSCs and do not contribute to the restoration of function, and only a very small 
percentage of the BMSCs assume parenchymal cell phenotype (Li et al. 2002). The 
neurological benefit induced by BMSC treatment appears to be derived primarily 
from the release of growth and trophic factors (van Velthoven et al. 2012).

4.3.3  BMSCs Secrete Trophic Factors

Exogenous BMSCs have been shown to produce, and more importantly, to stimulate 
the production of neuroprotective and neurorestorative factors in parenchymal cells. 
A broad range of mRNAs for angiogenic and arteriogenic cytokines are expressed 
by the BMSCs. Some of these are vascular endothelial growth factor (VEGF), basic 
fibroblast growth factor (FGF2), placental growth factor, insulin-like growth fac-
tor and Angiopoietin-1 (Ang1) (Chen et al. 2003b; Zacharek et al. 2007). Human 
BMSCs when cultured in the supernatant derived from ischemic rat brain extracts 
increase their production of several growth factors like brain derived neurotrophic 
factor (BDNF), VEGF and hepatocyte growth factor (HGF) (Chen et al. 2002a, b). 
The release of these growth factors contributes to neurological recovery by initiat-
ing cell repair mechanisms, increasing cell proliferation in the sub-ventricular zone 
(SVZ) and reducing apoptosis in the ischemic region (Li et al. 2002) and there-
by improve functional benefit (Chen et al. 2002a, b, 2003b; Zacharek et al. 2007; 
Wakabayashi et al. 2010).

bFGF protects brain cells against toxins and promotes cell survival. Follow-
ing focal cerebral ischemia in animal models, intravenous bFGF administration 
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can reduce infarct volume and stop the down-regulation of anti-apoptotic protein 
Bcl-2 (Ay et al. 2001). bFGF therapy has neuroprotective effects when administered 
within a few hours after ischemic onset and reduces infarct volume; and neuro-
restorative effects when administered a day after the ischemic attack by enhancing 
synaptogenesis and neuronal sprouting (Ay et al. 1999). BDNF is associated with 
neuronal survival, learning and memory, neuroplasticity and synaptic plasticity. In-
crease in BDNF has been correlated with improved behavioral recovery following 
brain injury. In an animal stroke model, BDNF showed therapeutic promise for 
functional recovery post stroke (Ploughman et al. 2009). Glial cell-derived neu-
rotrophic factor (GDNF) promotes endogenous cell repair mechanisms, increases 
neurogenesis, neuroblast proliferation and migration from the SVZ and decreases 
apoptosis (Kobayashi et al. 2006; Yuan et al. 2013). Nerve growth factor (NGF) 
promotes cortical neurons against ischemic insults. The NGF/receptor system has 
been suggested to play an important role between astrocyte/neuron interaction un-
der focal cerebral ischemia (Lee et al. 1998). Decrease in delayed death of hip-
pocampal neurons post ischemia has also been reported upon treatment with NGF 
(Lee et al. 1998). VEGF promotes angiogenesis and is also capable of exerting 
neuroprotective effects (Sondell et al. 1999). VEGF decreases post ischemic le-
sion volume, apoptosis, and overall neuronal damage (Hayashi et al. 1998). Hence, 
enhancing trophic factor and growth factor production may be the mechanism of 
action in BMSC therapy. BMSC treatment increases the release of neurotrophins 
and angiogenic growth factors like bFGF, BDNF, GDNF, HGF, NGF, VEGF, etc. 
from parenchymal cells and thereby promotes endogenous brain repair mechanisms 
(Chen et al. 2001a; Hardy et al. 2008).

The intravenously administered BMSCs migrate to the brain and stimulate the 
endogenous cells (mainly astrocytes and endothelial cells) to produce growth fac-
tors, which in turn promote angiogenesis and vascular stabilization, partially medi-
ated by VEGF/Flk1 and Ang1/Tie2 pathways (Zacharek et al. 2007). Insulin-like 
growth factor 1 (IGF-1) is a natural activator of the AKT signaling pathway. It 
is also known to stimulate cellular growth and proliferation and inhibit apoptosis. 
When cells were subjected to ischemic insult, elevated IGF-1 mRNA expression 
levels were observed (Wakabayashi et al. 2010). Upon BMSC therapy, enhanced 
expression levels of IGF-1 mRNA, IGF-1 and IGF-1R immuno-reactive cells was 
observed, suggesting that the neurological functional benefit may also be derived 
from an IGF-1 mediated self repair mechanism (Wakabayashi et al. 2010).

4.3.4  BMSC Treatment of Stroke Induces Neurorestorative 
Effects and Increases Interaction/Coupling Among 
Restorative Events

The conceptual model of the neurovascular unit focuses on illustrating the dy-
namic interactions among the brain neurons, micro-vascular endothelium, extra-
cellular matrix, astrocytes and pericytes. While the neurovascular unit has gained 
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 importance as a key component of stroke damage, another model called the vascular 
neural network, encompassing the neurovascular unit and the vasculature supplying 
and interacting with the neural structures of the brain, is gaining attention. Stroke 
can inflict extensive damage to the vasculature of the brain along with damage 
to the neural circuit. Hence, the vascular neural network is a potential target for 
neurorestorative therapies (Zhang et al. 2012). The vascular neural network is a 
collection of cell types and structures inclusive of capillary endothelial cells, astro-
cytes, pericytes and neurons that constitute the neurovascular unit and structures 
connecting with arteries and arterioles upstream of the cerebral microcirculation, 
like vascular smooth muscle cells, arterial endothelial cells, perivascular nerves and 
venules downstream (Zhang et al. 2012). The vascular neural network can poten-
tially target all five therapeutic aspects of stroke recovery; retardation of injury, 
reperfusion of ischemic penumbra, reduction of tissue injury, regeneration of new 
cells and reorganization of vasculature and neural networks (Zhang et al. 2012). 
Following brain injury, similar to how cortical gray matter recovery is mediated by 
a neurovascular niche, white matter recovery may be mediated by an oligovascular 
niche that promotes oligodendrogenesis and angiogenesis (Pham et al. 2012). These 
concepts are evolving with accumulating literature and influencing the neurorestor-
ative approach towards stroke recovery.

Angiogenesis and neurogenesis in the neurovascular niches of the CNS play a 
key role in recovery. Neurogenesis and angiogenesis are linked together by growth 
factors and chemokines and trophic effects of Stromal cell-derived factor 1 (SDF1) 
and Ang1 which are up-regulated by blood vessels within the niche, and improve 
behavioral recovery (Ohab et al. 2006). Results from an animal stroke model indi-
cated improved post stroke neurological recovery that was partly attributed to the 
migration of newly born neurons in the SVZ to the cortex, neurogenesis derived 
from GFAP-expressing progenitor cells in the SVZ, and migration of neuroblasts to 
a neurovascular niche in peri-infarct cortex (Ohab et al. 2006).

BMSC treatment of stroke induces expression of many angiogenic and trophic 
factors, and thereby regulates interaction/coupling between restorative events. The 
neurorestorative events include: vascular remodeling, white matter remodeling, 
neurogenesis and synaptic plasticity which may collectively contribute towards 
BMSC treatment induced neurorestoration after stroke.

4.3.4.1  BMSC Treatment of Stroke Increases Vascular Remodeling

Vascular remodeling includes angiogenesis and arteriogenesis and plays a major 
role in regulating cerebral blood flow (CBF). Cerebral blood flow regulation and 
the re-establishment of functional microvasculature via angiogenesis and arterio-
genesis in the IBZ helps maintain neural function and creates a hospitable micro-
environment for neuronal plasticity leading to functional recovery (Plate 1999; 
Chen et al. 2003b; Pratt et al. 2004). Enhanced vascular remodeling improves blood 
supply to ischemic cells and mediates the generation of restorative trophic factors. 
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 Vascular remodeling leads to the formation of mature and functional blood vessels 
and hence has gained much importance as a therapeutic target.

Angiogenesis, defined as the process of growth of new blood vessels from pre-
existing vessels, has been associated with improved long-term recovery of stroke 
patients (Arenillas et al. 2007; Navarro-Sobrino et al. 2011). Tissue ischemia and 
hypoxia stimulate angiogenesis hours after the ischemic attack and angiogenesis 
may continue for weeks (Dor and Keshet 1997). Several growth factors like VEGF, 
endothelial nitric oxide synthase (eNOS), bFGF, platelet derived growth factor 
(PDGF) and Ang-1 mediate and tightly regulate angiogenesis (Greenberg 1998). The 
physiological sequence of angiogenesis that occurs in the penumbra of the ischemic 
brain is as follows. Angiogenic growth factors bind to specific receptors located on 
the brain endothelial cells and stimulate endothelial cell proliferation, migration and 
sprouting from the existing vessel towards ischemic brain area (Greenberg 1998). 
The first step in this process is vasodilation initiated by NO (Carmeliet 2000) which 
in combination with the increase in VEGF expression increases vascular permeabil-
ity allowing extravasation of plasma proteins that lay down a provisional scaffold 
for the migration of endothelial cells for vascular sprouting. Next, the sprouting 
endothelial cells form blood vessel tube-like structures. The initial vascular plexus 
forms mature vessels by sprouting, branching, pruning and promoting differential 
growth of endothelial cells, and recruitment of supporting cells, such as pericytes 
and smooth muscle cells (Folkman and D’Amore 1996; Risau 1997). This step 
involves the dissociation of smooth muscle cells and loosening the extracellular 
matrix which enwraps the mature vessel. Once the path of sprouting has been estab-
lished, proliferating endothelial cells migrate to distant sites. Angiopoietin (Ang) -2, 
an inhibitor of Ang1/Tie2 signaling, may be involved in facilitating the detachment 
of pericyte cells from endothelial cells, while the matrix metalloproteinase (MMP) 
family of proteinases degrade matrix molecules and further weaken the vessel in-
tegrity (Feng et al. 2009). Once new blood vessel networks are formed, Ang1 which 
activates Tie2 receptors helps to stabilize networks initiated by VEGF. The Ang1/
Tie2 interaction promotes pericyte recursion and mediates maturation of neovessels 
into more complex and functional vasculature.

Arteriogenesis is another process of restoring blood supply to an ischemic region 
when the main supply artery is blocked. Collateral vessels develop from pre-exist-
ing arterioles that adapt to supply the same end tissue as the blocked artery. While 
angiogenesis and arteriogenesis share some common features, they have quite dis-
tinctive pathways. Vessel collateralization is initiated by fluid shear stress due to 
pressure differences between perfusion territories (Erdo and Buschmann 2007). The 
circulating monocytes attract, adhere to the endothelium and invade to pave way 
for the collateral vessel development (Schaper and Buschmann 1999). These mono-
cytes also produce growth factors like VEGF and proteolytic enzymes that enable 
migration and division of smooth muscle cells (Scholz et al. 2001). The smooth 
muscle cells coat the pre-existing capillaries transforming them into vessels with 
larger diameters (Buschmann and Schaper 2000; van Royen et al. 2001). Arterio-
genesis and collateral vessel growth have also gained interest as therapeutic targets.
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Studies indicate that BMSCs can participate in angiogenesis and increase arte-
riogenesis (Kinnaird et al. 2004; Zhu et al. 2011). Having a perivascular/vascular 
location, BMSCs contribute to vascular formation and function and might be har-
nessed to regenerate a blood supply to injured tissues (Watt et al. 2013). In vitro, 
BMSCs have also been reported to play an important role in angiogenesis in a time 
and dose dependent manner affecting all stages of angiogenesis from formation 
to maturation of vessels (Duffy et al. 2009). BMSCs implanted intravenously at 
24 h post transient MCAo, expressed increased angiogenic factors, such as VEGF/
FLK1 and Angiopoietin-1/Tie2 in the IBZ associated with enhanced functional of 
angiogenesis, vessel density and arteriogenesis as well as improved neurological 
functional recovery (Chen et al. 2003b; Zacharek et al. 2007; Wu et al. 2008; Cui 
et al. 2009). In a chronic limb ischemia model, treatment with autologous BMSCs 
significantly increased VEGF expression and increased vessel density (Hoffmann 
et al. 2010), improved blood flow and enhanced arteriogenesis (Zhu et al. 2011). 
BMSCs aid in brain repair by inducing a neovascular response by selectively tar-
geting the injured tissue and improving blood flow to the ischemic zone via arte-
riogenesis and angiogenesis (Cui et al. 2009). These angiogenic and arteriogenic 
vessels are stimulated to produce trophic and growth factors that in turn contrib-
ute to brain plasticity and recovery of post stroke neurological function (Kinnaird 
et al. 2004). These results suggest that BMSCs induce and promote angiogenesis 
and arteriogenesis in the ischemic brain tissue to improve blood supply and allevi-
ate neurological deficits.

4.3.4.2  BMSC Treatment of Stroke Increases White Matter Remodeling

White matter remodeling includes oligodendrogenesis, myelination and axonal 
regeneration. Oligodendrocyte progenitor cells (OPC’s) produced in the SVZ dif-
ferentiate to form oligodendrocytes (OLs). While OPC’s do not have myelin form-
ing ability, the mature oligodendrocytes do. In the ischemic brain, these mature 
oligodendrocytes may restore the myelin sheath lost during the ischemic attack 
and also myelinate the newly formed/sprouted axons. Hence, oligodendrogenesis 
is critical to restore and improve axonal function and neuronal communication 
(Zhang et al. 2013).

Oligodendrogenesis plays a key role in remyelination of axons and neural com-
munication. Oligodendrocytes are at a higher risk of damage from ischemia since 
white matter has limited blood supply when compared to gray matter, and there is 
very little collateral blood flow in deep white matter (Back et al. 2002). Loss of 
myelin is of primary concern caused by oligodendrocyte damage, as injured oligo-
dendrocytes can no longer produce myelin. Detrimental inflammatory responses, 
like increased MMP-9 and MMP-2 expression have been reported to further worsen 
white matter damage (Chen et al. 2011a). Following an ischemic stimulus, a greater 
fraction of the neural stem cells in the SVZ form OPC’s which in turn differentiate 
into mature myelin producing oligodendrocytes in the corpus callosum or striatum 
in the brain. This is central to the repair damaged axons as well as to coating the 
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newly sprouting axons with myelin. Myelin is a dielectric by nature with electrical 
insulating properties. The myelin sheath on the axons is not continuous and exposes 
the axon only at the nodes of Ranvier. This facilitates the much faster saltatory 
conduction over continuous wave conduction as the electrical impulses jump from 
one node to the next. There is mounting evidence associating increased OPCs and 
oligodendrocytes expression with improved neurological function post stroke in 
animal models.

Ischemia subjects axons to extensive damage impairing neuronal communica-
tion, and poor axonal regeneration and neuroplasticity have been associated with 
poor functional recovery (Walmsley and Mir 2007). Axonal remodeling begins 2–3 
weeks post stroke and has been detected even at 28 days post the ischemic attack 
(Liu et al. 2009, 2010). Promoting axonal regeneration improves brain plasticity 
and can restore previously lost functions (Papadopoulos et al. 2006). Successful 
axonal remodeling is central to promoting brain repair and nerve regeneration.

White matter remodeling is enhanced by intra-carotid BMSC transplantation 
which is facilitated by axonal sprouting and re-myelination in the cortical IBZ and 
corpus callosum (Shen et al. 2006). BMSC implantation into the ischemic brain 
significantly reduced the transient MCAo-induced cortical loss and thinning of the 
white matter and enhanced cortical beta-III-tubulin immunoreactivity (Chen et al. 
2008). Significantly increased thickness of individual axons and myelin, and areas 
of the corpus callosum and the numbers of white matter bundles in the striatum 
also were detected in the IBZ of BMSCs-treated rats compared to stroked rats (Li 
et al. 2006). BMSC therapy also improved structural neuroplasticity and increased 
axonal outgrowth from healthy brain tissue (Andrews et al. 2008). BMSCs injected 
into the lateral ventricle of rats at 1 day post permanent MCAo improved neuro-
logical functional recovery by increasing synaptogenesis indicated by an increase 
in Synaptophysin expression in the IBZ (Weng et al. 2008). Intravenous administra-
tion of combination of BMSC with Niaspan in type-one diabetes mellitus (T1DM) 
stroke rats significantly increases myelin and axonal density in the striatum of white 
matter of the IBZ, as well as increases Synaptophysin and SMI-31 (a pan-axonal 
neurofilament marker) expression in the ischemic brain compared to T1DM-MCAo 
control (Ye et al. 2013). BMSC treatment of stroke also increases the number of 
oligodendrocyte precursor cells in the corpus callosum and enhances the areas of 
the corpus callosum in both hemispheres (Shen et al. 2006). These results suggest 
that BMSCs facilitate axonal sprouting and remyelination in the cortical IBZ and 
corpus callosum, which may underlie neurological functional improvement caused 
by BMSC treatment.

Corticospinal tract fibers originating from the contralesional motor cortex sprout 
into the denervated spinal cord after stroke and play an important role in motor 
functional outcome after stroke. BMSCs treatment significantly increases biotinyl-
ated dextran amine-labeled contralesional axons sprouted into the denervated spinal 
cord (Liu et al. 2008). The interaction of axonal remodeling between the bilateral-
hemisphere also regulates functional outcome after stroke. Stroke induces spon-
taneous inter- and intra-cortical axonal plasticity originating from the ipsilesional 
motor cortex in adult rats. BMSC treatment of stroke enhances axonal plasticity and 
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bilateral-hemisphere axonal remodeling (Liu et al. 2010). The axonal remodeling 
is significantly correlated with spontaneous functional recovery after stroke and 
recovery is significantly enhanced by BMSCs (Liu et al. 2010).

4.3.4.3  BMSC Treatment of Stroke Increases Neurogenesis

Neurogenesis is the generation of neurons from neural stem and progenitor cells 
primarily occurring in the sub ventricular zone (SVZ) and sub granular zone (SGZ) 
of the hippocampus. Post ischemic neurogenesis replaces damaged neurons and 
restores neuronal communication. Cell apoptosis and cell proliferation are tightly 
regulated and maintain the progenitor cell population (Shehadah et al. 2010). How-
ever, in a rat stroke model it was observed that following an ischemic attack, neu-
rogenesis is increased and the greatly expanded neural progenitor cells migrate to 
the ischemic boundary regions and some differentiate into mature neurons (Parent 
et al. 2002). Based on an animal model of stroke, it has been reported that 48 h 
after stroke, the neural progenitor cell expansion in the SVZ is increased by the 
following modifications in the cell cycle (Zhang et al. 2006b). The cell cycle length 
is shortened from 19 h in non stroke cells to 15.3 h in stroke cells by reducing the 
duration of the G1 phase. A larger number of SVZ cells from the stroke group thus, 
re-enter the cell cycle after mitosis. Hence, the neurorestorative sequence is tightly 
controlled, starting with neuronal progenitor cell proliferation leading up to their 
differentiation into mature neurons. Thus, BMSC treatment of stroke not only regu-
lates vascular and white matter remodeling, but also increases neurogenesis (Chen 
et al. 2003a; Zhang et al. 2004; Li et al. 2008; Yoo et al. 2008; Bao et al. 2011). 
Increased neurogenesis was observed associated with increased cellular prolifera-
tion in the SGZ and SVZ, and migration of NPCs to the IBZ and their differentia-
tion into mature neurons. BMSC therapy increases neurogenesis, and migration and 
differentiation of neural cells, and also decreases apoptosis, as well as promotes 
neurological recovery (Yoo et al. 2008; Bao et al. 2011).

4.3.4.4  BMSC Treatment of Stroke Increases Synaptogenesis

The process of formation of new synapses is called synaptogenesis. Synaptic plas-
ticity involves strengthening of synapses, via which, neurons communicate, and 
remodeling of axons, dendrites, etc. which in concert, improve brain functional-
ity. Neurons communicate with other neurons and cells via the synapse by pass-
ing neurotransmitters across the synaptic cleft or communicating through electrical 
signals across gap junctions. Significant increase in synaptogenesis and improved 
functional outcome have been reported using several cell-based therapies, includ-
ing intravenous or intracarotid artery BMSC treatment of stroke (Shen et al. 2006; 
Zhang et al. 2006a; Hayase et al. 2009; Ding et al. 2011, 2013; Gutierrez-Fernandez 
et al. 2013). This enhanced synaptogenesis was correlated with improvement in 
functional recovery (Gutierrez-Fernandez et al. 2013). Enhancing synaptogenesis 
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improves neuronal communication and is an important target for neurorestorative 
therapy. The mechanism of BMSC treatment induced synaptogenesis may be re-
lated with BMSC secretion or stimulation of endogenous sonic hedgehog (Shh), 
endogenous tPA, NGF and Noggin expression (Shen et al. 2006; Ding et al. 2011; 
Shen et al. 2011; Ding et al. 2013).

4.3.5  Preconditioning of BMSCs and Treatment of Stroke

Hypoxia preconditioning is a strategy that enhances cell survival and apoptotic tol-
erance of neural progenitors and BMSCs in the ischemic brain (Theus et al. 2008; 
Francis and Wei 2010; Wei et al. 2012). In adult rats, transplantation of BMSCs 
pre-treated with sub-lethal hypoxia (0.5 % oxygen) at 24 h after MCAo, had several 
benefits including increased angiogenesis and neurogenesis, decreased inflamma-
tion by inhibition of pro-inflammatory cytokines, decreased microglia activity in 
the brain and enhanced trophic factor production, all of which reinforced the ben-
efits of BMSC therapy (Wei et al. 2012). Rapid and efficient functional recovery 
derived from similar beneficial effects and neuronal differentiation of neural pro-
genitors from embryonic stem cells, resulted when hypoxia pre-conditioned embry-
onic stem cells were administered to ischemic rats (Theus et al. 2008). Treatment 
of stroke with BMSCs derived from stroke rats (Isch-BMSCs) also exhibited better 
functional outcome compared with BMSCs derived from normal rats (nor-BMSCs)
(Zacharek et al. 2010). The enhanced beneficial effects may be related with the 
Isch-BMSC increased expression of Ang1/Tie2, VEGF/Flk1, bFGF, and GDNF ex-
pression and enhances angiogenesis, arterial density, and axonal regeneration com-
pared with Nor-BMSC (Zacharek et al. 2010).

4.3.6  Adverse Effect of BMSC Treatment in Diabetes Population

The benefits of BMSC therapy in stroke have been well established, but when 
BMSC therapy was extended to diabetic subjects, adverse effects were reported 
(Chen et al. 2011b). When type 1 diabetic rats were subjected to stroke using the 
2 h transient middle cerebral artery occlusion model and treated with BMSCs at 
24 h post MCAo, no functional benefit was observed On the contrary, adverse reac-
tions, including increased mortality, elevated BBB leakage, hemorrhage and vas-
cular damage were observed. Elevated macrophage expression (indicated by ED1 
marker) and angiogenin expression were associated with these detrimental effects. 
Clearly a treatment that works well in normal subjects did not translate to diabetic 
stroke subjects. In addition, BMSC treatment in T1DM stroke rats also increases 
arteriosclerosis-like vascular changes (Chen et al. 2011b), which may increase the 
likelihood of secondary stroke. Therefore, caution should be exercised while em-
ploying BMSCs treatment in diabetic stroke patients and the long term vascular 
changes should be investigated.
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4.3.7  Combination BMSCs with Pharmacological Therapy

Another promising cell therapy strategy is the use of combination therapy. The 
strength of combination therapy lies in its ability to additively combine the positive 
effects of multiple treatments and at the same time overcome any adverse effects 
of one treatment. Combination therapy of Niaspan, an extended release formulation 
of Niacin, with BMSC not only significantly decreased adverse effects like BBB 
leakage, vascular damage, Angiogenin, matrix metalloproteinase 9 (MMP9) and 
ED1 expression, but also improved white matter remodeling and synaptic plastic-
ity that are beneficial to recovery (Yan et al. 2013; Ye et al. 2013). Following 2 h 
MCAo, the animals were treated with BMSCs at 24 h and daily for 14 days orally 
with Niaspan. Niaspan is effective in reducing neurological deficits post stroke by 
promoting axonal remodeling, angiogenesis, and arteriogenesis (Chen et al. 2007, 
2009; Cui et al. 2010; Yan et al. 2012). Another pharmacological drug that has been 
used in combination with BMSC is Sodium Ferulate (Zhao et al. 2013). This com-
bination therapy significantly decreased infarction size and promoted exogenous 
BMSCs differentiation into neural-and astrocytic-like cells, as well as enhanced 
repair capacity of brain parenchymal cells by promoting glucose metabolism and 
endogenous neurogenesis after stroke. Combination treatment of stroke using BM-
SCs with statins also enhances BMSC migration into the ischemic brain, amplifies 
arteriogenesis and angiogenesis, and improves functional outcome after stroke (Cui 
et al. 2009; Pirzad Jahromi et al. 2012).

4.3.8  Role of microRNA (miRNA) in BMSC Therapy

microRNA’s (miRNAs) are small non-coding RNA molecules that play a key role 
gene expression regulation at the post-transcriptional level. They act as molecular 
master switches and can regulate the translation of hundreds of genes. Acting either 
alone or together with other miRNAs, they regulate expression of many genes, bio-
logical pathways, and complex biological networks within cells. They are gaining 
importance as “molecular rheostats” capable of facilitating tissue repair because of 
their ability to fine-tune and switch regulatory circuits mediating tissue repair via 
hypoxia-response, inflammation and angiogenesis (Sen 2011). To therapeutically 
target miRNAs, challenges like mode of delivery and potential off-target effects 
have to be overcome. Cell-based therapy appears to be an effective strategy of ma-
nipulating miRNA expression (Juranek et al. 2013).

BMSCs administered intravenously secrete microvesicles that contain and trans-
port enriched miRNA/ mRNA/ proteins/ etc. depending on parent phenotype, from 
origin to target cells (Collino et al. 2011; Katsuda et al. 2013). These miRNAs are in 
turn capable of stimulating endogenous brain cells to express and release miRNA, 
resulting in enhanced neurorestorative effects post stroke (Juranek et al. 2013). In 
post stroke BMSC therapy, miRNAs can regulate neurite outgrowth (Juranek et al. 
2013) and control neuronal progenitor cell proliferation and differentiation (Lim 
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et al. 2010; Wang et al. 2013). miR-34a that is down regulated during BMSC neuro-
nal differentiation, mediates neuronal precursor motility, that is vital for homing of 
stem cells to target tissue (Chang et al. 2011). Other miRNAs important for BMSC 
differentiation include miR-96, miR-124 and miR-199a, that are differentially ex-
pressed during osteogenic, adipogenic, and chondrogenic induction of hBMSCs 
(Laine et al. 2012). The involvement of miRNAs in regulating neurogenesis is im-
portant. Apart from mediating the trans-differentiation of BMSCs into functional 
neurons, they also help to restore lost and damaged neurons in the injured brain 
(Lim et al. 2010).

Microvesicles enable two way communications between BMSCs and injured 
cells via miRNA exchange; aiding neuronal differentiation and induction of regen-
erative pathways in injured cells. Manipulation of these extracellular microvesicles 
to mediate intracellular communication can be used to yield therapeutically ben-
eficial effects. These microvesicles secreted by BMSCs while in resting or active 
state, can be manipulated to deliver miRNAs specifically to injured cells to enhance 
their recovery (Wang et al. 2013). For example, a novel miRNA treatment strategy 
for malignant glioma uses miR146b (known to have anti tumor properties). BM-
SCs transfected with miR -146b secrete exosomes that are employed as a delivery 
vehicle to decrease tumor volume (Katakowski et al. 2013). When BMSCs were 
exposed to ischemic rat brain tissue extracts derived from post MCAo animals, 
increased miR-133b expression was observed in the secreted exosomes (Juranek 
et al. 2013; Xin et al. 2013b). These exosomes can transfer miR133b from BMSCs 
to neurons and astrocytes which resulted in a significant increase in neurite branch 
number and total neurite length (Xin et al. 2012; Juranek et al. 2013).

Therapeutic efficiency of BMSC therapy may also be enhanced by manipulat-
ing the miRNAs produced by these BMSCs to mimic or antagonize desired mi-
croRNA actions. miR126 plays an important role in angiogenesis and is expressed 
in endothelial cells in blood vessels and capillaries (Nikolic et al. 2010). Since in-
creasing angiogenesis is a desired effect in cell therapy, transplantation of BMSCs 
over-expressing miR126 was shown to improve therapeutic efficiency and cardiac 
function after myocardial ischemia by increasing the secretion of angiogenic fac-
tors, improving hypoxia resistance and activating the Notch signaling pathway 
ligand Delta-like-4 (Huang et al 2013). In diabetic subjects, chronic inflammatory 
responses interfering with wound healing has been associated with abnormal down-
regulation of miR 146a (Xu et al. 2012). Post-myocardial infarction treatment using 
BMSC showed an increase in miR 146a expression and decrease in inflammatory 
factor expression.

Involvement of miRNAs in a broad range of repair mechanisms, like stem cell 
differentiation, neovascularization, control of apoptosis, cardiac remodeling, etc. 
has been reported in myocardial infarction therapy using BMSCs (Wen et al. 2012). 
Functional recovery has been associated with the direct transfer of pro-survival 
miR-210 from BMSCs to host cardiomyocytes in the ischemic heart. In spite of 
improved cardiac function and structural remodeling, BMSC therapy in myocar-
dial infarction is curtailed by the low survival rates of transplanted BMSCs in the 
ischemic myocardium (Wen et al. 2012). Therefore, it has been suggested to use 
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miRNAs as novel regulators and therapeutic modulators of individual cardiovascu-
lar miRNAs of MSCs to improve therapeutic efficiency (Wen et al. 2012). In stroke 
treatment, exosomes derived from BMSCs improve functional recovery, enhance 
angiogenesis, neurogenesis and neurite remodeling, and hold promise as a novel 
treatment strategy for stroke (Xin et al. 2013a).

4.4  An Update on Clinical Trials of BMSC Treatment 
of Stroke

BMSCs therapy has been widely tested in clinical trials for cardiovascular, immune 
related and neurological disorders. With approximately 79 registered clinical trial 
sites for the evaluation of BMSC therapy world wide (Malgieri et al. 2010), cell 
therapy using BMSC is considered safe with encouraging therapeutic results (Bang 
et al. 2005; Sykova et al. 2006).

The results of clinical trials for stroke treatment using autologous BMSCs ad-
ministered intravenously indicated promising results with respect to safety, feasibil-
ity and functional recovery (Bang et al. 2005; Suarez-Monteagudo et al. 2009; Lee 
et al. 2010). In South Korea, a group of stroke patients with cerebral infarcts in the 
middle cerebral arterial region were treated intravenously with autologous BMSCs 
(Bang et al. 2005). The study included serial evaluations and comparisons with a 
control group of patients who did not receive BMSC therapy over a 1 year period. 
The results assure safety of the treatment and suggest improvement in functional re-
covery. The follow-up long-term evaluation report presented higher survival rates in 
the BMSC treated group of patients when compared to the non-BMSC treated con-
trol group. No significant side effects were reported further assuring the safety of 
autologous BMSCs therapy delivered using the intravenous route (Lee et al. 2010). 
In the United States, a Phase I/II clinical trial to test the safety and efficacy of al-
logenic BMSCs to treat ischemic stroke has been initiated by researchers at Univer-
sity of California, San Diego with other collaborators (NCT01297413). In Spain, a 
Phase I/II clinical trial tested the feasibility, safety and improvement of neurological 
outcome in middle cerebral arterial stroke patients treated intra-arterially with au-
tologous bone marrow mononuclear cells on day 5 and 9 post stroke (Moniche et al. 
2012). Over the 6 month follow up time frame, no adverse effects like deaths/ tumor 
formation/ stroke recurrence were reported, apart from two isolated partial seizures 
at 3 months.

Conclusions and Acknowledgements

The major physiological mechanisms for BMSC treatment induced neurorestora-
tion post stroke, include angiogenesis, arteriogenesis, neurogenesis and white mat-
ter remodeling. BMSC therapy also induces the interaction and coupling between 
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these various neurorestorative events. The role of microRNAs in modulating bio-
logical pathways is also of prime interest to understand mechanisms of neurorestor-
ative effects and to improve BMSC therapies for stroke. An update on clinical trials 
for BMSC therapy has also been presented.
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Abstract Over the last few decades, there has been an explosion in stem cell 
research. The investigation of umbilical cord blood (UCB) cells as a treatment for 
stroke is even more recent. Ease of collection and the ability to maintain their stem 
cell properties post-cryopreservation made these cells very attractive candidates 
for treatment development initially. UCB cells have many advantages including a 
wide variety of cell types present, including hematopoietic stem cells, mesenchy-
mal stem cells, endothelial progenitor cells, lymphocytes, and monocytes, which 
enhances their ability to modulate multiple targets impacted by neurodegenerative 
processes. Although the precise mechanisms of action are still being researched, 
UCB cells have been shown to benefit functional recovery and also reduce infarct 
size post-stroke. They have also demonstrated an ability to provide these benefits 
when administered peripherally and within 24–48 h post-stroke, which immensely 
expands the current treatment window of 3–4 h for tissue plasminogen activator. 
This chapter highlights the current research with UCB cells in the development of a 
novel treatment for stroke and demonstrates the great therapeutic potential of these 
cells.
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IGFBP2 Insulin-like growth factor binding protein 2
IL  Interleukin
int34+ Interior CD34-positive
IS Intrastriatal
IV Intravenous(ly)
LDH Lactic acid dehydrogenase
LIF Leukemia inhibitory factor
LIR-8 Leukocyte immunoglobulin-like receptor-8
MAP Microtubule associated protein
MARCO Macrophage receptor with collagenous structure
MCAO Middle cerebral artery occlusion
MHC Major histocompatibility complex
MNC Mononuclear cell
mNSS Modified neurological severity score
MPC Myeloid progenitor cells
MRI Magnetic resonance imaging
MSCs Mesenchymal stem cells
NeuN Neuron-specific neural protein
NF-200 Neurofilament heavy
NGF Nerve growth factor
NK Natural killer
NO Nitric oxide
NSC Neural stem cell
NT4/5 Neurotrophin 4/5
OCT4 Octomer-binding transcription factor-4
OGD Oxygen glucose deprivation
PBS Phosphate buffered saline
PDGF Platelet-derived growth factor
Prdx Peroxiredoxin
qRT-PCR Quantitative real time-polymerase chain reaction
RA Retinoic acid
ROS Reactive oxygen species
SCF Stem cell factor
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SDF Stromal cell-derived factor
SOX2 Sex-determining region Y-box two
SSEA Stage specific embryonic antigen
SVZ Subventricular zone
TGF Transforming growth factor
tPA Tissue plasminogen activator
TPO Thrombopoietin
TRA Tumor rejection antigen
TuJ1 III β-tubulin
UCB Umbilical cord blood
VCAM Vascular adhesion molecule
VEGF Vascular endothelial growth factor
vWF von Willebrand factor

5.1  Introduction

According to the Center for Disease Control and Prevention (CDC), stroke is among 
the top five causes of death (Hoyert and Xu 2012). There are upwards of 700,000 
strokes diagnosed each year (Go et al. 2013), in the United States alone. Ischemic 
stroke is the most common type of stroke, with 87 % of strokes being ischemic and 
13 % either intracerebral and subarachnoid hemorrhagic. Currently there is only 
one U.S. Food and Drug Administration (FDA) approved treatment for ischemic 
stroke that addresses the underlying pathophysiology of the event, tissue plasmino-
gen activator (tPA). While this drug was first used as a thrombolytic therapy for 
experimental coronary artery thrombosis, it was later shown that it could be used 
in animals to reduce deficits resulting from embolic stroke (Zivin 1985). Ten years 
later, the results of the clinical trial of recombinant tPA for the treatment of acute 
ischemic stroke were published in the New England Journal of Medicine (NINDS 
rtPA Stroke Study Group 1995). They found that 3 months after stroke, patients who 
received tPA within 3 h of stroke onset demonstrated increased recovery when com-
pared to the patients from the control group (stroke + placebo). The tPA provided 
30 % improved probability of having little to no disability at 3 months post-stroke. 
In June of 1996, the FDA approved tPA for the “management of acute ischemic 
stroke in adults”, under the brand name, Alteplase (Activase) (Walton et al. 1996). 
The major problem with tPA as a treatment for ischemic stroke is that it must be 
administered within 3 h of stroke onset for benefit and 95 % of stroke victims miss 
this narrow therapeutic window. Further, it cannot be used for hemorrhagic stroke. 
This lack of sufficient treatment for stroke has led many researchers to seek alterna-
tive therapies, including the use of stem cells or other cell sources. Cells derived 
from umbilical cord blood (UCB) have shown promising pre-clinical results as an 
experimental therapy for stroke, demonstrating reduced infarct size and improved 
functional recovery.
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5.1.1  History of Cord Blood Transplants

Research using UCB cells is a relatively recent development in the stem cell field. 
Ethical concerns over the use of embryonic and fetal stem cells have led to an in-
crease in efforts to find suitable alternative sources with fewer ethical concerns. In 
the late 1950s and early 1960s, scientists began to examine UCB as a source for 
such cells. In the late 1980s, Broxmeyer and fellow researchers conducted one of 
the first detailed empirical examinations of UCB cells as a cell transplant therapy 
for hematologic disease (Broxmeyer et al. 1989). These researchers examined the 
cellular composition of UCB, looking for cells with stem cell characteristics. With-
out a direct assay for hematopoietic stem cells (HSCs) at that time, they relied on 
bioassays for proliferating cells. They identified granulocyte-macrophage colony-
forming units (CFU-GM), erythroid burst-forming units (BFU-E), and granulocyte/
erythrocyte/macrophage/megakaryocyte colony-forming units (CFU-GEMM) in 
the umbilical cord blood, indicating that HSCs were present. In 1988, the first UCB 
transplant was performed in France for the treatment of a pediatric patient with 
Fanconi anemia (Broxmeyer et al. 1989), a condition that causes the failure of he-
matocyte production in bone marrow (Auerbach 1995). Since this initial use in he-
matologic myeloid disease, UCB cells have been used to treat other hematopoietic 
diseases such as aplastic anemia, acute leukemia, haemoglobinopathies, lymphoma, 
thalassemia, and sickle cell disease (Rosenkranz and Meier 2011). Initially the cells 
were used for pediatric transplants because single units of UCB were thought to 
have insufficient cell quantities for adult hematopoietic reconstitution (Rosenkranz 
and Meier 2011). By increasing infused cell dosage, UCB transplants for hemato-
logical diseases in adults developed quickly (Ballen et al. 2013). Eventually the use 
of more than one UCB unit allowed for a wider patient selection, reduced intensity 
conditioning prior to transplant, and an increase in probability of disease free sur-
vival from 30 to 50 %.

Success with UCB transplantations for hematologic diseases, can be partially 
attributed to the lower immunogenicity and incidence of graft-versus-host disease 
(GVHD) compared to bone marrow sources, due to the naïveté of the cell popula-
tions (Gluckman et al. 1997). The low immunogenicity is an attractive quality for a 
cell therapeutic because it limits the likelihood of severe adverse effects subsequent 
the transplant.

5.1.2  Collection and Storage of Cord Blood Cells

The use of UCB for hematopoietic transplants led researchers to further examine 
the properties and mechanisms of action of the cells in experimental conditions. 
Much of what we know about UCB cells is from cell culture research, either simply 
exploring the characteristics of the cells or investigating their actions in in vitro 
models of disease. One of the first important issues to be addressed was the optimal 
collection and storage procedures, in order to obtain and maintain the maximum 
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number of viable cells. Much of this research came from Broxmeyer’s research 
group and while they were interested in developing UCB cells as a treatment for 
blood diseases, this research is applicable to all uses of UCB cells.

The umbilical cord is the circulatory connection between the maternal placenta 
and the fetus while in the womb. Developed from the allantois and fetal yolk sac, 
the umbilical cord allows for nourishment to pass from mother to fetus (Ali and 
Al-Mulla 2012). The umbilical cord contains three blood vessels, two arteries and 
one vein, and is approximately 6 cm around and 50–60 cm long. The blood is col-
lected from the placental stump of the umbilical vein (Whedon and Wujcik 1997). 
Compared to bone marrow, UCB collection is a simple and painless procedure for 
the donor.

The goal of the first major study on UCB was to develop an alternative source of 
stem cells to bone marrow-derived cells for myoablative and nonmyoablative diseas-
es (Broxmeyer et al. 1989). The UCB was collected from the maternal end of the tran-
sected cord, with the placenta still in situ because the uterine contractions increased 
blood flow. This type of collection is considered an open collection procedure, using 
gravity or in situ means such as blood pressure to collect UCB from the umbilical 
stump (Bertolini et al. 1995). The alternative procedure is to collect the blood by 
needle aspiration from an ex situ placenta (Broxmeyer et al. 1989). When the open 
and closed collection procedures were compared, open collection procedures had a 
bacterial infection rate of 12.5 % as opposed to 3.3 % in closed collection procedure 
samples (Bertolini et al. 1995). The ex situ, or closed, collection of UCB is generally 
considered less invasive and therefore preferable, especially since both methods pro-
duce a similar cell yield and lack of serious adverse events (Ballen 2005).

Other considerations that affect cell yield have also been examined. Vaginal de-
liveries have been shown to yield significantly larger volumes of UCB compared 
to cesarean sections (Bertolini et al. 1995). Further, cell yield is influenced by the 
length of time taken to clamp the cord; clamping the cord 30 s after delivery reduces 
blood volume by half, from 77 ± 23 ml to 31 ± 18 ml.

One of the critical issues that had to be determined was how long the UCB cells 
remained viable after collection. To address this issue, Broxmeyer and colleagues 
collected UCB and combined it with an anticoagulant before storing the blood 
at 4°C, room temperature (≈ 25°C), or in an incubator at 37°C (Broxmeyer et al. 
1989). Cell survival was examined after 24, 48, and 72 h. The researchers found 
that BFU-E, CFU-GM, and CFU-GEMM progenitor cells, at all three temperatures 
tested, survived well after 1 day. At 48 h, significant cell loss was observed in units 
stored at 37°C. After 3 days, cord blood units stored at 4°C and room temperature 
still maintained progenitor cell levels similar to freshly harvested UCB, but UCB at 
37°C was devoid of progenitor cells. This finding demonstrated a particularly long 
cell survival period, making the transport of UCB for research and treatment easier. 
However, cryopreservation extends the shelf-life of the UCB cells even more.

The viability of the UCB progenitor cells has now been examined after almost 
25 years of cryopreservation (Broxmeyer et al. 2011). Even after 23.5 years of cryo-
preservation, UCB samples maintained efficient recovery of progenitor cells that 
proliferated and generated colonies to a similar extent as freshly collected UCB. 
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Further, CD34+ HSCs from these cryopreserved samples engrafted in NOD/SCID 
mice with long-term repopulation and self-renewal success.

Initial attempts at preserving the UCB progenitors long term were not particularly 
successful. Using various methods (ammonium chloride cell lysis, gravity sedimen-
tation, centrifugation and methylcellulose) to eliminate the erythrocytes from the 
UCB prior to cryopreservation yielded 50–90 % progenitor cell loss and, as a result, 
UCB was preserved as whole blood to avoid major progenitor cell loss (Broxmeyer 
et al. 1989). Six years later, two procedures for separating out the mononuclear cell 
(MNC) fraction by density gradient centrifugation (Ficoll-hypaque and Hanks bal-
anced salt solution with 3 % gelatin) proved to have very good cell recovery rates, 
86–92 %, when the blood was fractioned within 12 h of collection (Bertolini et al. 
1995). The density gradient method became the method most commonly used to 
isolate a UCB cell fraction rich in progenitors.

These studies paved the way for the establishment of cord blood banks globally 
in the early 1990s. These banks recruit consenting donors, process and preserve 
the collected cord blood, and also allocate its distribution for transplantation and 
research (Ballen 2005).

5.1.3  Expansion of Umbilical Cord Blood Stem Cells

Stem cells are highly proliferative cells, capable of significant expansion and dif-
ferentiation. One of the main reasons UCB was first used in hematopoietic recon-
stitution was because of the presence of stem and progenitor cells (Broxmeyer et al. 
1989). However, one of the main drawbacks to UCB transplantation is that the 
numbers of certain stem and progenitor cells seem to be lower than the amount 
necessary for a single unit transplant for an adult. For example, the embryonic-like 
stem cells found in UCB are not plentiful, but maintain high proliferation capacity. 
In theory, these cells could be expanded, differentiated, or cultured to meet the re-
quirements of a study or treatment. Gilmore and associates demonstrated that UCB 
cells could be expanded in vitro for approximately 9 week and maintained as long 
as 19 weeks (Gilmore et al. 2000). Further, the CD34+ UCB cells demonstrated 
greater expansion when cultured in serum-containing media with flt-3 ligand and 
thrombopoietin (TPO) growth factors, stem cell factor (SCF), and interleukin (IL)-
6 versus serum-containing medium with only flt-3 ligand and TPO or serum-free 
medium only. The CD34+ UCB HSCs were capable of expansion, 100 times the 
original number of cells, over approximately 9 weeks in culture. These investigators 
also demonstrated that cord blood plasma produced comparable results as fetal calf 
serum. Together, the use of cytokines, serum or plasma could allow for sufficient 
expansion of single UCB units for therapeutic use.

Broxmeyer et al. found similar results using UCB derived myeloid progenitor 
cells (MPCs) (Broxmeyer et al. 1992). They cultured the UCB MPCs with colony 
stimulating factors (CSFs), examined the in vitro cell expansion and compared 
UCB cell expansion to BM-derived MPC expansion. The UCB cells demonstrated 
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greater expansion than BM-derived cells and gave rise to a wider variety of cell 
types, suggesting the presence of earlier stage progenitor cells within UCB. Early 
stage progenitor cells are advantageous for multiple research purposes because of 
their expansion and differentiation potential.

More recently, another research group examined the expansion of UCB-derived 
MSCs in the presence or absence of insulin-like growth factor binding protein 2 
(IGFBP2) (Ong et al. 2012). The UCB MNCs were co-cultured with embryonic 
stem cell-derived mesenchymal stem cells (ESMSCs) with cytokines, SCF, flt li-
gand, and TPO (Ong et al. 2012). They observed that IGFBP2 significantly in-
creased the expansion of hematopoietic stem cells (HSCs; CD34+/CD38-/CD90+) 
from the UCB MNC fraction, but did not significantly increase the total number of 
nucleated cells. The presence of IGFBP2 in culture with UCB MNCs also led to an 
observed reduction of CD3+ and CD19+ lymphocytes. They concluded that their 
method of co-culturing UCB MNCs with ESMSCs in the presence of IGFBP2 was 
successful in significant HSC expansion within the culture, but not beneficial to 
overall ex vivo expansion.

5.2  Cellular Composition of Umbilical Cord Blood 
Mononuclear Fraction

UCB is a heterogeneous collection of cells containing a variety of progenitor cells, 
such as the CFU-GMs, BFU-Es, and CFU-GEMMs discussed earlier as well as 
HSCs and mesenchymal stem cells (MSCs). UCB also contains red blood cells, 
plasma cells, and white blood cells. The UCB preparations that have been used as 
an experimental treatment for stroke vary. Understanding the cellular composition 
of UCB is imperative to predict outcomes and manipulate mechanisms of action, 
especially once employed in clinical therapeutics (see Table 5.1).

5.2.1  Hematopoieitic Stem Cells

The initial use of UCB for treatment of hematopoietic disorders was based on the 
ability of HSCs in the UCB to reconstitute the immune system and therefore be a 
viable substitute for bone marrow. The HSCs are characterized by their expression 
of CD34, CD45, and CD133, which are hematopoietic lineage-specific antigens 
(McGuckin et al. 2003; Ali and Al-Mulla 2012). HSCs are not only present in UCB, 
but also seemed to be in a very early stage of development, as they maintain a very 
high proliferation rate even after over 20 years of cryopreservation (Broxmeyer et al. 
2011). When McGuckin et al. (2003) examined the characteristics of UCB imma-
ture cell populations using expression of the lineage-specific antigens CD34, CD38, 
CD117, CD133, CD164, and Thy-1, compared to bone marrow-derived HSCs, they 
found that UCB contained more cells expressing an interiorCD34 (int34+) marker 
while being negative for exterior CD34 (ext34¯). They also determined that the 
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UCB cells lacked exteriorized CD38 while expressing CD133. This pattern of an-
tigen expression (intCD34+/extCD34¯/CD133+/CD38low/−) was more highly ex-
pressed in UCB than bone marrow and indicated a more naïve phenotype. In ad-
dition to this population of very immature progenitor cells, another more primitive 
cell subset was also observed. These cells were quiescent stem/progenitor cells and 
potentially capable of long-term engraftment and ectodermal differentiation; they 
expressed intCD34+/extCD34¯/extCD117low (McGuckin et al. 2003)

5.2.2  Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are also present in UCB. These cells are capable 
of differentiating into mesodermal cell lineages, including adipogenic, chondrogenic 
and osteogeneic cells (Bieback et al. 2004; Ali and Al-Mulla 2012). These cells can be 
identified by their lack of typical hematopoietic antigens, CD34, CD45, and CD133. 
Although MSCs are found in low numbers in UCB, they are highly proliferative (Ali 
and Al-Mulla 2012). The MSC can be isolated from the MNC fraction, forming fi-
broblastoid cells in culture. MSC identity was confirmed through flow cytometry by 
expression of CD29, CD44, CD73, and HLA-class I (Bieback et al. 2004), although 
there was decreased fluorescent intensity of the antigen expression compared to bone 
marrow-derived MSCs. These MSCs also displayed a slightly different antigen pro-
file, with a lower expression of SH2/CD105 and a higher expression of CD106. The 
isolated cells could be induced to differentiate into osteogenic, adipogenic and chon-
drogenic lineages, confirming their mesenchymal stem/progenitor status.

5.2.3  Endothelial Progenitors

Endothelial progenitor cells (EPCs) are also found in UCB (Ingram et al. 2004). 
These are highly proliferative cells involved in the vascular genesis, angiogenesis 
and arteriogenesis. There are no specific antigens that identify all EPCs but most 
express CD34, CD133 and vascular endothelial growth factor receptor (VEGFR)-2 
(Khakoo and Finkel 2005). Unfortunately these cells also share many surface an-
tigens with HSCs (Asahara and Kawamoto 2004), making bioassays the only way 
to infer their presence. In general, these cells express endothelial surface antigens 
including CD31, CD105, CD141, CD144, and CD146 as well as von Willebrand 
Factor (vWF) but do not express CD14 and CD45.

There have been a number of studies that have compared EPCs from UCB, 
adult peripheral blood (APB) and bone marrow. UCB contained fifteen times more 
EPCs than adult peripheral blood; these cells formed larger colonies and could be 
 expanded more than 100 passages without significant senescence or decreased 
telomere length (Ingram et al. 2004). When the CD34+ cells isolated from the 
UCB MNC fraction were cultured, they initially expressed CD14 and CD45 (Eg-
germann et al. 2003) and exhibited a monocyte-like phenotype. This expression 
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profile  indicates neither progenitor nor endothelial cell lineage. However, after 6 
days in vitro, cells began to demonstrate endothelial phenotype, VEGFR-2+, vascu-
lar endothelial (VE)-cadherin+, and CD105+, although they remained CD34- and 
CD133- and CD14+ and CD45+. After about 10 days in culture, the number of cells 
demonstrating a endothelial-spindle shaped morphology increased.

EPCs have also been found in cryopreserved UCB (Vanneaux et al. 2010). EPCs 
from fresh and cryopreserved UCB were compared. Daily assessments of potential 
endothelial colonies were made, looking for cells with an adherent cobblestone-like 
morphology. The EPCs from the cryopreserved UCB contained significantly fewer 
endothelial colony forming cells (ECFCs) than in fresh UCB, but they had a shorter 
average expansion time. Even so, all cells had high CD31, CD133, VEGFR-2, and 
vWF expression as well as arterial and venous endothelial cell genes. EPCs from 
both sources were found to be capable of forming tube-like vessels and participate 
in in vitro wound healing, forming a cell monolayer over scar tissue. Vanneaux et al. 
also examined the effects of cryopreservation on cell viability and telomere length 
and found that fresh and cryopreserved UCB cells had no significant differences in 
viability or in telomere length.

5.2.4  Other Stem and Progenitor Cells

Not only does UCB contain HSCs, MSCs and EPCs, there is evidence that the 
UCB has additional stem cell populations. Small non-hematopoietic cells have 
been found in UCB (McGuckin et al. 2005; Zhao et al. 2006); this population of 
cells expresses markers typically associated with embryonic stem cells, such as the 
homeobox protein NANOG, octomer-binding transcription factor-4 (OCT4), and 
sex determining region Y-box two (SOX2) (Ali and Al-Mulla 2012). McGuckin 
et al. found a population of highly proliferative embryoid-like cells from lineage-
restricted immunomagnetic-separated UCB cells (McGuckin et al. 2005). These 
cells exhibited exponential growth for approximately 5 weeks, after an initial week-
long lag phase. Even secondary non-adherent cells, from the original UCB cell 
selection, once replated were capable of similarly high growth levels; these cells ex-
press some embryonic-specific antigens: OCT4, stage specific embryonic antigens 
three and four (SSEA-3, SSEA-4 respectively), tumor rejection antigen (TRA)-1-
60, and TRA-1-81). During this study, the researchers were able to differentiate this 
cell type into hepatogenic cells (McGuckin et al. 2005). Another research group 
also isolated stem-like cells that strongly expressed embryonic markers NANOG, 
OCT4, SSEA-3, SSEA-4 as well as TRA-1–60 and TRA-1-81 (Zhao et al. 2006); 
these cells did not express markers of HSCs or MSCs. The cells also weakly ex-
pressed human leukocyte antigen (HLA) -ABC, HLA-DQ, CD40, CD80, and 
CD86. This is a similar immunogenic profile as embryonic stem cells, which have 
low immunogenicity. These cells were able to differentiate into neuronal-like cells, 
endothelial cells and functional pancreatic-islet cells.
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5.2.5  Immune Cells

UCB also has a full complement of immune cells in addition to the stem cell com-
partment. There are many naïve T-lymphocytes, B-lymphocytes, and monocytes in 
the UCB MNC. These important components of UCB likely play a large role in the 
low incidence of GVHD with UCB transplants (D’Arena et al. 1998). When UCB 
immune cells were compared to immune cells from adult peripheral blood using 
flow cytometry, the percentage of B cells and monocytes was similar between the 
two sources, but T cells were elevated in UCB.

5.2.5.1  Lymphocytes

T and B cells are cells of the adaptive immune system. Common lymphoid pro-
genitor (CLP) cells are cells with the capacity to develop into B-lymphocytes, T-
lymphocytes, and natural killer (NK) cells (Haddad et al. 2004). In UCB these CLPs 
demonstrate considerable potential for lymphocyte generation and express a par-
ticular antigen profile: CD45RA+/CD38-/CD7+. Haddad et al. demonstrated that 
these CLPs from UCB can be further identified by their antigen profile, in order to 
predict their differentiation lineage. They found that UCB CLPs expressing CD34+/
CD45RAhi/CD7+ were more likely to develop into T cells and CD/34+/CD45RAhi/
Lin-CD10+ were more likely to differentiate into B-cells when studied in vitro. 
They observed that to some degree these cells retained potential for alternative lym-
phocyte lineage differentiation, but tended towards T/NK cell or B cell lineage, 
respectively. These findings suggest that many of the lymphocytes found in UCB 
are in an immature state as precursor cells.

Approximately 55–60 % of the UCB MNC fraction is CD3+ T cells (Wedgwood 
et al. 1997). When the number and phenotype of UCB T cells was compared to 
T cells from adult blood using flow cytometry, there was both a greater percent-
age and a greater number of CD3+/CD38+ immature T lymphocytes in UCB 
(D’Arena et al. 1998). Further, there were more naïve CD4+ and CD8+ T cells, 
as identified by their co-expression of the CD45RA+ antigen. In adult peripheral 
blood samples there were more mature CD4+ cells that co-expressed CD45RO. 
These authors concluded that UCB contained more T cells and that they were an 
immature phenotype compared to adult peripheral blood.

Harris and colleagues also investigated the phenotype and immunologic profile 
of the T cells present in UCB (Harris et al. 1992). While they found fewer CD3+ 
T lymphocytes in UCB compared to adult peripheral blood samples, the majority 
of UCB-derived T cells expressed CD3/TCR-α/β, indicative of an immature phe-
notype, as well as the CD45RA naïve phenotype found in approximately 90 % of 
UCB T cells. They also found another population of CD3-/CD8+ and CD3-/CD7+ 
T cells in UCB, but not in adult peripheral blood. Both T cells and NK cells lacked 
the lytic activity of normal adult lymphocytes, but this activity did develop after 
about 1 week in culture. UCB T lymphocytes also did not respond to IL-2 or HLA 
stimulation the same way mature T cells did and their own HLA expression was 
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significantly lower in UCB cells versus adult peripheral blood samples. This lack 
of mature phenotype may contribute to the therapeutic effects demonstrated by the 
UCB cells.

B lymphocytes are responsible for the recognition of antigens and production 
of plasma and memory cells assisting in the immune system’s recognition of for-
eign molecules (Solomon et al. 1999). These plasma cells from activated B cells 
secrete antibodies, or immunoglobulins (Ig). Fetal B cells are produced from dif-
ferentiated precursor cells found in the liver and depending on their stage of dif-
ferentiation, their expression of various surface antigens changes (Abbas et al. 
2011). B cell maturity can be attributed to surface antigen expression of CD19, 
CD20, and Ig expression (Edwards and Cambridge 2006). The first stage of B 
cell differentiation is marked by the expression of CD19+/CD20-Ig- (pro-B-cell 
phenotype), continuing differentiation to express CD19+/CD20+/Ig- indicating a 
pre-B-cell, and becoming an immature B lymphocyte positive for expression of  
Ig (CD19+/CD20+/Ig+).

Approximately 25–30 % of the UCB MNC is CD20+ B lymphocytes (Wedgwood 
et al. 1997). In studies that have compared B lymphocytes from UCB and adult 
peripheral blood, there appear to be similar numbers of B cells as determined by 
percentage of cells expressing CD19+ and CD20+ antigens (Harris et al. 1992; 
D’Arena et al. 1998). Interestingly, about half of the B lymphocytes expressed a 
CD5+ immature phenotype. When immunoglobulin expression was examined, 
UCB-derived B cells had greater expression of IgM than adult peripheral blood 
control samples (Wedgwood et al. 1997). Using flow cytometry and PCR analysis 
the UCB-derived B cells that expressed CD20+ were found not to express IgG. 
These findings would indicate that the B cells found in UCB are in the pre-B-cell 
stage. Further, the IgM antibodies bind oxidized polysaccharides, glycoconjugates 
and phospholipids (Binder and Silverman 2005) on damaged cells, targeting the 
cells for destruction. In this way, UCB-derived B cells could limit the overall in-
flammatory response to stroke.

5.2.5.2  Monocytes

Monocytes (CD14+) are cells of the innate immune system. Adult monocytes re-
move apoptotic cells, scavenge toxins, and differentiate into macrophage and den-
dritic cells. They produce both pro- and anti- inflammatory cytokines, growth factors 
such as VEGF, reactive oxygen species (ROS), nitric oxide, prostaglandins, comple-
ment and proteolytic enzymes (see references (Geissmann et al. 2008; Auffray et al. 
2009) for recent reviews). These cells may express major histocompatibility (MHC) 
class II antigen and CD11c (Van Voorhis et al. 1983) and therefore can function as 
antigen presenting cells. During acute inflammation, such as occurs after stroke, the 
cells are mobilized from bone marrow by interaction of monocyte chemoattractant 
protein (MCP)-1 with the CCR2 receptor (van Furth and Cohn 1968), and from the 
spleen in a CCR2-independent manner (Swirski et al. 2009). There appear to be two 
types of monocytes in the adult – the CD14+ CD16- cells which express CCR2 and 



84 A. E. Willing and E. A. Foran

produce IL—10 (Ziegler-Heitbrock et al. 1992; Weber et al. 2000; Geissmann et al. 
2008) and the CD14+ CD16+ monocytes, which express high levels of CX3CR1 
(fractalkine receptor) and secrete tumor necrosis factor (TNF)-α (Belge et al. 2002). 
These latter cells have been implicated in the acute inflammatory response fol-
lowing myocardial infarction in the mouse while the former infiltrate the ischemic 
heart later and are associated with tissue remodeling and inhibition of inflammation 
(Nahrendorf et al. 2007).

Monocytes within UCB are indistinguishable from monocytes harvested from 
adult peripheral blood in terms of phagocytic activity, ROS production, ability to 
degrade bacteria, production of many cytokines and expression of CD14 and CD16 
antigens (Gille et al. 2009; Filias et al. 2011). Unlike monocytes from adult blood, 
however, UCB monocytes are not stimulated by hepatocyte growth factor (HGF) 
(Jiang et al. 2001). Stimulation of UCB monocytes with IL-4 and granulocyte and 
macrophage colony stimulating factor (GM-CSF) produces fewer dendritic cells 
compared to stimulation of adult monocytes (Liu et al. 2001). UCB monocytes also 
produce less IL-1β, TNF-α, integrin α5 subunit, intercellular adhesion molecule 
(ICAM)-1, and IL-10 than adult monocytes (Le et al. 1997; Brichard et al. 2001; 
Jiang et al. 2001). While less IL-10 production would suggest that immunosuppres-
sive function of the UCB monocytes could be blunted compared to adult mono-
cytes, UCB MNCs administered 48 h post-MCAO increase protein expression of 
IL-10 in the spleen and the brain (Vendrame et al. 2005; Vendrame et al. 2006). It is 
not clear whether the origin of the IL-10 is monocytes within the UCB MNC, other 
UCB cell populations or endogenous immune cells within the transplanted animals.

5.2.6  Cord Blood-Derived Neural Cell Lines

While the early work with UCB cells focused on expansion of the cells to treat he-
matologic disease, the more recent focus on developing a treatment for neurologic 
disease or injury has required different tools. Sanchez-Ramos and associates were 
the first to report neural gene and protein expression from UCB-derived cells in 
vitro (Sanchez-Ramos et al. 2001). Using retinoic acid (RA) and nerve growth fac-
tor (NGF), they observed cellular development of UCB cells into neural-like cells 
that expressed glial fibrillary acidic protein (GFAP) and β-tubulin III, expressed 
by astrocytes and neurons, respectively. They also observed a significant increase 
in neural gene mRNA expression for pleiotrophin, glypican-4, neural associated 
growth protein 43 (GAP43), neuronal pentraxin II, and neuronal PAS1 and a signifi-
cant decrease in hematopoietic genes HLA class II, attractin, macrophage receptor 
with collagenous structure (MARCO), leukocyte immunoglobulin-like receptor-8 
(LIR-8), CD1c, erythropoietin (Epo) and its receptor. Some of the upregulated gene 
expression coincided with protein expression, as they also detected significant lev-
els of Mushashi-1, β-tubulin III, pleiotrophin, and neuron-specific neural protein 
(NeuN) proteins. These results were confirmed and extended to describe cells with 
a neuronal-like morphology in addition to expression of NeuN, neurofilament, mi-
crotubule associated protein (MAP)-2 and GFAP (Ha et al. 2001; Ha et al. 2003). 
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Later work suggested that it was CD133+ primitive stem cells present in the UCB 
that could produce neural cells (Jang et al. 2004). In another study, CD45- cells 
exposed to fibroblast growth factor (FGF)2 and human epidermal growth factor 
(hEGF) for 7 days could express β-tubulin III, GFAP, and galactocerebroside (Gal-
C) (Bicknese et al. 2002). Similarly, lineage negative cells from UCB exposed to 
FGF4, SCF and flt3-ligand expressed nestin, neurofilament, A2B5 and Sox2 (Chua 
et al. 2009). Brain-derived neurotrophic factor (BDNF) was shown to induce neu-
ral-like differentiation of UCB MSCs (Lim et al. 2008). Based on these studies, it 
was a reasonable supposition that the UCB stem cells could produce neural cells 
and studies to develop UCB derived neural cell lines began.

One of the first attempts to develop such a cell line was reported by research-
ers in Poland. Bużańska et al first expanded CD34-/CD45- UCB cells in vitro and 
after sufficient expansion, differentiated the cells with neurobasal media containing 
RA and BDNF (Buzanska et al. 2002). The resulting cloned cells were positive for 
nestin, a marker associated with central nervous system (CNS) stem and progenitor 
cells. From these nestin positive cells, Bużańska et al. were able to further differ-
entiate the UCB-derived cells with RA and BDNF into three neural progenitor cell 
types, expressing some neuronal and glial markers: β-tubulin III (neuronal marker), 
GFAP (astrocytic marker), and Gal-C, (oligodendrocytic marker). Four years later, 
this research group reported that they had established a neural stem cell (NSC) 
line from the CD34-/CD45- MNCs in UCB (Bużańska et al. 2006; Habich et al. 
2006). Culturing the non-adhesive cells with different combinations of epidermal 
growth factor (EGF), vitamin B27, FGF2, leukemia inhibitory factor (LIF), and an-
tibiotic antimycotic solution (AAS) with high, low or serum free media, researchers 
were able to establish a NSC lineage. Cells cultured with serum-free media, EGF, 
LIF, and FGF2 remained in an undifferentiated state as clumps of small round cells 
without development of an adherent basal layer. Cells cultured in low-serum, EGF, 
LIF and FGF2 developed an adhesive basal layer and maintained some undiffer-
entiated free-floating cells, which expressed genes related to self-renewal (Wnt, 
Lif, and TGF-β pathway genes), NSCs (including Notch-2, -3, and-4), and neural 
commitment (Sox2). Both serum-free and low serum culture conditions yielded 
slower but continuous rates of expansion up to 20 days in vitro. High serum cultures 
yielded mostly adherent cell morphologies, and exhibited high initial growth rate, 
but became senescent. Researchers observed their NSC-line to be clonogenic, at a 
rate of about 10 %, and demonstrated neural marker expression of nestin, GFAP, 
and neurofilament heavy (NF-200), when cultured in low-serum media conditions. 
Once this cell line was developed this research group was able to induce neuronal 
differentiation; the best conditions for generation of neurons were low serum and 
co-culture with rat astrocytes or hippocampal slices (Jurga et al. 2006). They also 
demonstrated that these cells expressed neurotransmitters and their receptors and 
were electrically active (Sun et al. 2005); unfortunately, the cells did not have the 
necessary sodium channels to generate an action potential. It was not clear if these 
cells were just not mature enough to have developed this ion channel or were not 
truly functional neurons.
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5.3  Effect of Cord Blood Cells After Stroke

In the first study to use UCB cells as a therapeutic for stroke, researchers intrave-
nously (IV) administered UCB cells to rats at two time points, 24 h and 7 days post-
Middle cerebral artery occlusion (MCAO) (Chen et al. 2001). They found that their 
treatment improved rat functional recovery and reduced neurological deficits when 
administered at 24 h post-MCAO. Although they did not see an infarct volume 
reduction post-treatment, they were able to identify UCB cells within the stroked 
brain mostly localized around the site of injury. These results indicated that UCB 
cells were capable of stimulating functional recovery post stroke, but the mecha-
nisms by which this occurred were unclear.

5.3.1  Which Cord Blood Cells are Most Therapeutic?

The UCB cell preparations reported in the literature have varied across research 
groups, most likely as a function of the UCB’s heterogeneous nature and the hy-
pothesized mechanism of action. Many researchers choose to employ the MNC 
fraction or to select a specific cell type, such as MSCs, HSCs or the population of 
embryonic-like stem cells found in UCB.

Nystedt et al examined the efficacy of UCB CD34+ cells in both transient MCAO 
using the intraluminal filament method, which produces an infarct encompassing 
striatum and cortex, and a permanent distal MCAO, in which the infarct is limited to 
cortex (Nystedt et al. 2006). They transplanted UCB-derived CD34+ cells (5 × 105 
cells and 2 × 106, for transient and permanent occlusions, respectively). They failed 
to observe any change in infarct volume, but the treatments did provide a degree of 
functional recovery in both MCAO models.

Recently, a study examined the effects of three different fractions of UCB cells 
administered IV 24 h after stroke (Boltze et al. 2012a). Boltze et al. specifically 
examined the differences between the use of MNCs, CD34+ cells, and CD34- cells 
in the treatment of experimental stroke, using both human Jurkat T-cells (hT cells) 
and non-cell-containing vehicle as controls. Animals administered any type of UCB 
cells exhibited increased motor recovery compared to those animals that received 
the hT cells or vehicle control group. CD34+ and CD34- cells improved motor 
recovery at 7 days post-transplant, whereas, the UCB MNCs took longer to im-
prove motor performance (17 days post-transplant). Although the MNCs did not 
demonstrate this effect until later in recovery, they exhibited a more pronounced 
recovery than either the CD34+ and CD34- cell treated groups. MNC treated rats 
also exhibited decreased CNS tissue loss, significantly more than the CD34+ treat-
ment group, and more than the CD34- treatment group, although not statistically 
significant. These investigators concluded that UCB MNCs were the best choice for 
neuroprotection post-stroke, indicating that the combination of the cell types within 
the MNC enhances the neuroprotective effects of UCB on post-ischemic injury.

We recently published a similar study, but comparing the ability of UCB MNCs 
to induce stroke recovery to that of the naïve immune cells present in the MNC 
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fraction (Womble et al. 2014). The most profound observation in this study was that 
almost the entire effect of MNC transplantation was replicated by administering 
UCB-derived CD14+ monocytes. Similarly, removal of these cells from the MNC 
fraction reduced recovery and prevented the reduction in infarct size that we nor-
mally obtain. These data suggest that the stem cell populations present in the MNC 
have only a small role in neural repair.

5.3.2  Dose of Cells

An important consideration in the use of UCB cells for cell therapy is the number of 
cells required to elicit treatment effects. The first study of UCB cells to treat stroke 
administered 3 × 106 cells IV (Chen et al. 2001). The first study to systematically 
determine the best dose to use was not performed until 3 years later when we ex-
amined the cell dose necessary for IV UCB cell benefits when administered at 24-h 
post-MCAO (Vendrame et al. 2004). Functional recovery and infarct volume reduc-
tion was optimal when UCB cells were given at a dose of 107 cells, compared to 
lower (105, 106) and higher (between 3 × 107 and 5 × 107) doses. However, when the 
cells were administered at 48-h post-MCAO, IV cell transplants only required 106 
cells (Newcomb et al. 2006). When UCB cell doses of 1 × 106 cells are administered 
at 48-h post-MCAO they consistently improve function and reduce neural injury 
(Rowe et al. 2012). Examining tissue for phosphorylated (p)Akt, a protein involved 
in cell survival pathways, within white matter of stroked brains, investigators found 
that UCB cell treatment increased ipsilateral pAkt expression at 72 and 96 h post-
ischemia. The cells not only reduced infarct volume, especially in the white matter, 
but also led to an increase in expression of the antioxidant, peroxiredoxin (Prdx)4 
and reduced apoptosis as indicated by activated caspase 3 expression post ischemia.

5.3.3  Timing of Administration

One of the major problems with the rtPA treatment for stroke is the very narrow 
time window it offers: less than 4 h (NINDS rtPA Stroke Study Group 1995). One of 
the hopes for cell therapy in stroke is that it will allow for a more realistic treatment 
window to reduce the functional deficits caused by stroke. Various time points have 
been examined, immediate cell therapy administration and administration within 
hours or days of stroke onset (Newcomb et al. 2006). Studies suggest that an im-
mediate administration of UCB cells does not demonstrate the same benefits, seen 
when administered at later time points. Although immediate cell administration has 
been shown to reduce functional deficits (Borlongan et al. 2004), this immediate 
administration would provide a smaller therapeutic time window than currently 
available.

The timing of cell administration affects the efficacy of the treatment (Newcomb 
et al. 2006). Researchers administered UCB cells IV to rats at one of six time points: 
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3, 24, 48, and 72 h, 7 days, and at 4 weeks post-ischemia. Previous empirical evi-
dence concluded that 107 UCB cells were necessary for infarct volume reduction 
when administered within 24 h of stroke onset (Vendrame et al. 2004). However, 
Newcomb et al found that 106 UCB cells were sufficient to limit the infarct size and 
prevent cell loss in the penumbra, when given at 48 h post-ischemia. Not only was 
infarct size smaller, but rats that received cells at 48 h post-MCAO significantly 
improved motor function, compared to rats with MCAO only or cells administered 
at other time points. When the cells were delivered at 48 h post stroke, there was a 
significant reduction in inflammation and apoptosis, which led to reduced infarct 
volume. This therapeutic time window of 48 h post-ischemic onset would greatly 
expand the ability to treat and potentially alleviate much of the functional and be-
havioral damage that currently occurs in stroke victims.

This study was replicated by other investigators. Boltze and colleagues admin-
istered UCB MNCs IV at five experimental time windows, post-MCAO: 4, 24, 72, 
120 h, and 14 days (Boltze et al. 2012b); the control group was treated with phos-
phate buffered saline (PBS) vehicle at 24 h post-MCAO. Sensorimotor function and 
recovery were measured with the modified Neurological Severity Score (mNSS), 
RotaRod, and BeamWalk assays, every 4 days beginning 1 day post-MCAO and 
ending 27 days post-MCAO. They found that UCB cells administered within 72 h 
of ischemic injury reduced stroke-related functional deficits and reduced infarct 
size even though the IV administered cells were not found engrafted in the cortex.

5.3.4  Route of Administration

Just as there are multiple methods of drug administration for pharmacologic treat-
ment of disease, research for cell therapy explores different methods for cell admin-
istration. The chosen route of administration for UCB cells has a few variations, due 
to an evolution of understanding about the UCB cell mechanisms of action in vivo. 
There are four main routes of cell administration: intrastriatal (IS), intracerebroven-
tricular (ICV), intravenous (IV), and intrarterial (IA). In both IS and ICV, the cells 
are administered directly into the CNS, whereas IV and IA routes of administration 
are peripheral. Although direct, IS delivery is an invasive technique for cell admin-
istration as it disturbs the skull, meninges, and parenchyma. After ischemic injury, 
the necrotic core is a toxic environment for transplanted cells and their survival rate 
is usually poor (Bühnemann et al. 2006), hence placement near the infarct, but not 
in it, is critical. IS and IV are the most common methods for UCB cell administra-
tion in experimental stroke therapy. Although both methods demonstrate positive 
effects, such as infarct volume reduction and improved behavioral recovery, IV has 
become the preferred route of administration for UCB cells in stroke.

The use of IS cell administration has demonstrated success in reducing infarct 
volume and improving neurobehavioral recovery after an ischemic incident (Koh 
et al. 2008). The cultured UCB MSC cells were administered by stereotaxic-IS in-
jection, 14 days post-MCAO. The cells were injected ipsilateral to the lesion, in a 
dose of 6 × 105 UCB MSCs per animal. Animals that received UCB cell treatment 
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showed improved neurological function, based on Neurlogical Deficit Scores, com-
pared to control subjects. The treated animals also displayed reduced infarct vol-
ume compared to controls, as measured by magnetic resonance imaging (MRI). 
Although researchers found some expression of neural markers (NeuN), suggesting 
neural differentiation of implanted cells, the UCB cells predominantly maintained 
an undifferentiated state.

We also investigated the optimal route of administration for UCB cell therapy for 
the treatment of stroke (Willing et al. 2003). Given at 24-h post-MCAO, UCB cells 
were administered either IV (1 × 106 cells in 10 µl) or IS (250,000 cells in 2.5 µl). 
Overall, IV delivery produced less cellular debris in the injured striatum and increased 
functional recovery that was stable over time compared to the IS or stroke control 
groups, even though there was no evidence of infiltration of the UCB cells into the 
CNS. We had hypothesized that the cells would infiltrate the infarcted brain since the 
earlier demonstration that the stroked brain produced chemotaxic signals that attracted 
UCB MNCs (Chen et al. 2001) that included production of growth regulated onco-
gene/cytokine-induced neutrophil chemoattractant (GRO/CINC)-1,MCP-1, macro-
phage inflammatory protein (MIP)-1 (Newman et al. 2005; Jiang et al. 2008). Further, 
blocking these chemokines reduced UCB homing toward infarcted brain tissue.

A later study addressed the issue of penetration of the transplanted cells into 
the CNS (Borlongan et al. 2004). The premise was that mannitol, an osmotic that 
would open the blood brain barrier (BBB), would allow more cell infiltration into 
the injured brain. While the combination of UCB therapy and mannitol significantly 
reduced behavioral dysfunction and infarct size as measured 3 days post-MCAO 
compared to even the group treated with UCB cells alone, they still found few 
transplanted cells in the brain. Even so, treatment was still able to induce trophic 
factor expression in the infarcted brain. The benefit of mannitol administration was 
likely by changing osmotic pressure and minimizing edema as opposed to increas-
ing contact of the UCB cells with neural substrates. It also suggests that the effect 
of the cells was most likely indirect either through the release of circulating factors 
or stimulating endogenous cells to produce trophic factors.

5.4  Underlying Mechanism of Action

Initially it was thought that the cells would act as replacement cells for necrotic tissue, 
especially if administered directly into the brain; it was believed that it was necessary 
for the cells to localize or be administered directly to the site of injury in order to ame-
liorate that injury, replacing necrotic cells in the infarct core. However, this view has 
shifted. Scientists now believe that UCB cells act indirectly through immune modu-
lation and soluble factors (Vendrame et al. 2005). Phenomena such as angiogenesis, 
neurogenesis, the reduction or cessation of apoptosis and inflammation, as well as 
increased trophic support have all been associated with UCB cell treatment of stroke.
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5.4.1  Cell Replacement

Much of the support for this theoretical mechanism of action stems from the in vitro 
research of UCB cell transdifferentiation. Although UCB cells are capable of dif-
ferentiating into cells from endo-, meso-, and ecto-dermal cell lineages under proper 
cell culture conditions, the evidence is lacking for effective in vivo transdifferentia-
tion and cell replacement. Based on the evidence of UCB cell high proliferation rate 
and ability to differentiate into multiple cell lineages, we chose to directly implant 
the UCB cells in the subventricular zone (SVZ) of the rat neonate (Zigova et al. 
2002) because it is one of the regions of the adult brain known to maintain neurogen-
esis throughout life and these new cells typically migrate to the olfactory bulb via the 
rostral migratory stream. The implanted UCB cells were found mostly in the SVZ 
but also observed in the corpus callosum and nearby parenchyma; they were not 
found in the contralateral hemisphere. Survival of the cells was approximately 20 %. 
Most of the transplanted cells were observed to express GFAP, exhibit astrocyte-like 
morphology, and were found in the corpus callosum and parenchyma. Expression of 
neuronal proteins was a rare occurrence, with only about 0.2 % of cells expressing a 
human antigen and neuron-specific class III β-tubulin (TuJ1). In the adult striatum of 
NOD/SCID mice, no UCB cells were observed 1 mo after grafting even though 5 % 
of the UCB cells were present in the striatum at 5 days post- transplant and expressed 
early neuronal antigens (TuJ1) (Walczak et al. 2007). After MCAO, results are not 
much different. In the Chen et al. paper, survival of UCB cells within the infarcted 
hemisphere was approximately 1 % of the cells administered (Chen et al. 2001); few 
of these cells expressed neural antigens. In subsequent studies, few UCB cells have 
been found to survive in the brain of stroked rats or mice. Even in studies that have 
used UCB derived cells that have undergone neural induction prior to transplantation 
into infarcted cortex, there was a paucity of cells (Kozłowska et al. 2007).

5.4.2  Cord Blood Cells Provide Trophic Support

One of the advantages of using a cell therapy to treat an ischemic stroke is that 
the living cells are protein factories that are regulated by the microenvironment 
surrounding them. This cannot be replicated by the administration of a trophic cock-
tail. As such, the UCB cells can provide potent trophic influences to the injured 
brain. Studies that have examined the secretory products of the cells report the ex-
pression of a myriad of growth factors, cytokines, and chemokines in these cells.

When PC12 cells were exposed to oxygen glucose deprivation (OGD) followed 
by reoxygenation in the presence or absence of UCB MNCs, mRNA for nerve 
growth factor (NGF), VEGF, and FGF2 increased in the UCB cells (Arien-Zakay 
et al. 2009). The CD34+ UCB cells have been shown to express both NGF and 
the trkA receptor (Bracci-Laudiero et al. 2003). In addition to NGF, mRNA for 
the other neurotrophins, brain derived neurotrophic factor (BDNF) and neurotropin 
4/5 (NT4/5), has also been observed in these cells (Fan et al. 2005). Zwart et al 



915 Cord Blood as a Treatment for Stroke

demonstrated that UCB MSCs secreted transforming growth factor (TGF)-β, cili-
ary neurotrophic factor (CNTF) as well as NT3 and BDNF (Zwart et al. 2009). We 
confirmed these results and showed that platelet derived growth factor (PDGF)-BB, 
granulocyte colony stimulating factor (G-CSF) and granulocyte and macrophage 
colony stimulating factor (GM-CSF) were also secreted constitutively (Chen et al. 
2010). In a mouse model of ataxia, UCB cells were shown to express insulin like 
growth factor (IGF)-1 and VEGF (Zhang et al. 2011). Similarly, UCB MSCs were 
shown to secrete interleukin (IL)-6, VEGF, hepatocyte growth factor (HGF), and 
TGF-β (Park et al. 2009). Even the growth factors, and not just the neurotrophins, 
have been shown to have beneficial effects in rodent models of stroke (Dhandapani 
and Brann 2003; Schabitz et al. 2003; Zhu et al. 2005; Kawada et al. 2006; Shang 
et al. 2011; Shen et al. 2012; Wang et al. 2013a).

In addition to trophic/growth factors, we have shown that the UCB cells produce 
many chemokines and cytokines. The two most prevalent chemokines produced by 
the UCB cells are IL-8 (CXCL8) and MCP-1 (CCL2) (Newman et al. 2006) and 
these are produced regardless of the culture conditions the cells were exposed to. 
The environment of the cells, however, determines whether stromal derived fac-
tor (SDF)-1b, also referred to as CXCL12) and leptin are secreted. Hau et al dem-
onstrated that CCL5 (RANTES), CCL3 (MIP-1α), CCL4 (MIP-1β) and CXCL10 
(interferon gamma-induced protein 10 or IP-10) all increased in cultures of hypoxic 
neurons to which UCB cells were added (Hau et al. 2008). Cytokines that the cells 
produce include IL-1α, IL-6, IL-11, and small amounts of interferon (IFN)-γ and 
TNF-α (Chen et al. 2010). The cells also produce a number of molecules that are 
essential for the interaction of the cells with other cells and extracellular matrix, in-
cluding E-selectin, L-selectin, intercellular adhesion molecule (ICAM), and vascular 
adhesion molecule (VCAM). While these adhesion molecules are essential for the 
trafficking of the UCB immune cells from the blood stream into the tissue, they may 
also be responsible for the ability of the UCB cells to enhance neuritic outgrowth in 
culture (Chen et al. 2010) and stimulate dendritic growth in other animal models of 
CNS aging or disease (Shahaduzzaman et al. 2013; Willing et al. In Press).

Any of these trophic factors, chemokines or cytokines may modulate processes 
as diverse as inflammation, apoptosis, angiogenesis, neurogenesis or the redox sys-
tem. This is not an exhaustive list, but studies have been performed to examine 
UCB effects on each of these.

5.4.3  Cord Blood-Neural Cell Interactions

There have also been a number of studies to determine how UCB cells interact with 
neural cells in the injured brain (see Fig. 5.1). While in vivo studies of UCB cell 
efficacy examine infarct size, and infer that UCB cells saved neurons when infarct 
size decreases, there have been fewer studies that have actually measured neuronal 
survival. In an in vitro model of hypoxia, UCB cells added to the neuronal culture 
after hypoxia were able to decrease apoptotic cell death to the level observed in nor-
moxic cultures (Hau et al. 2008). In another study, glutamate was applied to either 



92 A. E. Willing and E. A. Foran

 

Fi
g.

 5
.1

  C
N

S 
ef

fe
ct

s o
f c

or
d 

bl
oo

d 
ad

m
in

is
tra

tio
n



935 Cord Blood as a Treatment for Stroke

cortical neuronal cultures or co-cultures of cortical neurons and UCB cells. In the 
co-cultures, neuronal death as a result of glutamate exposure decreased, apoptosis 
decreased and there was an upregulation of Akt survival pathways in the cultured 
neurons. We do observe decreased apoptosis in the brains of MCAO rats treated 
with UCB cells (Newcomb et al. 2006). Even in cultures under normal conditions, 
the UCB cells can increase neuronal survival and neurite outgrowth (Chen et al. 
2010).

Hall and fellow researchers found UCB cells have a protective effect on oli-
godendrocytes in vitro (Hall et al. 2009a). Using the lactic acid dehydrogenase 
(LDH) assay to determine oligodendrocyte survival, researchers found that UCB 
cells increased oligodendrocyte survival post-ischemia and also reduced caspase-3 
activation, indicating a reduction in apoptosis. Further studies using microarray and 
quantitative real time polymerase chain reaction (qRT-PCR) assays demonstrated 
that soluble factors secreted by the UCB cells increased expression of oligodendro-
cyte repair, proliferation, and survival genes Insig1, Mt3, Prdx4, Stmn2, MOG, and 
Vcan (Rowe et al. 2010). These UCB effects were mediated by Akt signal trans-
duction pathways, since addition of an Akt inhibitor to the culture medium elimi-
nated the effects of the UCB cells (Rowe et al. 2012); UCB induced peroxiredoxin 
4 (Prdx4) expression. Prdx4 expression, an endogenous antioxidant often involved 
in the reduction of oxidative stress, was prevented when Akt was inhibited. The 
potential of UCB cells to protect neuroglial cells post-ischemia suggests that UCB 
cell treatments salvage CNS structure and potentially function as well.

5.4.4  Vascular Repair

In the first study to suggest that the cells could induce vascular repair, IV admin-
istration of CD34+ UCB cells 48 h after distal MCAO resulted in the proliferation 
of endothelial cells and growth of new blood vessels in the ischemic zone around 
the infarct (Taguchi et al. 2004). Further, if an anti-angiogenic agent (Endostatin) 
was administered after UCB injection, stroke-induced neurogenesis was inhibited 
and cortical volume was decreased. More recently, AC133 (CD133)+ UCB cells 
were examined. There is also some evidence that endothelial progenitor cells ex-
press CD34, CD133, and VEGFR-2 (Peichev et al. 2000). Cell culture studies had 
shown that these cells could be expanded in vitro and produce tube-like structures 
reminiscent of capillaries (Janic et al. 2010). In a transient MCAO model with 
AC133+ cells delivered 24 h post-stroke, the cells increased expression of von Wil-
lebrand factor around the infarct; however, there was no change in cerebral blood 
flow (Iskander et al. 2013). In another study, EPCs and smooth muscle progenitors 
were isolated from CD34+ UCB cells on the basis of clone morphology and ex-
panded in vitro. Twenty four hours after distal MCAO in the mouse, UCB-derived 
smooth muscle progenitors, EPCs or a combination of both were administered via 
the tail vein (Nih et al. 2012). All UCB cells increased vascular density in the cortex 
around the lesion and enhanced proliferation of CD31+ cells. Consistent with the 
earlier studies, endostatin eliminated the effect.
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This phenomenon has also been observed in other models of ischemic injury. 
UCB derived progenitors have been shown to stimulate angiogenesis in models 
of hind limb and myocardial ischemia, restoring some degree of tissue perfusion 
(Finney et al. 2006; Ma et al. 2006). In none of these studies has there been any 
evidence that the UCB derived cells have incorporated into the new vessels. Just as 
the cells cannot be repairing the infarcted tissue through incorporation into existing 
neural circuitry, the cells must be inducing their effects through the expression of 
trophic factors or cytokines.

5.4.5  Host Immune Modulation

5.4.5.1  Sequelae of Stroke

One key sequelae of a stroke is the activation of microglia, the immune cells of 
the brain, and subsequent induction of inflammation. Inflammation begins with 
the onset of an ischemic stroke, but unlike excitotoxicity it is a more protracted 
process that does not peak until hours or days later (Dirnagl and Priller 2005). 
There has been considerable debate as to whether this response has neuroprotective 
or neurodegenerative effects. The general answer appears to be that inflammation 
is both depending upon whether it is examined early or late after the injury. In a 
review of the field, Kriz (Kriz 2006) suggested that after a stroke there is an early 
proliferative, neuroprotective response followed by a later pro-inflammatory re-
sponse. When microglia or macrophage are eliminated early after stroke, infarct 
size is actually increased (Lalancette-Hebert et al. 2007; Smirkin et al. 2010). Dur-
ing this early proliferative phase of microglial activation after transient MCAO, 
these cells express mRNA for growth factors such as FGF2, GDNF, HGF, IGF-1, 
PDGF-A and VEGF (Smirkin et al. 2010). In contrast, the later inflammatory re-
sponse is characterized by the massive influx of peripheral immune cells into the 
infarcted hemisphere through a permeable blood brain barrier. Many immune cells 
including neutrophils, T cells, B cells, and macrophages have been detected in the 
stroke-injured brain (Schroeter et al. 1994; Stevens et al. 2002). Recent evidence 
suggests that the majority of these cells originate in the spleen (Offner et al. 2006a; 
Vendrame et al. 2006); it is a reservoir of peripheral macrophages, T cells and 
B cells. It decreases in size in response to stroke and neurotoxic injury (Benner 
et al. 2004; Offner et al. 2006a). Removal of the spleen reduces infarct size (Ajmo 
et al. 2008). There is an increase in circulating macrophages and a reduction in B 
cells in the spleen in response to stroke (Offner et al. 2006a; Seifert et al. 2012). 
Further, spleen-derived T cells, monocytes and natural killer cells are observed in 
the brain at 48 and 96 h post-MCAO (Seifert et al. 2012). With activation of local 
microglia and the infiltration of peripheral immune cells, it is not surprising that 
cytokine and chemokine expression increases in the infarcted hemisphere (Offner 
et al. 2006b; Hurn et al. 2007; Chang et al. 2011).
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5.4.5.2  Cord Blood Effects on CNS Inflammation

Microglia are important phagocytic glial cells of the CNS. They are the innate im-
mune cells of the brain, responsible for antigen presentation and much of the in-
flammatory response. Microglia are known to secrete many different cytokines, 
chemokines, matrix metalloproteinases, free radicals which contribute to the pro-
inflammatory state after cerebral ischemia (Rock et al. 2004). Although helpful 
under normal conditions, microglia cells can wreak havoc perpetuating inflamma-
tion and secondary damage post-stroke. Jiang and fellow researchers found that 
co-culturing microglia in an indirect culture system with UCB cells decreased 
microglial viability (Jiang et al. 2010). The researchers observed that UCB cell 
co-culture also suppressed expression of IL-1β. To further examine the specific cel-
lular effects UCB cells have on microglial cells in vitro, researchers separately co-
cultured CD11b+ monocytes, CD8+ T-cells, and CD19+ B-cells isolated from the 
UCB MNC fraction with microglia under OGD and examined microglial viability. 
The CD11b+ monocytes and CD19+ B-cells both demonstrated decreased microg-
lial viability, whereas CD8+ T-cells induced the opposite effect. If these effects are 
representative of how the UCB cells interact with microglia in vivo, it would sug-
gest that the UCB cells decrease the inflammatory response post stroke.

Astrocytes can also contribute to the inflammatory response through the produc-
tion of cytokines. UCB cells also influence the function of astrocytes. When UCB 
MNCs were grown in an indirect co-culture system with astrocytes, IL-6 increased 
significantly in the normoxic cultures, but not in the cultures exposed to OGD 
(Jiang et al. 2011). Under hypoxic/ischemic conditions, the presence of UCB cells 
induced an increase in IL-10 concentration. The authors also examined cell popula-
tions isolated from the UCB MNC – B cells (CD19+), CD8+ T cells, and monocytes 
(CD11b+). Of these fractions, only the CD8+ T cells exhibited an effect on astro-
cyte survival during hypoxic conditions and slightly increased hypoxic IL-6 and IL-
1β expression. UCB-derived CD8+ T cells decreased astrocyte survival under OGD 
compared to non-treated cells, but T cells had no effect under normoxic conditions.

In a more representative model of the nervous system, Hall et al employed the or-
ganotypic slice culture model to examine the effects of UCB MNCs on inflammation 
in the intact nervous system (Hall et al. 2009b). Slices were indirectly co-cultured with 
UCB MNCs for 48-h of exposure to OGD. The UCB cells significantly decreased 
OGD-ischemic damage in vitro. UCB cells also reduced the microglial production 
of nitric oxide (NO), a free radical that can exacerbate secondary ischemic damage 
and apoptosis. These data suggest that the UCB cells can mediate CNS inflammation, 
even though the cells were not directly in contact with microglia in the slice.

In our first study to examine the effects of UCB cells on inflammation in the brain, 
we showed that administering UCB MNCs IV 24 h after permanent MCAO sur-
gery significantly lowered the number of CD45+/CD11b+ leukocytes and CD45+/
B220+ B cells compared to rats with MCAO only (Vendrame et al. 2005). The 
UCB cells had no effect on infiltration of T-cells or neutrophils into the infarcted 
hemisphere. There was also an alteration in the cytokine expression within the post-
MCAO CNS; pro-inflammatory markers, TNF-α, IL2, and IL-1β were significantly 
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reduced. Interestingly, these changes in myeloid cells occur very quickly after UCB 
administration. Leonardo and colleagues examined changes seen in CNS CD11b+ 
pro-inflammatory cells when UCB cells were administered at the optimal dose and 
time: 106 cells at 48 h post-MCAO (Leonardo et al. 2010). Within 3 h of the UCB 
treatment, isolectin binding was reduced and CD11b+ cells demonstrated a ramified 
(resting) morphology, typical of a non-inflammatory state.

Not only are changes observed in the inflammatory state in the brain, but the cells 
appear to modulate the peripheral immune response. Vendrame et al observed that 
when UCB MNCs were administered via the penile vein at 24 h post-MCAO and 
the rats euthanized at 48 h post-MCAO, the cells restored spleen size to that of non-
stroked animals (Vendrame et al. 2006). Further analysis indicated that during MCAO, 
spleens lost approximately 28 % of their CD8+ T cell population when compared to 
sham controls, decreasing the CD8+/CD4+ T cell ratio in the spleen, a phenomenon 
that was reversed with the administration of UCB cells post-MCAO. Splenocyte cy-
tokine profiles after MCAO were also altered by UCB cell administration: TNF-α 
decreased while INF-γ and IL-10 significantly increased with UCB administration.

5.4.5.3  Peripheral Effects of Cord Blood

Altered cytokine expression and cell evacuation likely contribute to the MCAO-
induced changes seen in the spleen (see Fig. 5.2). The administration of UCB cells 
at 24 h post MCAO seems to ameliorate these splenic changes (Vendrame et al. 
2006). In a second study that examined which of the cells within the UCB MNC 
fraction contributed to the UCB effect on spleen, Golden et al observed that af-
ter MCAO, splenic T-cell dramatically increased, and after administration of UCB 
cells, regardless of whether all the constituent cell populations were present or not, 
there was a normalizing decrease in the splenic T-cells and a similar trend in cir-
culating T cells (Golden et al. 2012). Perhaps more significant were the changes in 
circulating and splenic macrophage/monocytes. After stroke, there were significant 
decreases in these cells in blood and spleen. UCB cell administration resulted in 
further significant reductions in circulating monocytes/macrophage populations, 
although the UCB cells had little effect on the number of splenic macrophage. Re-
moving the CD14+ monocytes from the MNC led to a further reduction in splenic 
macrophage, while removing CD133+ cells restored splenic numbers to normal. 
However, only the MNC fraction suppressed T cell proliferation.

5.5  Can Cord Blood Cells be Used to Treat Other Forms 
of Stroke?

5.5.1  Neonatal Models

In addition to providing benefit in adult models of cerebral ischemia, recent reports 
suggest that the cells are also reparative in models of neonatal hypoxia-ischemia, 
reducing damage (Xia et al. 2010), improving reflex development (Pimentel-Coelho 
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et al. 2009), causing reorganization of cognitive maps (Geissler et al. 2011), im-
proving functional recovery (Yasuhara et al. 2010b) and reducing spastic paresis 
(Meier et al. 2006). Rats treated with UCB cells performed better on the Morris 
water maze test of learning and memory than did untreated animals after hypoxia/
ischemia (de Paula et al. 2012). The putative mechanisms underlying the recovery 
in neonate are similar to those observed in the adult. For example, the cells were 
shown to protect progenitors in the subventricular zone as well as mature cortical 
neurons to ultimately reduce brain damage (Bae et al. 2012; Wang et al. 2013b); 
Bae et al suggested the cells likely produced these effects by stimulating microglial 
activity early after the injury. Consistent with these results, the cells were shown 
to decrease apoptosis in this model and increase angiogenesis (Rosenkranz et al. 
2012). The cells appear to also increase GDNF, BDNF and NGF in the brains of 
treated pups (Yasuhara et al. 2010a).

The beneficial effects of UCB administration were also observed in another 
neonatal model. One of the complications with premature birth is intraventricular 
hemorrhage that can lead to post-hemorrhage hydrocephalus; administering UCB 

Fig. 5.2  Splenic effects of cord blood administration
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MSCs into the ventricle 1 day after this hemorrhage prevented the development of 
hydrocephalus and improved behavioral outcomes in rats (Ahn et al. 2013).

5.5.2  Hemorrhage

The experimental data that we have discussed in the adult have all involved UCB 
treatment of ischemic stroke, which represents the majority of strokes that occur. 
However, it is possible that the therapeutic capability of the cells would be equally 
effective in a hemorrhagic model. Indeed, when UCB cells were injected IV 24 h 
after intrastriatal injection of collagenase to induce hemorrhage, they induced be-
havioral recovery 2 weeks after injury (Nan et al. 2005). These results were recently 
replicated (Seghatoleslam et al. 2013). The UCB treatment reduced hematoma area 
and improved functional recovery on limb placement and corner tests; these effects 
were dose dependent. These initial studies demonstrate that UCB cells can be an ef-
ficacious treatment for intracerebral hemorrhage as well as ischemic stroke. While 
hemorrhages account for approximately 15 % of all strokes, there are no current 
treatment options. The current standard of care is supportive with rehabilitation for 
those patients that survive. Mortality is approximately 50 % in the 1st month after 
the incident and 60 % by the end of 1 year (Juvela 1995; MacLellan et al. 2010). 
Those patients that do survive usually have severe long-term disabilities (van Asch 
et al. 2010). If further study bears out the results of these initial studies, a UCB de-
rived therapy could have long-term benefit for this patient population and society.

 Conclusions

The evidence presented suggests that the UCB cells have a great deal of potential 
as a future treatment for stroke, both ischemic and hemorrhagic, in young and adult 
alike. By virtue of the fact that they are living cells producing a variety of different 
factors, these cells have been shown to have pleiotropic effects. However, the stroke 
field is rife with examples of promising pre-clinical experimental treatments that 
have not panned out in clinical trial. There are studies which have not reproduced 
these positive outcomes in both adult models (Makinen et al. 2006; Nystedt et al. 
2006; Zawadzka et al. 2009; Riegelsberger et al. 2011) and neonatal models (De 
Paula et al. 2009). There are no obvious differences between these studies and the 
studies presented earlier showing therapeutic benefit although extensive protocols 
for cell preparation and storage are not provided in most reports. It is imperative that 
we understand why these differences exist and their implications for the long-term 
success of this cell therapy.

There are also other questions that will need to be addressed as we move toward 
the clinic. The cells appear to be efficacious across the lifespan, but it is too early to 
draw that conclusion. Almost all of the studies in the adult are in younger adults and 
not the aged. While the cells have a demonstrated ability to increase proliferation in 
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the subgranular zone of the hippocampus and increase density of dendritic spines 
(Bachstetter et al. 2008; Shahaduzzaman et al. 2013) in the aged rat, they have not 
yet been shown to improve stroke outcome in an aged animal.

All the studies discussed here have used human cells in a rodent model of stroke. 
Xenografting has its own immunologic issues. It is not particularly surprising that 
the UCB cells are rarely observed surviving in the host even when very stringent 
immune suppression protocols are employed; it is, perhaps, more surprising that the 
cells still seem to have such profound effects. When these cells are administered to a 
human stroke patient, however, it is not clear how much immune suppression or HLA 
matching will be required. These studies are best addressed in a larger animal model. 
There is one report in which 114 patients suffering from with 13 varied neurologic 
injuries or diseases all received allogeneic UCB MSC transplants with no precondi-
tioning, HLA matching or immune suppression (Yang et al. 2010). All hematologic 
and immunologic parameters and serum chemistries were in the normal range for 
these patients. The worst adverse events reported were 3 % of the patients experi-
enced headaches and 1 % developed a fever. There was no report on whether any of 
the patients experiences any benefit from the treatment and the number of patients 
with any specific neurologic condition was small. Further studies are still needed.

Even given these caveats, the bulk of the evidence suggests that UCB cells may 
have therapeutic benefit. Multiple groups using different models of cerebral isch-
emia and hemorrhage, different UCB cell preparations, different routes, different 
cell doses, differences in timing of cell delivery and different tests of motor and cog-
nitive function have demonstrated efficacy of this experimental treatment. Cautious 
optimism is warranted as preclinical testing and future clinical trials move forward.
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Abstract Stroke is a devastating disease that is a leading cause of death and dis-
ability in developed countries. However, therapeutic options are notably limited, 
so is mandatory to investigate repairing processes after stroke in order to develop 
therapeutic strategies able to promote brain repair processes. In this context, thera-
peutic angiogenesis and vasculogenesis hold promise to improve the prognosis of 
patients with stroke. In this regard, it is well established that circulating endothelial 
progenitor cells (EPCs) have been suggested to be a marker of vascular risk and 
endothelial function. Moreover, low EPC number has been found in patients with 
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cerebrovascular diseases. Besides, EPC levels have been associated with good neu-
rological and functional outcome as well as reduced infarct growth in patients with 
acute ischemic stroke. Finally, experimental and clinical studies indicate that EPC 
might mediate endothelial cell regeneration and neovascularization. Therefore, 
EPC-based therapy could be an excellent therapeutic option in stroke. Currently, 
clinical trials for evaluating EPC treatment in ischemic stroke are ongoing. In this 
chapter, we discuss the present status of knowledge about the possible therapeu-
tic role of EPCs in stroke, molecular mechanisms, and the future perspectives and 
strategies for their use in clinical practice.

Abbreviations

Ang-1 Angiopoietin 1
Cdc42 Cell division control protein 42 homolog
CFU-EC Early outgrowth colony forming unit-endothelial cell
eF2 Elongation factor 2
Enos Endothelial nitric oxide synthase
EPCs Endothelial progenitor cells
EPO Erythropoietin
G-CSF Granulocyte colony-stimulating factor
ERp29 Endoplasmic reticulum protein 29
HIF-1 Hypoxia-inducible factor 1
HSP-72 72 kilodalton heat shock protein
ICH Intracerebral hemorrhage
IGF-1 Insulin-like growth factor 1
IS Ischemic stroke
mKitL membrane bound Kit ligand
MMP-9 Matrix metalloproteinase 9
NO Nitric oxide
PRDX1 Peroxiredoxin 1
r-tPA Recombinant tissue plasminogen activator
SCF Stem cell factor
SDF-1α stromal cell-derived factor 1α
VEGF Vascular endothelial growth factor
VEGFR2 Vascular endothelial growth factor receptor 2

6.1  Introduction

Stroke is the second to third most common cause of death in adults, and more than 
a third of people who survive a stroke will have severe disability (Lloyd-Jones et al. 
2010). Most of the strokes, about 80 %, are ischemic strokes (IS). IS is caused by an 
occlusion of a cerebral artery, which prevents blood flow to reach brain parenchy-
ma. The remaining 20 % of strokes are intracerebral hemorrhages (ICH), caused by 
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the rupture of a cerebral blood vessel. The ICH is usually more severe with greater 
rates of mortality and disability than IS. Therapeutic options currently are focusing 
on recanalization therapies for acute IS, mainly through intravenous or intra-arterial 
fibrinolyisis and thrombectomy (Mokin et al. 2014), but limitations restrict their use 
to a small proportion of patients. Moreover, no specific pharmacological treatments 
exist in order to improve the ICH prognosis, and treatment options for this disease 
are more limited than in IS, based primarily on surgical treatment.

Ischemic and hemorrhagic injury is a long and dynamic process involving a va-
riety of mechanisms at different times. Stroke triggers many processes, including 
accumulation of excitatory amino acids, oxidative stress, alterations in gene ex-
pression, mitochondrial injury, brain edema, inflammation, and apoptosis, but also 
brain plasticity and endogenous repair mechanisms. Unfortunately, neurons at risk 
survive for only a few hours, and there is limited opportunity for effective therapeu-
tic intervention. In this regard, although a wide range of neuroprotective substances 
has been effective in experimental models of stroke, they have repeatedly failed in 
clinical trials because of toxicity or loss of effectiveness (Tymianski 2013). There-
fore, the development of strategies to increase plasticity and endogenous brain re-
pair mechanisms in order to improve functional outcome in stroke are essential 
(Rodríguez-González et al. 2007). In this context, therapeutic angiogenesis and 
vasculogenesis hold promise to improve the prognosis of patients with stroke. In 
this regard, it is well established that circulating endothelial progenitor cells (EPCs) 
have been suggested to be a marker of vascular risk and endothelial function (Hill 
et al. 2003; Vasa et al. 2001; Werner et al. 2005). Moreover, low EPC number has 
been found in patients with cerebrovascular diseases (Ghani et al. 2005). Besides, 
EPC levels have been associated with good neurological and functional outcome as 
well as reduced infarct growth in patients with acute ischemic stroke (Sobrino et al. 
2007; Chu et al. 2008; Yip et al. 2008; Navarro-Sobrino et al. 2010; Bogoslovsky 
et al. 2010; Paczkowska et al. 2013; Martí-Fàbregas et al. 2013). Finally, EPCs 
have been related to endothelial cell regeneration and neovascularization after tis-
sue ischemia (Zhang et al. 2002; Mao et al. 2014). Therefore, EPC-based therapy 
could be an excellent therapeutic option in stroke. In this chapter, we discuss the 
present status of knowledge about the possible therapeutic role of EPCs in stroke, 
molecular mechanisms, and the future perspectives and strategies for their use in 
clinical practice.

6.2  Rationale for Therapeutic Use of EPCs  
to Treat Stroke

It is well established that circulating endothelial progenitor cells (EPCs) have 
been suggested to be a marker of vascular risk and endothelial function (Hill et al. 
2003; Vasa et al. 2001; Werner et al. 2005). The number of circulating EPC has 
been reported to be decreased in patients with vascular risk factors such as smok-
ing habit, hypercholesterolemia, diabetes and hypertension (Vasa et al. 2001; 
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Sobrino et al. 2007; Zhao et al. 2013), many of which have been identified as prog-
nostic markers of poor outcome following stroke. Moreover, low EPC number has 
been found in patients with cerebrovascular diseases (Ghani et al. 2005), and EPC 
levels have been associated with good neurological and functional outcome as well 
as reduced infarct growth in patients with acute IS and ICH (Sobrino et al. 2007, 
2011a; Chu et al. 2008; Yip et al. 2008; Navarro-Sobrino et al. 2010; Bogoslovsky 
et al. 2010; Paczkowska et al. 2013; Martí-Fàbregas et al. 2013). However, existing 
evidence supports that EPCs not only work as biomarker but also might offer a new 
therapeutic strategy for stroke (Lapergue et al. 2007). In this regard, experimental 
and human studies indicate that EPC might mediate endothelial cell regeneration 
and neovascularization (Asahara et al. 1997; Werner et al. 2003; Kong et al. 2004; 
Werner and Nickenig 2006), and that EPC participate in the cerebral neovascular-
ization present in adult brain after ischemia (Zhang et al. 2002; Mao et al. 2014). 
These protective vascular effects result from EPC proliferation. On the other hand, 
as stated above, EPCs have been suggested to maintain endothelial protection/repair 
and neovascularization and angiogenesis. Today it is known that angiogenesis is 
coupled with neurogenesis following ischemic injury (Thored et al. 2007). The 
underlying mechanisms include that the regenerated blood vessels provide nutri-
tive blood flow and that EPCs, by secreting factors such as SDF-1 and VEGF, cre-
ate a microenvironment for neural regeneration and survival (Imitola et al. 2004; 
Schänzer et al. 2004). Furthermore, neuroblasts migrate along these regenerated 
vessels to achieve neurogenesis in peri- infarct area. Consequently, suppression of 
angiogenesis substantially reduces migration of neuroblasts from the subventricu-
lar zone to the ischemic region (Zhang and Chopp 2009). Therefore, EPC-based 
therapy might be an excellent therapeutic option in stroke.

6.3  EPC-Based Cellular Therapy for Stroke

EPC levels have been associated with good neurological and functional outcome 
as well as reduced infarct growth in patients with acute IS (Sobrino et al. 2007; 
Chu et al. 2008; Yip et al. 2008; Navarro-Sobrino et al. 2010; Bogoslovsky et al. 
2010; Paczkowska et al. 2013; Martí-Fàbregas et al. 2013) and ICH (Sobrino et al. 
2011a; Paczkowska et al. 2013). Likewise, EPCs have been related to endothelial 
cell regeneration and neovascularization after tissue ischemia (Zhang et al. 2002; 
Mao et al. 2014). Therefore, EPC-based therapy could be an excellent therapeutic 
opportunity for stroke. The aim of cellular therapy is to restore brain function by 
replacing dead cells with new ones through transplantation or stimulation of endog-
enous stem or precursor cells (Hurtado et al. 2006). There is growing evidence that 
the adult stem cell system, including EPCs, is more flexible than previously thought 
and may be an excellent therapeutic option for stroke (Rodriguez-González et al. 
2007). In this regard, it has been suggested that resident pools of adult stem cells, 
such as EPCs, can be used in two ways: (a) by isolating, harvesting and growing 
them in vitro and then administering them locally or systemically; (b) or by endog-
enous stimulating them (see factors associated to EPC increase in Table 15.1).
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6.3.1  Exogenous Administration of EPCs

There are numerous concerns about the cell therapy with exogenous EPC trans-
plantation. The optimal starting time point for administration of EPCs following 
stroke may be critical for their therapeutic efficacy. However, there are few studies 
on this important issue. Based on the capacity of EPCs to secrete several growth 
factors with protective effects on the brain, their transplantation in the early phase 
of stroke may have better efficacy. By contrast, it has also been suggested that oxi-
dative stress and inflammation in the acute phase of stroke may limit the function 
on survival of transplanted EPCs (Locatelli et al. 2009). Therefore, preclinical and 
clinical studies are needed to evaluate the best time point after stroke onset for EPC 
transplantation.

Another important issue is about the autologous or allogeneic transplantation 
of EPCs, as well as the source of obtaining EPCs from stroke patients or healthy 
subjects. A recent proteomic study has analyzed differences in protein expression 
of early outgrowth colony forming unit-endothelial cell (CFU-EC) (Fig. 6.1) from 
IS patients and healthy subjects (see Brea et al. 2011 for review). Remarkably, the 
proteomic analysis revealed a greater expression of cell division control protein 42 
homolog (CdC42) and endoplasmic reticulum protein 29 (ERp29) in EPCs from 
healthy subjects, and a greater expression of elongation factor 2 (eF2) and perox-
iredoxin 1 (PRDX1) in EPCs obtained from IS patients. It has been reported that 
PRDX1 expression dramatically increases during processes such as spontaneous 
differentiation of human embryonic stem cells, targeted differentiation of neural 
progenitor cells and differentiation of human neural stem cell line respect to prolif-
erating cells. eF2 is also up-regulated 4–7 days after differentiation of the human 
neuronal stem cell line, ReNcell VM. Therefore, these findings could be indicat-
ing that EPCs from IS patients are in a more advanced differentiation state than 
EPCs isolated from control subjects. On the other hand, CdC-42 and ERp29 were 
found to be up-regulated in EPCs from healthy subjects. Cdc42 regulates adhesion, 

Fig. 6.1  Micrograph of an early outgrowth colony forming unit—endothelial cell ( CFU-EC) iso-
lated from an ischemic stroke patient in a phase-contrast microscope (×100). A CFU-EC consisted 
of a central cluster of rounded cells with elongated sprouting cells at the periphery
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migration, homing, and cell cycle progression of hematopoietic stem cells. ERp29 
seems to be involved in cell proliferation. In view of the fact that Cdc42 and ERp29 
are up-regulated in EPCs from healthy subjects, it is seems that EPCs isolated from 
healthy subjects show a more capacity of proliferation compared to EPCs from 
stroke patients. Moreover, it has been proposed the use of late EPCs as an optimal 
EPC-based therapy. However, another studies showed that infusion of early EPCs 
enhanced the long-term outcome in animal models of stroke (Zhao et al. 2013). In 
fact, currently coadministration of different types of progenitor/stem cells may con-
stitute a novel therapeutic strategy for stroke (Foubert et al. 2008). Data from other 
studies show that EPCs obtained from stroke patients in the subacute phase have 
greater vasculogenic capacity than those from acute phase (Navarro-Sobrino et al. 
2010). Finally, regarding to EPC transplantation in clinical practice, intravenous 
infusion should be the optimal route because intra-arterial infusion may be incon-
venient and could provoke embolism. Likewise, intracerebral injection of EPCs 
is complex and might cause intracerebral hemorrhage and parenchymal damage. 
Although, it remains to be determined whether administration of autologous or al-
logeneic EPCs in the subacute period is more effective, it is tempting to postulate, 
based on the above data, that early and late EPCs obtained from stroke patients 
in the subacute phase could be the most suitable source of EPCs for cell therapy 
in stroke by using intravenous administration. However, larger clinical studies are 
needed to evaluate this hypothesis.

6.3.2  Endogenous Stimulation of EPCs

Restoring blood flow supply after ischemia and re-endothelization after hemor-
rhage may contribute to cell survival and tissue repair. Formation of new blood 
vessels in the adult brain after stroke is not only mediated by angiogenesis but 
also involves vasculogenesis mediated by EPCs, which are involved in processes 
of re-endothelization and repair of vascular endothelium in response to vascular 
trauma or tissue ischemia, promoted by biochemical factors that activate its pro-
liferation. They have been described that EPCs migrate through the peripheral 
blood from bone marrow to sites of neovascularization where EPCs are able to 
differentiate into mature endothelial cells. Recruitment and incorporation of EPCs 
into ischemic or hemorrhagic tissues requires a coordinated multistep process in-
cluding mobilization, chemoattraction, adhesion, migration, tissue invasion and in 
situ differentiation (Fig. 6.2) (Rodríguez-González et al. 2007). Many molecular 
and physiological-pathological factors, as well as drugs, are involved in these pro-
cesses (For review: Arenillas et al. 2007; Brea et al. 2009; Sobrino et al. 2011a, 
b, 2012a, b; Zhao et al. 2013) (Table 6.1). For example, the activity of matrix 
metalloproteinase 9 (MMP-9), which causes a massive release of stem cell fac-
tor (SCF) and activation of membrane bound Kit ligand (mKitL) that favors the 
recruitment of progenitor cells, among which are EPC, from bone marrow. Like-
wise, active MMP-9 induces the release of cytokines that cause the mobilization 
of quiescent EPC (Rafii et al. 2002). Moreover, EPC release and mobilization 
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are regulated by vascular endothelial growth factor (VEGF), stromal-cell-derived 
factor 1 (SDF-1), granulocyte colony-stimulating factor (G-CSF), erythropoietin 
(EPO), angiopoietin 1, endothelial NO synthase (eNOS), exercise, estrogens and 
several drugs such as statins, EPO or citicoline. In fact, clinical studies in IS and 
ICH patients demonstrated that serum levels of VEGF, SDF-1α and active MMP-9 
increase in response to cerebral ischemia or ICH within the first 72 h from symptom 
onset, and that the magnitude of this increase is directly related to an EPC incre-
ment (Bogoslovsky et al. 2011a, b; Sobrino et al. 2011a, 2012b). On the other hand, 
the fact that serum levels of molecular markers at 24 h from stroke onset correlated 
with EPC increment during the 1st week, but not at admission, and that EPC incre-
ment during the 1st week, but not EPC counts at baseline, has been associated with 
better neurological outcome and reduced infarct growth supports the hypothesis 
that cerebral ischemia induces the activation of molecular pathways of EPC mobi-
lization focused on promoting endogenous processes of vascular and neurorepair 
(Fig. 6.3). Furthermore, similar results were found in ICH patients (Sobrino et al. 
2009, 2011a; Paczkowska et al. 2013). It has been reported in ICH patients a strong 
correlation between VEGF and SDF-1α serum levels and circulating concentrations 
of bone marrow-derived progenitor cells (BMPCs) at day 7 (Sobrino et al. 2011a). 
Given that the EPC is a subtype of BMPCs, it is tempting to hypothesize that similar 
molecular and cellular mechanisms are involved in the two major subtypes of stroke 
(ischemic and hemorrhagic stroke).

Fig. 6.2  Factors involved in the mobilization, differentiation, migration, recruitment, chemotaxis, 
adhesion and invasion of EPCs in stroke. These mechanisms are necessary in order that EPCs 
exert their beneficial functions such as re-endothelialization, angiogenesis and neovascularization
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On the other hand, because EPCs express functional CXCR4 and VEGF re-
ceptors (Salcedo et al. 1999; Yamaguchi et al. 2003), an interaction between the 
SDF-1α/CXCR4 pathway and VEGF might form a positive-feedback loop which 
would increase the therapeutic effects of EPCs in cerebral neovascularization. Con-
sequently, growth factors and SDF-1α might be an effective therapy in IS and ICH 
because of their role mediating the mobilization of circulating EPCs, as well as 
in restoring endothelium integrity and decreasing brain edema, inflammation, and 
perihematoma cell death (Krizanac-Bengez et al. 2004).

As a clinical implication, the number of circulating EPCs is inversely correlated 
with vascular risk factors such as diabetes, hypertension, hypercholesterolemia or 
smoking (Hill et al. 2003; Vasa et al. 2001; Werner et al. 2005), and also with mo-
lecular markers of endothelial dysfunction and inflammation such as homocysteine 
or C-reactive protein. Therefore, it can be rationally speculated that environment of 
circulation is essential for the living and functionality of EPCs, which would raise 
the perspective on the demand in managing risk factors of stroke (Zhao et al. 2013).

Finally, it has also been demonstrated that several drugs can modulate endog-
enous EPC behavior (Table 6.1). Statins treatment during acute phase leads to an 
increase in EPCs in IS patients (Sobrino et al. 2012a; Martí-Fàbregas et al. 2013). 
In view of the fact that statin treatment during the acute phase increases circu-
lating EPC and statin withdrawal is associated with poor outcome in IS patients 

Fig. 6.3  Mechanism of endothelial progenitor cells ( EPC) mobilization in stroke. Stroke is a 
potent inducer of endogenous repair mechanisms, which are initially activated by a massive expres-
sion of growth factors such as vascular endothelial growth factor ( VEGF), and other molecules 
such as matrix metalloproteinase 9 ( MMP-9) and stromal cell-derived factor 1α ( SDF-1α). These 
molecular factors, especially MMP-9 activity, induce the mobilization of bone marrow-derived 
stem cells, including EPCs, through membrane bound Kit ligand ( mKitL) activation. These EPCs 
may migrate into the areas of brain injury, mediating repair mechanisms. Likewise, these mecha-
nisms also enhance the endogenous neurogenesis

 



1176 The Role of Endothelial Progenitor Cells in Stroke

Release and/or Mobilization
Chemokines/growth factors
Hypoxia-inducible factor 1 (HIF-1) >
Stromal cell derived SDF-1 >
Vascular endothelial growth factor (VEGF) >
Insulin-like growth factor 1 (IGF-1) >
Granulocyte-colony stimulating factor (G-CSF) >
Angiopoietin 2 >
Drugs
Statins >
Angiotensin II type 1 receptor blockers >
Angiotensin-converting enzyme inhibitor >
Erythropoietin (EPO) >
Berberine >
Morphine <
Citicoline >
Recombinant tissue plasminogen activator (r-tPA) >
PPAR-γ agonist >
Proteins/hormones
Estrogens >
Nitric oxide (NO) and eNOS (endothelial NO Synthase) >
Aldosterone <
Angiotensin II <
Endostatin <
Heme-oxigenase 1 >
Matrix metalloproteinase 9 (MMP-9) >
Physiological/pathological factors
Exercise and physical training >
Wound >
Ischemic events >
Aging <
Obesity <
Smoking <
Hypertension <
Diabetes <
Hypercholesterolemia <
Homocysteine <
> Increase, < Decrease

Table 6.1  Factors involved in the release, mobilization and recruitment of EPCs. (Arenillas et al. 
2007; Brea et al. 2009; Sobrino et al. 2011a, b, 2012a, b; Zhao et al. 2013)
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(Blanco et al. 2007), the positive effects of statin treatment during the acute phase 
on functional outcome in ischemic stroke could be mediated by EPC. Moreover, pa-
tients treated with statins showed also higher serum levels of VEGF, active MMP-9 
and nitric oxide (NO)x at 24 h (Sobrino et al. 2012a). Statins induce the produc-
tion of NO by eNOS, the expression of angiogenic factors such as VEGF, and the 
mobilization and proliferation of EPC (Endres 2005), so these mechanisms may 
be interrelated. G-CSF is one of the early drugs discovered to be able to enhance 
EPC mobilization into the circulation after venous administration (Powell et al. 
2005). Afterwards, other drugs such as Angiotensin II type 1 receptors blocker, 
Angiotensin-converting enzyme inhibitors, EPO, berberine, citicoline, recombinant 
tissue plasminogen activator (r-tPA) and PPAR-γ agonist have been shown to in-
crease the number and functional activity of EPCs in vitro and in vivo (Arenillas 
et al. 2007; Rodríguez-González et al. 2007; Sobrino et al. 2011b, 2012a, b; Zhao 
et al. 2013). As these drugs are commonly used in clinical treatment of vascular 
diseases, all these clinical data may help to interpret the beneficial effects of these 
drugs on top of their known pharmacological actions. However, further studies are 
needed in order to facilitate the discovery of new drugs targeting EPCs.

6.4  Promising Strategies Related to EPCs

As a promising strategy for cellular-based therapies for stroke, induced pluripo-
tent stem cells (iPSC) technology (Takahashi and Yamanaka 2006; Takahashi et al. 
2007), which enables the reprogramming of a wide variety of cell types isolated 
from humans into embryonic stem cell-like pluripotent cells, offers a novel strategy 
for the patient-specific derivation of a lineage-specific cells from iPSC, such as 

Table 6.1 (continued)
Recruitment
Chemokines/growth factors
SDF-1/CXCR4
CCL5/CCR5
CXCL1
CXCL7/CXCR2
VEGF/VEGFR2
IL-8/Gro
IGF2/IGFR2
Other molecular factors
Caspase-8
Hyaluronic acid
Thrombin
CD9
Alpha6 integrin subunit
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EPCs (Choi et al. 2009; Park et al. 2010; Xu et al. 2012; Yoo et al. 2013). Moreover, 
the therapeutic potential of transplanted human iPSC-derived EPCs (hiPSC-EPCs) 
has been shown in animal disease models of hind-limb ischemia (Park et al. 2010; 
Rufaihah et al. 2011; Lai et al. 2013). Therefore, it is tempting to postulate that 
hiPSC-EPCs may represent a strategy for patient-specific EPC therapies in stroke.

Moreover, new strategies are necessary in order to increase the local number 
of EPCs in the ischemic or hemorrhagic areas. In this regard, nanomedicine may 
be useful to achieve this goal. A recent study has demonstrated the potential role 
of superparamagnetic iron oxide nanoparticles (SPION)-loaded EPCs by using a 
magnetic guidance to the ischemic tissue in animal models of cerebral ischemia. 
The authors demonstrate ex vivo cellular viability and maintained function follow-
ing SPION load as well as successful guidance of the EPCs to the target site via 
magnetic resonance imaging (MRI) (Carenza et al. 2014). On the other hand, an-
other recent study from our group (Agulla et al. 2014) has report a new theranostic 
nano-platform vectorized towards peri-infarct tissue, the key target for the treatment 
of cerebral ischemia. Anti-HSP72 (72 kDa heat shock protein) stealth immunolipo-
somes containing MRI probes were used to allocate the peri-infarct region in vivo 
and to achieve a superior therapeutic effect in comparison to other non-targeted drug 
delivery means (Fig. 6.4). Thus, despite the challenge of crossing the  blood-brain 

Fig. 6.4  Schematic representation of theranostics feasibility inside the brain parenchyma despite 
the challenge of crossing the blood brain barrier (a). Representative MR images of ischemic brains 
from rats treated ( i.v.) with 1 ml of saline (b), regular ( non-vectorized) liposomes (c) or anti-HSP72 
vectorized liposomes (d) showing the in vivo distribution of liposomes at 24 h after treatment. 
These anti-HSP72 immunoliposomes, containing in their membrane one or more of the proteins 
involved in EPC recruitment shown in Table 6.1, could be used to locally increase the number of 
EPCs in the ischemic area after their exogenous transplantation or endogenous stimulation
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barrier, this study demonstrates that theranostics inside the brain parenchyma is 
feasible and represents a good example of the potential that nanotechnology of-
fers for the treatment of neurological disorders such as stroke. In this regard, these 
anti-HSP72 immunoliposomes, containing in their membrane one or more of the 
proteins involved in EPC recruitment shown in Table 6.1, could be used to locally 
increase the number of EPCs in the ischemic area after their exogenous transplan-
tation or endogenous stimulation. Finally, another strategy in order to increase the 
local number of EPCs may be offered through interventional therapy for stroke, 
such as percutaneous transluminal angioplasty and stenting (PTAS) and thrombec-
tomy. In addition, application of a bio-engineered EPC-capture stent, which ac-
celerates re-endothelialization and reduces thrombogenicity, may reduce the rate of 
restenosis after PTAS (Larsen et al. 2012).

Conclusions

In brief, in response to stimuli such as stroke, EPCs are mobilized from bone mar-
row to peripheral blood and may participate in endothelial cell repair-regeneration 
and in tissue neovascularization processes. In this context, experimental and human 
studies have shown that neovascularization is present in the adult brain exposed to 
ischemia and that EPCs participate in cerebral neovascularization processes. Fi-
nally, we and others have observed that a higher increment in the number of cir-
culating EPCs is associated with a better outcome in patients with stroke. Taken 
together, these findings suggest that EPCs may mediate neurorepair processes after 
stroke, and that exogenous supplementation or endogenous stimulation of EPCs 
have a great therapeutic potential for stroke. However, larger clinical trials are need-
ed to evaluate the safety and efficacy of EPC transplantation for treating stroke. 
Furthermore, how to improve the strategies in order to maximize the endogenous 
stimulation of EPCs deserves also further studies.
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Abstract Stroke is a major cause of death globally, which induces irreversible 
neuronal and endothelial cell death. Endothelial progenitor cell (EPC) based ther-
apeutics result in neovascularization and the improvement of vascular perfusion, 
which benefits clinical stroke patients. Although EPC transplantation in experimen-
tal stroke models shows functional improvement, EPC therapy in clinical stroke 
patients continues to face an arduous task. In this chapter, we give a brief introduc-
tion of EPCs including the source of EPCs, methods of isolation and identification 
of EPCs, the therapeutic potential for stroke, and signaling in modulating EPC func-
tion. Furthermore, we summarize the molecular mechanisms of EPC action after 
transplantation either through differentiating into mature endothelial cells to replace 
damaged cells or by enhancing trophic/regenerative support for endogenous repair 
processes. We discuss the routes of transplantation and the modifying methods for 
EPC safety and efficacy in vivo. Finally, we discuss the pros and cons for the appli-
cation of EPCs for transplantation in clinical patients. Though EPC-based therapy 
is a potential treatment for stroke and holds promise for vascular regeneration, this 
field needs more study to uncover and resolve unsolved problems.

Abbreviations

acLDL Acetylated low density lipoprotein
ACE2 Angiotensin-converting enzyme 2
BBB Blood-brain barrier
BDNF Brain-derived neurotrophic factor
bFGF Basic fibroblast growth factor
BM Bone marrow
CACs Circulating angiogenic cells
CFU-Hil Colony forming unit-Hill
ECFC Endothelial colony forming cell
ECs Endothelial cells
EGF Epidermal growth factor
eNOS Endothelial NO synthase
EPCs Endothelial progenitor cells
EPO Erythropoietin
FACS Fluorescence activated cell
G-CSF Granulocyte colony-stimulating factor
GDNF Glial cell line-derived neurotrophic factor
GM-CSF Granulocyte-macrophage colony-stimulating factor
HGF Hepatocyte growth factor
HIF−Iα Hypoxia-inducible factor−1α
HMGB−1 High-mobility group box 1
HSCs Hematopoietic stem cells
ICAM−1 Intercellular adhesion molecule 1
IGF−1 Insulin-like growth factor−1
IL−8 Interleukin−8
MCP−1 Monocyte chemoattractant protein−1
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MMP−9 Matrix metalloproteinase 9
MNCs Mononuclear cells
MRI Magnetic resonance imaging
NPCs Neural progenitor cells
PB Periblood blood
PDGF Platelet-derived growth factor
PlGF Placental growth factor
SDF−1α Stromal derived factor−1α
TGF-b2 Transforming growth factor b2
tPA Recombinant tissue plasminogen activator
UCB Umbilical cord blood
UEA−E Ulex europaeus agglutinin 1
VEGF Vascular endothelial growth factor

7.1  Stroke

Stroke is a multifactorial disease, and ischemic and hemorrhagic stroke are the lead-
ing causes of death globally (Hassan and Markus 2000; Rubattu et al. 2000). A 
variety of risk factors have been illustrated to relate with stroke incidence including 
cerebrovascular diseases, aging, smoking, hypertension, diabetes, hypercholesterol-
emia, and lack of exercise. (Hankey 2006; Allen and Bayraktutan 2008; Flynn et al. 
2008; Karam et al. 2008). The brain is very vulnerable to ischemic insult because 
it is sensitive to a lack of oxygen and glucose. Neurological dysfunction usually 
occurs within minutes after stroke onset. However, the deterioration of the brain 
may continue in the following minutes, hours or even days.

Ischemic stroke (> 70 % of strokes) is the most common type of stroke in clinical 
stroke patients. After ischemic stroke onset, a process of pathophysiological events 
are triggered, including energy failure, loss of cell ion homeostasis, the release of 
excitatory amino acid and reactive oxygen species, increase of intracellular calcium, 
disruption of the blood-brain barrier (BBB), activation of glial cells, and the infiltra-
tion of leukocytes (Bliss et al. 2007; Moskowitz et al. 2010). These interrelated and 
coordinated events result in ischemic cell necrosis, which exhibits non-selective 
damage of all cells including neurons, astrocytes, oliogdendrocytes, microglia and 
endothelial cells (Broughton et al. 2009). The size and location of these infarcts are 
determinants of the long-term functional deficits (Sims and Muyderman 2010). The 
ischemic penumbra area represents the region in which there is a chance for recov-
ery via post-stroke therapy (Ginsberg 1997).

The only effective treatment for ischemic stroke patients is to administer re-
combinant tissue plasminogen activator (tPA). However, very few patients are 
lucky enough to receive tPA treatment because tPA has a very narrow time window 
(< 4.5 h). Stem cell therapy has been proposed as a potential treatment for ischemic 
stroke in recent years, especially after putative progenitor endothelial cells have 
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been isolated from bone marrow (BM) and identified as CD34 positive (Asahara 
et al. 1997). This kind of cells is named endothelial progenitor cells (EPCs) and is 
capable of contributing to the formation of new vessels by differentiating into ma-
ture endothelial cells (ECs) or supporting/promoting the endogenous repair process. 
EPCs can also serve as a marker during stroke occurrence and prognosis (Chu et al. 
2008), and preclinical studies have shown EPC transplantation improves functional 
recovery by promoting neurogenesis and angiogenesis or provide trophic/protective 
factors through paracrine effects. Several clinical studies are currently investigating 
the safety and efficacy of EPC transplantation. EPC transplantation in stroke repre-
sents a promising therapeutic approach, although it is still in its infancy.

7.2  Endothelial Progenitor Cells (EPCs)

7.2.1  Discovery of EPCs

EPCs are BM mononuclear cells (MNCs), which were first isolated from peripheral 
blood (PB) by Asahara in 1997 (Asahara et al. 1997). This novel technique opened 
a new field for the treatment of vascular disease. Increasing evidence showed that 
EPCs could be mobilized to the PB after ischemic stroke and restore the damaged 
vessels via vasculogenesis (Asahara et al. 1999; Takahashi et al. 1999; Kalka et al. 
2000a; Shintani et al. 2001; Murayama et al. 2002; Asahara and Kawamoto 2004; 
Zhan et al. 2013). Considering these cells’ lack of unique markers, and that they 
share similar surface antigens with some hematopoietic lineages and mature ECs, 
such as CD31/KDR (VEGFR-2)/CD34/VE-cadherin/E-selectin (Rafii 2000; Kha-
koo and Finkel 2005), it is difficult to precisely define EPCs. However, it has been 
generally accepted that EPCs exist in circulating blood and possess angiogenic ca-
pability and the potential to differentiate into ECs, which contribute to the process 
of vasculogenesis and the maintenance of homeostasis in vascular ECs (Asahara 
et al. 1997; Shi et al. 1998; Asahara et al. 1999; Lin et al. 2000; Rafii 2000; Cesari 
et al. 2012). EPCs may be mixed with the circulating ECs in peripheral circulation, 
which may partially differentiate into mature ECs. EPCs play a more important role 
in promoting postnatal vasculogenesis compared with circulating ECs (Kalka et al. 
2000a). Therefore, EPCs and circulating ECs are two different cells.

7.2.2  Source of EPCs

EPCs can be divided into two types based on their origin: hematopoietic and non-
hematopoietic EPCs. Hematopoietic EPCs originating from BM are considered 
a subtype of hematopoietic stem cells (HSCs). Non-hematopoietic cells could be 
isolated from PB, umbilical cord blood (UCB), and tissue samples (Asahara et al. 
2011). Although the origin of non-hematopoietic cells is unclear, this type of cell 
is likely derived from organ blood vessels and tissue stem cells (Alev et al. 2011). 
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In addition, increased studies have reported additional sources of non-hematopoi-
etic cells. For example, the myogenic-EPCs in the interstitial spaces of skeletal 
muscle contribute to skeletal muscle growth (Tamaki et al. 2002); EPCs could also 
exist in the boundary between smooth muscle and the adventitial layer of human 
vascular walls (Zengin et al. 2006). Other sources of EPCs include the liver and in-
testine (Aicher et al. 2007), dental pulp-derived iPS cells (Yoo et al. 2013), the kid-
ney (Sirker et al. 2009) and adipose tissue (Planat-Benard et al. 2004). Therefore, 
it is plausible that EPCs could be found in other sources, further study is needed to 
investigate the mysterious origin of EPCs.

7.2.3  Methods for the Isolation and Culturing of EPCs

Actually, it is a challenge, and controversial work, to isolate and identify EPCs 
from the PB, because of these cells’ lack of unique and specific surface markers. 
Currently three methods are mainly used to isolate EPCs from the PB. The first 
and perhaps simplest method is to collect low density MNCs via density barrier 
centrifugation, and then plate these cells on fibronectin coated dishes with culture 
medium containing a variety of growth factors and fetal serum. After 4–5 days, re-
move non-adherent cells (Asahara et al. 2000; Vasa et al. 2001; Tepper et al. 2002). 
The remaining adherent cells present the early EPCs with spindle shape (Fig. 7.1). 
The second method is based on cell surface antigens, using a technology known as 
fluorescence activated cell (FACS) analysis to distinguish EPCs from other cells 
in PB (Yoder 2009; Kirton and Xu 2010; Basile and Yoder 2014). Although there 
are no specific antigens to isolate and identify EPCs, some have been accepted as 
fundamental elements representing the EPC phenotype, which are CD34, CD133 
(AC133), and KDR (VEGFR−2) (Peichev et al. 2000). Subsequently, different 
combinations of these antigens have been used to isolate EPCs from PB, UCB and 
fetal liver (Timmermans et al. 2009). However, recent studies provide opposing 
evidence that cells expressing that the three antigens mentioned above should not 
represent EPCs, but stand for hematopoietic progenitors, because no observed ves-
sel structure formed in vivo (Timmermans et al. 2007). Other surface antigens have 
also been used to identify EPCs, such as CXCR4, CD31, CD144, CD105, CD106, 
CD117, and CD45 (Basile and Yoder 2014). However, all of these surface antigens, 
including CD34, CD133 and KDR, do not only emerge on EPCs, but are also ex-
pressed on other cells, for example HSCs (Hirschi et al. 2008; Alaiti et al. 2010; 
Fadini et al. 2012; Yoder 2012), leading to unpersuasive results when isolating and 
identifying EPCs. Therefore, novel specific markers need to be found to identify 
true EPCs. The last method includes two colony-forming assays in vitro, which are 
based on cluster formation. One is called colony forming unit-Hill (CFU-Hil) assay. 
Briefly, the MNCs isolated from the PB are plated on the fibronectin coated dishes 
for 48 h, and the non-adherent cells are collected to culture again, clusters occur 
ring after 4–9 days, which are named CFU-Hil EPCs (Hill et al. 2003). These cells 
have similar characteristics to early EPCs (Fadini et al. 2012), express endothelial 
and hematopoietic cell markers, and fail to form vessels in vivo. The other method 
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is endothelial colony forming cells (ECFCs) assay. Plate the isolated MNCs on col-
lagen I coated dishes, and adherent cells form colonies 2–3 weeks later. These cells 
are named ECFCs, which are known as late EPCs (Ingram et al. 2004; Kirton and 
Xu 2010). ECFCs express antigens like primary ECs, have a huge potential to form 
colonies, and are able to form vessels in vivo and in vitro (Yoder 2009) (Fig. 7.1).

7.2.4  Classification of EPCs

According to their culture characteristics and functions, circulation EPCs can be 
classified into two different populations: early EPCs, which are also called circulat-
ing angiogenic cells (CACs), and late EPCs, which are also known as ECFCs (Hur 
et al. 2004) (Table 7.1). The early EPCs emerge 5–7 days after isolation of MNCs 
from the PB and disappear at 4 weeks. They have spindle shape, can be stained with 
Ulex europaeus agglutinin 1 (UEA−1) and take up acetylated low-density lipopro-
tein (acLDL) (Hur et al. 2004; Hirschi et al. 2008). They express EC markers and 
keep hematopoietic antigen expression (Kirton and Xu 2010). Early EPCs cannot 

Table 7.1  Characteristics of early and late EPCs
Early EPCs Late EPCs Ref

Source PB BM, PB/CB, vessel 
well

(Ingram et al. 2004; 
Kirton and Xu 2010)

Culture time 5–7 days > 14 days (Ahrens et al. 2011; 
Zhao et al. 2013)

Morphology Spindle Cobblestone (Hur et al. 2004)
Survival fate Peak growth 2–3 

weeks, disappear 4 
weeks

Peak growth 2–3 
weeks, up to 12 weeks

(Zhao et al. 2013)

In vitro Low proliferative 
ability, no tube-like 
structure formation

High proliferative 
ability, capillary-like 
formation

(Hur et al. 2004)

In vivo No vessel formation Vessel formation (Hur et al. 2004)
Function Cannot regenerate a 

damaged endothelium
Physically con-
tribute to vascular 
regeneration

(Hur et al. 2004; 
Yoder et al. 2007; 
Kirton and Xu 2010)

Neuro-vasculogenesis Release angiogenic 
cytokines

Differentiate into 
endothelial cells

(Rehman et al. 2003; 
Hur et al. 2004)

Same surface antigens CD34/KDR 
(VEGFR−2)/CD31/
CD114/vWF

CD34/KDR 
(VEGFR−2)/CD31/
CD114/vWF

(Kirton and Xu 2010)

Different surface 
antigens

CD45/CD14/CD11b/
CD115

CD105/CD146, 
higher VE-cadherin/
KDR

(Hur et al. 2004; 
Ingram et al. 2004; 
Kirton and Xu 2010; 
Fadini et al. 2012)

BM  bone marrow, PB peripheral blood, CB cord blood
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form vessels in vivo, but contribute to angiogenesis by secreting angiogenic cyto-
kines (Gehling et al. 2000; Lin et al. 2000; Vaughan and O’Brien 2012). Late EPCs 
form a monolayer of cobblestone shaped cells 2–4 weeks after plating, have huge 
potential to proliferate, and can be maintained for up to 12 weeks. Similarly, these 
cells can also be stained with UEA−1, take up acLDL and express the same markers 
as early EPCs, such as CD34/KDR (VEGFR−2)/CD31, but they lack the expression 
of antigens like CD14, CD133, CD45 and CD115 (Hur et al. 2004; Ingram et al. 
2004; Kirton and Xu 2010). More importantly, late EPCs are able to form vessels 
in vitro and in vivo (Lin et al. 2000; Grant et al. 2002). Late EPCs are thought to 
be the true EPCs and show greater sensitivity to vascular endothelial growth factor 
(VEGF), basic fibroblast growth factor (bFGF), and placental growth factor (PlGF) 
(Bompais et al. 2004; Pasquier 2010). Therefore, these two types of EPCs have 
different morphologies, proliferative abilities and survival rates but both of them 
display vasculogenic capacity in vivo (Hur et al. 2004) (Fig. 7.1).

7.3  Therapeutic Potential of EPCs for Stroke

7.3.1  A Biomarker of Diseases

There is no doubt that EPCs exist in adult PB (Asahara et al. 1997), promote vascu-
lar repair after ischemia, and attenuate the progression of arteriosclerosis (Medina 
et al. 2012). In the past years, a lot of studies have demonstrated that the number 
and functional stage of circulation EPCs are associated with arteriosclerosis, hy-
pertension, diabetes, and metabolic syndrome (Vasa et al. 2001; Hill et al. 2003; 
Werner et al. 2005; Liao et al. 2010; Mandraffino et al. 2011; Devaraj and Jialal 
2012; Flammer et al. 2012). Based on this evidence, levels of circulation EPCs 
can be used as novel biomarkers. More importantly, the levels of EPCs also have 
a close relationship with ischemic stroke, studies have shown that lower levels of 
circulation EPCs indicate poor outcomes among ischemic stroke patients (Ghani 
et al. 2005; Sobrino et al. 2007; Chu et al. 2008; Yip et al. 2008; Tsai et al. 2014) 
(Table 7.2).

7.3.2  Protection of Blood Brain Barrier (BBB)

As we all know, the BBB is comprised of brain microvascular ECs, basement mem-
brane, astrocytes and pericytes, all of these parts are now called the neurovascular 
unit (Wong et al. 2013). The integrity of the BBB plays an important role in main-
taining the homeostasis of the brain. Once destroyed, the balance of the brain’s mi-
croenvironment is disrupted, leading to a series of pathological processes, including 
the swelling of endothelial cells, an increase in vascular permeability, inflammatory 
cell infiltration and tissue edema. As mentioned above, EPCs have the potential 
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to differentiate into ECs and promote vascular repair (Ponio et al. 2014), and to 
support the integrity and function of the BBB (Kaneko et al. 2012). However, how 
EPCs beneficially influence the BBB is still a mystery. Therefore, more work is 
needed to elucidate the protective mechanism of EPCs on the BBB after stroke.

7.3.3  Promotion of Neovascularization After Stroke

It has been widely accepted that neovascularization after stroke is essential and crit-
ical for tissue repair and neurological function recovery. Animal and human studies 
have proved that EPCs participate in neovascularization (Zhang et al. 2002; Fan 
et al. 2010; Paczkowska et al. 2013), mainly via two approaches: by directly differ-
entiating into ECs and incorporating into the damaged vessels, which is called vas-
culogenesis; and by indirectly promoting migration and proliferation of pre-existing 
ECs, which is called angiogenesis, through releasing a variety of angiogenic cy-
tokines (Masuda and Asahara 2003; Tepper et al. 2005; Urbich et al. 2005; Chen 
et al. 2013b). In addition, these cytokines also enhance EC and neuron survival, 
and recruit endogenous progenitor cells (Chen et al. 2013b). Because of the unique 
characteristic and advantage of angiogenic ability, EPCs may be an important agent 
for the treatment of stroke.

7.3.4  Factors Influence EPCs In Vivo

In the past decade, it had been demonstrated that tissue ischemia and exogenous 
cytokines could mobilize endogenous circulating EPCs and thereby contribute to 
neovascularization (Asahara et al. 1999; Takahashi et al. 1999). Subsequently, more 
and more studies have proven that the levels and functional stages of EPCs are 
correlated with many diseases and are considered as a biomarker (Table 7.2). More-
over, transplantation of EPCs as a therapeutic strategy is beneficial to the hindlimb 
and cerebral ischemia (Kalka et al. 2000a; Fan et al. 2010; Moubarik et al. 2011). 
Recently, several studies showed that a variety of factors could influence the num-
ber and function of circulating EPCs in vivo. For example, statin treatment for 4 
days may increase circulating EPCs levels in acute ischemic stroke patients, prob-
ably by nitric oxide (NO)-related mechanisms (Sobrino et al. 2012a). VEGF and 
stromal derived factor−1α (SDF−1α) are independent factors for the increment of 
circulating EPCs (Sobrino et al. 2012b). In addition, factors like homocysteine, 
haptoglobin 1–1, citicoline, cilostazol, systolic blood pressure, total cholesterol, 
erythropoietin (EPO), high-mobility group box 1 (HMGB−1), and matrix metallo-
proteinase (MMP−9) are also proven to influence the number of circulating EPCs in 
humans and animals (Table 7.3). The therapeutic effects of transplantation of EPCs 
for stroke can be improved by modulating these factors (Morancho et al. 2013).
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7.4  Signaling in Regulating EPC Functions

Studies are investigating a variety of factors that influence EPC proliferation, mi-
gration and maturation (Table 7.3). Additional researchers are trying to discover 
the signaling pathways activated by these factors to influence EPCs. Early EPCs 
secrete a large number of factors, including VEGF, brain-derived neurotrophic 
factor (BDNF), bFGF, insulin-like growth factor 1 (IGF−1), and interleukin−8 
(IL−8). (He et al. 2005; Moubarik et al. 2011; Rosell et al. 2013), which are pro-
angiogenic factors that increase endothelial proliferation, tube formation, migra-
tion and MMP secretion in ECs to enhance the invasiveness of EPCs (Carmeliet 
2003; Li et al. 2003). MMP−9 is essential for ischemia-induced neovasculariza-
tion, which modulates the neovascularization of EPCs by increasing the release 
of cytokines (Huang et al. 2009; Morancho et al. 2013). Integrin-linked kinase is 
upregulated in ECs and associated with increased intercellular adhesion molecule 
1 (ICAM−1) and SDF−1 under hypoxic stress, which recruits EPCs to ischemic 
tissue (Lee et al. 2006). CD18 and its ligand ICAM−1 also play an essential role 
in mediating EPC recruitment in infracted hearts (Wu et al. 2006). Activated AKT 
signals promoted the expression of ICAM−1 on ECs and closely associated with 
EPC entrapment, which might be important in regulating the process of neovas-
cularization through enhancing EPC migration and trans-endothelial migration 
(Yoon et al. 2006; Hur et al. 2007).

IL−10 increases EPC survival and mobilization through the activation of STAT3/
VEGF signaling cascades (Krishnamurthy et al. 2011). SDF−1 released from the 
ischemic tissue form a concentration gradient to promote EPC homing through in-
teraction with its receptor CXCR4 (Fan et al. 2010). Deltalike−4 gene modified 
EPCs show enhanced functional neovascularization in ischemic tissue due to the 
activation of Notch/Hey1/mTOR/p70S6K signaling pathways (Huang et al. 2013a). 
Wnt1 is a pro-angiogenic molecule and enhances EPC function in a hepatocyte 
growth factor (HGF)-dependent manner (Gherghe et al. 2011). HMGB1 secreted by 
astrocytes after ischemic stroke increases EPC homing involved in neurovascular 
remodeling and functional recovery (Hayakawa et al. 2012). Other factors have 
also been reported to influence EPC functions, such as E-selectin, estrogen and β2-
adrenergic receptor (Oh et al. 2007; Tan et al. 2012; Galasso et al. 2013). Fully un-
derstanding the mechanisms underlying EPC function will help improve the safety 
and efficiency of EPC transplantation.

7.5  Action Mechanism of EPCs

7.5.1  Cell Replacement

EPCs derived from BM or other tissues have an intrinsic capacity for differen-
tiating into ECs (Asahara et al. 1997; Beltrami et al. 2003; Planat-Benard et al. 
2004; Chen et al. 2008; Chen et al. 2012; Nih et al. 2012; Iskander et al. 2013; 
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Pellegrini et al. 2013). The injured ECs in the brain can be replaced by transplanted 
EPCs. Granulocyte colony-stimulating factor (G-CSF) mobilizes circulating EPCs 
to engage 39 % of the total luminal length of the neoendothelium (Takamiya et al. 
2006). LacZ-transduced CD34+EPC transplantation leads to about 60 % reendothe-
lialization of balloon-injured rabbit carotid arteries costained with CD31 as early 
as 4 days after transplantation and this increases to about 70 % at 30 days after 
transplantation (Griese et al. 2003b). Fluorescence-labeled EPCs are found in the 
neointima and costaining with vWF is found after 4 weeks in the injured carotid 
artery of balloon injured New Zealand white rabbits (Hu et al. 2013). Hence, cell 
replacement is one of the mechanisms of vascular repair by progenitor cells. BM 
derived EPCs contribute to the microvascular structure of the choroid plexus by 
differentiating into ECs during cerebral ischemia in adult mice (Zhang et al. 2002). 
14 days after the transplantation of EPCs in the cerebral ischemia rabbit model, a 
decrease in the number of apoptotic cells and an increase in the microvessel density 
in the ischemic boundary area has been witnessed, and most of EPCs capable of 
binding to UEA−1 lectin are incorporated into capillaries (Chen et al. 2008).

However, the extent of incorporation of BM derived cells in cerebral vessels 
after stroke has varied in previous studies (Hess et al. 2002; Zhang et al. 2002; 
Machein et al. 2003; Chen et al. 2008; Moubarik et al. 2011). Whereas positive ves-
sels had an average of 34 % endothelial marker expressing BM derived cells (Hess 
et al. 2002; Zhang et al. 2002), others could not detect endothelial marker express-
ing cells (Machein et al. 2003; Moubarik et al. 2011).

7.5.2  Enhanced Trophic/Regenerative Support for Endogenous 
Repair Processes

Neovascularization is not solely the result of the incorporation of EPCs in new-
ly formed vessels; the release of trophic factors in a paracrine manner may also 
influence neovascularization. Cultured PB MNCs secrete high levels of VEGF, 
HGF, G-CSF and granulocyte-macrophage colony-stimulating factor (GM-CSF) 
(Rehman et al. 2003). More and more researchers are paying close attention to the 
trophic effects of EPCs. In vitro, early EPCs cultivated from different sources have 
shown marked expression and the release of angiogenic cytokines including G-CSF, 
GM-CSF, VEGF, platelet-derived growth factor (PDGF), epidermal growth factor 
(EGF), FGF, HGF, IL−8, transforming growth factor β2 (TGF-β2), IGF−1 and etc 
(He et al. 2004; Hur et al. 2004; Yoon et al. 2005). The release of these growth 
factors in turn may influence the classical process of angiogenesis, particularly the 
proliferation and migration as well as the survival of mature ECs (Folkman 1995; 
Urbich and Dimmeler 2004). EPCs can also exert a strong mitogenic effect on ma-
ture ECs and enhance the angiogenic capacity of outgrowth of ECs via secretion of 
IL−8 with/without VEGF (He et al. 2005; Yoon et al. 2005).

In cerebral arteries, the paracrine effect of EPCs promotes vasoprotection by 
increasing prostacyclin production and the intracellular concentration of cAMP 

Y. Li et al.
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(Santhanam et al. 2007). EPCs from stroke patients present higher levels of pro-
angiogenic factors at early stages, which decrease in mature ECs when they become 
more similar to mature microvascular ECs (Navarro-Sobrino et al. 2013). 24 h after 
the administration of EPCs expressing GFP, they are found to express endothe-
lial NO-synthase (eNOS) and distribute in the brain parenchyma and around the 
endothelial layer of pial arteries in the ischemic lesions (Ohta et al. 2006). EPC 
transplantation can also induce humoral effects, which are sustained by host tissues, 
decrease apoptosis and augment proliferation of cells. Transplantation of EPCs en-
hances the mobilization of endogenous EPCs and HSCs mainly by upregulation of 
humoral VEGF, FGF−2, IGF, HGF, angiopoietin−1 and SDF−1 (Cho et al. 2007).

Studies have shown that vascular niche can support neurogenesis in the subven-
tricular zone and the dentate gyrus by secreting growth factors associated with neu-
rogenesis, such as VEGF or BDNF (Leventhal et al. 1999; Palmer et al. 2000). In 
an experimental stroke study, neovascularization related to neurogenesis, and also 
to the migration of neural progenitor cells (NPCs), along the newly formed vessels 
(Thored et al. 2007). Thus, administered EPCs may enhance the proliferation of 
endogenous NPCs in the brain (Rouhl et al. 2008). EPCs injected 24 h after MCAO 
were found in the injured area and improved functional recovery, which was linked 
to a reduction in ischemia-induced apoptosis and a stimulation of ischemia-induced 
angiogenesis and neurogenesis (Moubarik et al. 2011). Transplantation of BM-
derived EPCs exerts potent neuroprotective functions against cerebral ischemia/re-
perfusion injury in rats, and the protective effects may be associated with decreased 
expression of Bax, caspase−3 and p67phox and the increasing expression of Bcl−2 
and manganese superoxide dismutase (MnSOD), which promotes anti-oxidative 
and anti-apoptotic properties (Qiu et al. 2013).

7.6  Transplantation of EPCs in Ischemic Stroke Animals

7.6.1  Transplantation Routes for EPCs

The optimal transplantation route for EPCs following ischemic stroke may be im-
portant for the therapeutic efficacy. The two routes mostly used for the transplanta-
tion of EPCs in stroke are intracerebral and intravascular injections. They each have 
their own advantages and disadvantages. EPCs intracerebrally injected into the 
peri-infarct area may be immediately involved in incorporating newly formed ves-
sels or secreting trophic factors to support endogenous repair processes, especially 
in permanent ischemic stroke to bypass the occlusion of blood vessels. However, 
invasive injury to the brain raises safety issues.

Intravascular injection either through veins or arteries has minimal invasive 
injury potential for systematical cell distribution, as well as the far-flung secre-
tion of neuroprotective, pro-angiogenic and immunomodulatory factors (Misra 
et al. 2012). Intravenously grafted cells can follow a chemokine generated gradient 
formed by the injured brain and penetrate through the BBB (Guzman et al. 2008), 
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and grafted cells do not have to be near the lesion to be effective (Borlongan et al. 
2004). However, very few cells have been found to integrate into the infarct area. 
The majority of cells became stuck in the lung, liver, and spleen after intravenous 
administration. Intra-arterial delivery, in contrast, overpasses the peripheral filtering 
organs, leading to higher cell engraftment to the brain (Li et al. 2010; Zhang et al. 
2012), and greater efficacy (Kamiya et al. 2008; Pendharkar et al. 2010). There is 
a concern that intra-artery transplanted cells can stick together and cause microem-
boli, including lethal pulmonary emboli or a reduction in cerebral blood flow, which 
is associated with microstrokes (Walczak et al. 2008).

In preclinical experimental stroke, intravascular injections are usually used, and 
they are applied through the tail vein (Zhang et al. 2002; Chen et al. 2012; Nih 
et al. 2012; Chen et al. 2013d; Decano et al. 2013; Qiu et al. 2013), femoral vein 
(Moubarik et al. 2011; Pellegrini et al. 2013), jugular vein (Fan et al. 2010; Li 
et al. 2013), and internal carotid artery (Ohta et al. 2006) (Table 7.4). Despite the 
different routes used for EPC transplantation, decreased infarct volume, improved 
neurobehavioral outcomes, increased angiogenesis and neurogenesis, attenuation 
of endothelial dysfunction, even anti-apoptosis effects have been observed during 
study. These studies may benefit from both functions of EPCs during cell replace-
ment and enhanced trophic/regenerative support for endogenous repair processes.

However, when considering application in clinical trials, the routes of trans-
plantation of EPCs should be standardized to ease administration. Several clinical 
studies have been carried out as illustrated in Table 7.5. These studies look into the 
safety and efficiency of routes for EPC transplantation in human patients, and there 
is still a lot of work to do in this field.

7.6.2  Modification of EPCs

7.6.2.1  Gene Modification

Considering the paracrine-mediated mechanisms of EPCs, the enhancement of their 
secretion of trophic factors capacity by the overexpression of related genes would 
be valuable to magnify the efficacy of EPC therapies in stroke treatment (Chen 
et al. 2013a). EPCs have been modified by a variety of genes before transplantation 
and have been reported to enhance functional recovery, these genes include VEGF 
(Asahara 2007; Gou et al. 2011; Yang et al. 2012), HGF (Song et al. 2009), IGF−1 
(Sen et al. 2010), paraoxonase−1 (Wang et al. 2010), CXCR4 (Chen et al. 2012), 
SDF−1 (Schuh et al. 2012), NO (Chen et al. 2013c), home oxygenase−1 (Long et al. 
2013), hypoxia-inducible factor−1α (HIF−1α) (Jiang et al. 2008) and Deltalike−4 
(Huang et al. 2013a). There are two major methods for gene transfer systems, viral 
and nonviral. The most widely used viral vectors for gene transfer are adenovirus 
and retrovirus. Nonviral methods include the introduction of naked DNA into the 
target cells and the use of liposomes (Vale et al. 2001).
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EPCs modified by VEGF gene show significantly enhanced neovascularization, 
even when ten times fewer cells were infused (Asahara 2007), and promote vascular 
regeneration of ischemic flaps (Yi et al. 2006). In ischemic hindlimb model, trans-
fection of VEGF or heme oxygenase−1genes into EPCs significantly increased the 
number of differentiated ECs, blood perfusion levels and neovascularization com-
pared to the bare EPCs (Yang et al. 2012; Long et al. 2013). Transfection of EPCs 
with other genes, such as IGF−1 (Sen et al. 2010), SDF−1 (Schuh et al. 2012), NO 
(Chen et al. 2013c) and Deltalike−4 (Huang et al. 2013a) genes, to treat ischemic 
myocardial injury show cell protective and myocardial regeneration effects and 
functional neovascularization recovery. EPCs modified by paraoxonase−1 genes 
are potentially valuable in the treatment of atherosclerosis (Wang et al. 2010). 
Transfection of HGF genes enhances EPC function and improves EPC transplanta-
tion efficiency by decreasing neointima formation and increasing reendothelializa-
tion for balloon-induced arterial injury (Song et al. 2009).

Some investigators tried to transfect multiple genes into EPCs by using retrovi-
ruses to encode both tPA and heparin. Local transplantation of engineered EPCs in a 
balloon-injured carotid artery model attenuates reendothelialization of angioplasty-
injured arteries, but fails to inhibit neointima proliferation (Griese et al. 2003a). 
In experimental stroke models, only one study found that the transplantation of 
CXCR4 gene-modified EPCs reduces cerebral ischemic damage and promotes re-
pair in diabetic mice, and that modified EPCs show better therapeutic effects for 
ischemic stroke than unmodified EPCs (Chen et al. 2012).

Until now, there have been no clinical trials using gene-modified EPC therapy 
for the treatment of stroke. It is important to confirm the safety and efficacy of 
delivering exogenous genes into patients by modifying EPCs. The main concern 
is the possibility of tumorigenesis after gene delivery. Although exogenous genes 
are transferred into EPCs rather than to host cells, viral vectors may increase the 
risk of genotoxicity by insertional mutagenesis and the activation of adjacent on-
cogenes. To avoid malignant transformation in clinical patients, the vector should 
be designed for self-inactivation and only contain nonviral, physiologic promoter/
enhancer elements (Payen and Leboulch 2012). Second, the therapeutic genes may 
serve different functions during different pathological stages. For example, SDF−1 
plays a key role in promoting angiogenesis and neurogenesis during development 
(Mithal et al. 2012; Virgintino et al. 2013) and can recruit EPCs towards ischemic 
lesions for reendovascularization (Fan et al. 2010). Blocking SDF−1/CXCR4 inter-
action suppresses inflammatory responses and reduces brain infarction in the acute 
phase of ischemic stroke (Huang et al. 2013b; Ruscher et al. 2013), which indicates 
that SDF−1 is an inflammation initiator and exaggerates the BBB leakage and isch-
emic lesions. Whether SDF−1-overexpressing cells could exhibit a similar dete-
rioration effect is unknown, but such studies are fundamental in calling attention 
to the administration paradigm of EPC gene modified therapy. Third, most com-
pleted and ongoing clinical trials employ autologous EPCs for transplantation; the 
exogenous gene expression in EPCs is time consuming and unavoidably delays cell 
transplantation. Further studies should be carried out on the effects of delivering 

Y. Li et al.
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gene-modified EPCs in a later period after stroke or the transplantation ex vivo of 
expanded EPCs from allogenic sources, which allows for transformation and in 
vitro expansion of EPCs before transplantation (Chen et al. 2013a).

7.6.2.2  Preconditioning EPCs

In addition to the exogenous gene modification of EPCs, investigators have been 
trying to manipulate endogenous mechanisms for optimizing the therapeutic po-
tential of cell-based stroke therapy by pre-treating EPCs before transplantation. 
Various factors seem to influence the number of EPCs and their functions, both 
in experimental stroke models and in clinical patients (Table 7.3). The hypoxia in-
duced by HIF−1α and trophic growth factors such as BDNF, glial cell line-derived 
neurotrophic factor (GDNF), VEGF and its receptor FIK−1, EPO and its recep-
tor EPOR, SDF−1 and its receptor CXCR4, enhance EPC proliferation, mobiliza-
tion and the homing to ischemic lesions involved in the repairing process (Kalka 
et al. 2000b; Vale et al. 2001; Yamaguchi et al. 2003; Bennis et al. 2012). Increased 
HIF−1α and its downstream genes play central roles in hypoxia-induced defense re-
sponses (Ogle et al. 2012). Ischemic preconditioning increases EPC numbers to at-
tenuate partial nephrectomy-induced ischemia/reperfusion injury (Liu et al. 2013a).

VEGF is an important humoral factor for EPC mobilization/differentiation, which 
is supported by the correlation between the increase in VEGF serum concentration 
and the increase in circulating EPCs (Sobrino et al. 2012a). EPO stimulates normal 
EPC-mediated endothelial turnover and improves cardiac microvascularization and 
function in the presence of ischemia (Westenbrink et al. 2008). Pretreatment of 
EPCs with EPO before transplantation enhances their angiogenic potential (Bennis 
et al. 2012). SDF−1 pretreatment during EPC expansion stimulates the adhesion of 
EPCs to ECs and augments the efficiency of EPC-based cell therapy for ischemic 
diseases (Zemani et al. 2008). The hormone melatonin stimulates the protective 
effect of EPCs in acute ischemic kidney injury (Patschan et al. 2012). Exposure to 
sub-lethal hypoxia can significantly increase the tolerance and regenerative proper-
ties of stem/progenitor cells in vitro and after transplantation for other cell types 
(Francis and Wei 2010; Wei et al. 2013; Yu et al. 2013).

Estradiol preserves the integrity of ischemic tissue by augmenting the mobili-
zation and incorporation of EPCs into sites of neovascularization by the eNOS-
mediated augmentation of MMP−9 expression in the BM (Iwakura et al. 2006). 
Angiotensin-converting enzyme 2 (ACE2) improves EPC functions, by regulating 
eNOS and Nox pathways, enhancing the efficacy of EPC-based therapy for isch-
emic stroke (Chen et al. 2013b). Other methods, such as the pretreatment of EPCs 
with extracorporeal shock waves (Lee and Kou 2012) or magnetic bionanoparticles 
(Li et al. 2013) to enhance the homing and functions of EPCs may also be promising 
and novel strategies. It is expected that the preconditioning strategy will be further 
explored due to its potential to enhance the benefits of EPC-based transplantation 
therapies in stroke therapy (Liu et al. 2013b).
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7.7  Pros and Cons in the Application of EPCs  
in Clinical Trials

EPC transplantation in stroke has pros and cons. As mentioned above, EPCs have 
shown much potential for stroke therapy either through directly differentiating into 
mature ECs to replace damaged tissue or by secreting trophic factors to enhance the 
endogenous repairing processes. Additionally, EPCs can be derived from a variety 
of sources including PB (Medina et al. 2010), BM (Kwon et al. 2010), cord blood 
(Li et al. 2013), spleen (Wassmann et al. 2006), adipose tissue (Planat-Benard et al. 
2004), and the liver or intestines (Aicher et al. 2007). Ethical limitations are avoided 
because fetal or embryonic tissues are not necessary sources. A lot of experience in 
administration of HSCs in clinical treatment of patients with leukemia (Rouhl et al. 
2008) shows it is not necessary for autogenous transplanted cells. It allows plenty 
of time for ex vivo expanded EPCs to be cultured, pretreated or even gene modified, 
so as to enhance therapeutic capacity when transplanted in vivo. However, there are 
still difficulties that need to be resolved. As EPCs can be cultured by many methods 
and derived from different sources, and they bear both the characteristic of hema-
topoietic and endothelial cells, there are no specific markers to identify them and 
they may also be contaminated by other cell lines like lymphocytes, macrophages 
or other dendritic cells (Ishikawa and Asahara 2004). Gene expression profiles may 
also change during EPC culturing (Gremmels et al. 2011). Whether the exogenous 
gene modified EPCs increase malignant transformation in clinical patients still 
needs to be further explored.

7.8  Problems Need to be Clarified for the Treatment  
of Patients

7.8.1  Evaluation of Clinical Safety

Preclinical studies have shown that EPC transplantation is beneficial for functional 
outcomes without showing side effects, such as enhancing inflammatory responses 
or forming teratoma. However, to fully ensure the safety of transplanting EPCs in 
clinical patients, clinical studies have been carried out. A small pilot study sug-
gested that intravenous infusion of autologous EPCs was safe and improved ex-
ercise capacity in children with idiopathic pulmonary arterial hypertension (Zhu 
et al. 2008). EPC transplantation in 20 patients with acute myocardial infarction 
showed no incensement in the levels of inflammatory markers or troponin T (a 
marker for cardiac ischemia) (Assmus et al. 2002). Thus, in this small number of 
patients, EPCs neither seem to stimulate the inflammatory response nor increase 
ischemia. A variety of clinical studies has also shown that autologous BM stem 
cell and mesenchymal stem cell transplantation in stroke patients showed nothing 
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related to abnormal cell growth or tumorigenesis, deteriorated functional outcomes 
or venous thrombuses (Suarez-Monteagudo et al. 2009; Lee et al. 2010; Honmou 
et al. 2011; Friedrich et al. 2012; Moniche et al. 2012).

EPCs can secret inflammatory factors such as IL−8 and monocyte chemoat-
tractant protein−1 (MCP−1) (Hur et al. 2004; van der Strate et al. 2007), which 
might recruit monocytes and macrophages to aggravate ischemia. Currently, sev-
eral clinical trials (clinicaltrials.gov identifier: NCT00950521; NCT01468064; 
NCT00535197) are trying to evaluate the safety and efficacy of autologous EPC 
transplantation in ischemic stroke. EPC transplantation cannot be routinely per-
formed on patients for the treatment of stroke before larger clinical trials further 
ensure their clinical safety.

7.8.2  Identifying Acceptable Patients for EPC Transplantation

No treatment is appropriate for all stroke patients therapy. Therefore, establishing 
a criterion for choosing suitable patients for EPC transplantation is vitally impor-
tant. Stroke patients range in age from 30–80 years old; age should be something 
to consider because elder patients tend to be suffering from other diseases such as 
hypertension, diabetes mellitus and dyslipidemic syndromes. Patients with these 
syndromes show endothelial dysfunction and decreased EPC numbers (Rouhl et al. 
2012). It might be difficult for this kind of patient to receive autologous EPCs, 
which may lose their functional therapeutic effects after transplantation. Methods 
of modifying EPCs to increase their vasculogenic potential or allogenic EPCs from 
healthy people may provide options.

Studies have shown that the pathology of stroke in young and aged rats are not 
identical. For example, after intracerebral hemorrhage, aged rats showed a wider 
spread of activated microglia/macrophages around the parenchyma and higher as-
trocyte activity than young rats (Wasserman et al. 2008). Another study showed that 
aging mice had significantly less edema formation after stoke (Liu et al. 2009). In 
addition, EPCs are critical components of tumor angiogenesis (Nolan et al. 2007); 
therefore, EPC transfusion to patients with tumors should be avoided. Considering 
estrogen has the capacity to promote EPC proliferation (Tan et al. 2012), men and 
women may respond differently to EPC-based treatments. Whether EPC treatment 
would have the same efficacy in males and females needs to be considered further.

Infarct location and volume are other factors for determining a patient’s suit-
ability for cell transfusion. Preclinical studies in EPC transplantation in stroke 
(Table 7.4) and different animal models may result in different infarct location 
and volume in striatum, cortex or both. EPC transplantation shows improvement 
in functional recovery; however, we cannot exclude the possibility that it may not 
be as effective in clinical patients. Scoring patients with different lesions, which 
are usually determined by magnetic resonance imaging (MRI), choosing suitable 
patients and accordingly giving the appropriate EPC treatment is necessary.
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7.8.3  Time, Dose, Route and Type of EPCs for Transplantation

7.8.3.1  Time of EPC Transplantation

Preclinical studies provide various time points to deliver EPCs (Table 7.4). How-
ever, the optimal time for transplantation after a stroke is still unclear. After stroke 
onset, the microenvironment in the brain changes dramatically (Moskowitz et al. 
2010). The optimal timing of delivery depends on EPC mechanisms of action, 
which could replace the damaged cells and promote the endogenous repair process 
by paracrine effects. If the treatment strategy focuses on cell survival and later cells 
integrate into the damaged tissue to replace the dead cells, cell survival is extremely 
important and transplanting during the recovery phase of stroke to avoid inflamma-
tion could be beneficial. Otherwise, if the treatment acts to enhance the endogenous 
repair process or protective mechanisms by paracrine effects, acute phase delivery 
is critical (Hayashi et al. 2003; Carmichael 2006). Preclinical studies of the delivery 
of EPCs were done either immediately after stroke or from 1 h to 1 day after stroke, 
which showed functional recovery in animals. However, a systematic analysis of 
transplantation timing and its effect on functional recovery has not been done.

7.8.3.2  Dose Injection of EPCs

In addition, as we move towards clinical trials, cell dosage becomes an important 
question to consider. Different cell dosages have been applied during preclinical 
trials (Table 7.4). Cell dosages influence cell viability after transplantation; fewer 
cells may not be enough to function as a therapeutic treatment, while an exces-
sive amount of cells may result in side effects such as inflammation, teratoma or 
microembolus. Ongoing clinical studies are designed to use 2–8 × 106 EPCs to 
treat stroke patients (clinical trials.gov identifier: NCT01468064; NCT01438593; 
NCT00950521), and the safety and efficacy of EPC therapies are not yet clear.

7.8.3.3  Routes of Administration

Studies have reported functional recovery using the intravenous and intracerebral 
delivery of EPCs. All routes resulted in cells targeting the lesion, but more cells 
were found at the lesion with intracerebral delivery than with intravenous delivery 
(Jin et al. 2005). Preclinical studies choosing intravenous or intra-artery delivery of 
EPCs have shown functional recovery. Clinical studies plan to apply either intrave-
nous or intracerebral delivery routes. In regards to EPC transplantation in clinical 
trials, intravenous infusion should be the optimal route because intracerebral injec-
tion is invasive and inconvenient, and intra-artery delivery may cause embolisms 
(Borlongan et al. 2004).
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7.8.3.4  Types of Used EPCs

Different types of EPCs play specific roles, with early EPCs protecting damaged 
tissue by secreting amounts of pro-angiogenic factors, and late EPCs integrate in to 
host vessels to replace damaged ECs. However, it is still difficult to define EPCs, 
because they have multiple markers. Investigators are trying to identify, isolate and 
expand EPCs using their normal markers, such as CD34, KDR, and CD133, but 
related cell types might bear the same markers. All the ongoing clinical trials use 
CD34 to identify EPCs, which might not be sufficient. Optimizing the isolation and 
identification of EPCs from patients is still a critical problem.

7.8.4  Bio-Distribution and Persistence of EPCs

When EPCs are transplanted into ischemic animals or patients, it is crucial to moni-
tor where the EPCs travel and into what cell types they differentiate. This helps us 
to understand how these cells mediate functional recovery. Therefore, dynamic non-
invasive tracking of grafted EPCs in vivo is necessary. Optical imaging, MRI and 
nuclear imaging are potential imaging strategies and MRI is most often used for the 
dynamic tracking of grafted EPCs in vivo. For the tracking of exogenous EPCs in 
vivo, the grafted cells must be labeled with contrast agents in vitro before transplan-
tation so that they are distinguishable from the host tissue. Molecular probes such 
as transferrin have successfully been used to tag putative stem cells followed by 
high-resolution MRI to track the homing of cells (Weissleder et al. 2000). Currently, 
gadolinium rhodamine dextran (GRID) and superparamagnetic iron oxide (SPIO) 
are two groups of commonly used contrast agents. Some studies have been suc-
cessful in long-term monitoring EPCs using MRI in a rat hindlimb ischemic model 
(Agudelo et al. 2011; Agudelo et al. 2012). However, little work has been done on 
the dynamic tracking of EPCs in ischemic stroke and it calls for much attention in 
order to provide fundamental data for its application in clinical trials.

Conclusions

Preclinical studies have shown great promise for EPC transplantation as a therapy 
for stroke. Beneficial effects from EPC transplantation have been observed, includ-
ing functional improvement, increased neovascularization and decreased apop-
totic cells. However, there are many fundamental unsolved problems, mentioned 
above, and relevant clinical trials are needed. A guideline called Stem Cell Therapy 
as an Emerging Paradigm for Stroke (STEPS) in 2009 (The STEPS Participants, 
2009) has been drawn up. To some extent, this guideline can help scientists in all 
fields collaborate to accelerate the use of EPC transplantation in clinical patients 
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for those who might benefit from EPC therapy. Currently, EPC transplantation for 
stroke treatment in clinic is only a vision, preclinical studies and clinical research 
are needed to maximize the therapeutic benefit and minimize the risks of EPCs 
transplantation in stroke.
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Chapter 8
Adipose-Derived Stem Cells: Isolation 
and Culturing

Vaughan Feisst and Michelle B. Locke

Abstract The use of human adipose-derived stem cells (ASC) for research and 
clinical purposes has become increasingly common over the past years. The advan-
tages of ASC over more traditional sources of adult stem cells such as bone marrow 
(BM) include it’s ready availability in most people, the ease of significant volume 
fat removal by liposuction and subsequently the large number of adult mesenchy-
mal stem cells (MSC) able to be isolated from each harvest. This chapter provides 
clear, focused methods for the isolation of the stromal vascular fraction (SVF) from 
lipoaspirate, which contains the ASC. Methods for subsequent culture, passage and 
cryopreservation of ASC are given, to enable other researchers to work with this 
exciting resource.
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Abbreviations

°C Degrees centigrade
ASC Adipose-derived stem cells
BM Bone marrow
CD Cluster of differentiation
CO2 Carbon dioxide
DMEM Dulbecco’s modified eagle’s medium
DMSO Dimethyl sulfoxide
FACS Fluorescence activate cell
FBS Fetal bovine serum
g Gravity force
μm Micrometres
mL Millilitres
mm Millimetres
MSC Mesenchymal stem cell
P Passage
PBS Phosphate buffered saline
RBC Red blood cell
SVF Stromal vascular fraction
UCB Umbilical cord blood

8.1  Introduction

The use of human adipose-derived stem cells (ASC) for research and clinical pur-
poses has exploded since 2001, when Zuk and colleagues published their sentinel 
paper on the mesenchymal differentiation of ASC (Zuk et al. 2001). Adipose tissue 
is derived from embryonic mesoderm, therefore ASC are a form of adult mesenchy-
mal stem cell (MSC). Early research confirmed their differentiation into common 
mesenchymal tissues, such as bone, muscle and cartilage (Gimble and Guilak 2003; 
Wickham et al. 2003; Zuk et al. 2002). Recently, there is increasing evidence of 
their potential ability to transdifferentiate along some ectodermal cell lines, such as 
the creation of neural cell types (Erba et al. 2010; Yu et al. 2011).

While other sources of adult MSC exist, such as bone marrow (BM) and umbili-
cal cord blood (UCB), adipose tissue represents a readily available resource. Over 
the past decades, the prevalence of obesity has been rising in the Western world. 
In the United States, more than one third (35.7 %) of adults are obese ( Centres 
for Disease Control and Prevention 2013). Data from the American Society for 
 Aesthetic Plastic Surgery shows a corresponding increase in the number of patients 
undergoing elective liposuction (also known as lipoplasty or liposculpture) surgery 
( American Society for Aesthetic Plastic Surgery 2013). Over 15 years, from 1997 
to 2012, the number of patients undergoing this procedure annually jumped from 
177,000 to 313,000, an increase of 77 % (American Society for Aesthetic Plastic 
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Surgery 2013). It is now the second most commonly performed cosmetic surgery 
procedure. Lipoaspirate, the waste product of liposuction, is commonly discarded 
following the surgery. However, it is an excellent source of ASC for research and 
potentially clinical purposes, with a stem cell yield which compares well to tradi-
tional BM harvest (Sekiya et al. 2002; Zuk et al. 2002). ASC have also been reported 
to be easier to culture and to grow faster than BM MSC (Mitchell et al. 2006). When 
a cell source is required for clinical use, liposuction is a straightforward procedure 
which can be performed on an outpatient basis under general or local anaesthetic 
with minimal morbidity. The reported complication rate is around 0.1 %, making it a 
safe, well tolerated method to obtain autologous cells for clinical treatment (Hanke 
and Coleman 1999; Housman et al. 2002).

In this chapter we focus on the technical method of isolating ASC from the raw 
tissue sample, commonly lipoaspirate following liposuction or excised fat.

8.2  Materials

8.2.1  Equipment

No special equipment is required for ASC isolation and culture. All equipment used 
can generally be found in any cell culture laboratory. Availability of the following 
standard equipment is required for cellular processing and culture:

• Class II laminar flow hood
• Warm water bath (37 °C)
• 50 mL tubes
• Cell culture flasks (ideally T25 or T75)
• Centrifuge
• Forceps and tissue scissors or scalpel if tissue block obtained
• Incubator (37 °C, 5 % CO2)
• 100 μm cell filters
• 4 °C refrigerator
• − 80 °C freezer
• Nalgene freezing container
• − 196 °C (liquid nitrogen) cryogenic storage facility

8.2.2  Chemicals and Reagents

A list of chemicals and reagents which are required for cellular isolation and pro-
cessing is provided below. The manufacturer’s name and product code for the au-
thors preferred products are provided in parentheses.
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• Dulbecco’s modified eagle’s medium (DMEM) with nutrient mixture F12 + Hepes 
(Life Technologies 11330057)

• Dimethyl sulfoxide (DMSO) (Sigma Aldritch D2650-5X5ML)
• Fetal bovine serum (FBS) (Life Technologies 10091148)
• GlutaMAX Supplement (Life Technologies 35050061)
• Penicillin-Streptomycin (Life Technologies 15140122)
• Collagenase, type I (Life Technologies 17100017)
• Trypsin or TrypLETM (Life Technologies 12563029)
• Phosphate buffered saline (PBS) (Lonza 17-516F)

8.2.3  Medium

All culture mediums are created by mixing the listed ingredients in a laminar flow 
hood. Once prepared, medium should be used within four weeks. Medium should 
be gently warmed in a water bath to 37 °C before use.

1. Complete medium:
− 500 ml DMEM F12 Hepes
− 50 ml FBS
− 5 ml GlutaMAX supplement
− 5 ml Penicillin-Streptomycin

2. Cryopreservation medium:
− 20 ml FBS
− 5 ml DMSO

8.3  Methods

8.3.1  Source of Adipose Tissue

Our adipose tissue comes from lipoaspirate, the waste product following elective 
liposuction surgery. It is a mixture of suction-aspirated adipose tissue, blood and 
infiltration fluid. The infiltration fluid comprises a mixture of saline, adrenaline and 
often local anaesthetic. The most commonly used formula for infiltration fluid is 
the Hunstad formula, being 1000 mL of Ringers Lactate, 50 mL of 1 % lignocaine 
(lidocaine) and 1 mL (1 ampoule) of 1:1000 epinephrine, or Modified Hunstad, 
which has half the amount of lignocaine (Hunstad and Aitken 2006). Infiltration 
fluid is infused into each area to be treated prior to performing liposuction. This 
acts to reduce blood loss and provide analgesia. It is thought that approximately 
20 % of the infiltrated fluid is removed with the liposuction. The fluid mixes with 
the aspirated fat and contributes to the lipoaspirate being in a semi-liquid state. This 
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lipoaspirate is commonly discarded as medical waste after the procedure. Appropri-
ate institutional or regional ethical approval must be sought to allow the donation of 
this waste product for research purposes, and the patient’s approval is also obtained 
prior to surgery.

Given that we solely use lipoaspirate, our source tissue for ASC is in a semi-
liquid state on arrival at our laboratory (Fig. 8.1). However, it is possible to use ex-
cised fat for the same purpose. If a solid block of excised fat is to be used, it requires 
additional treatment to be manually broken down prior to processing as below.

8.3.2  Processing of Adipose Tissue

When lipoaspirate is transported to the lab, it travels in the original surgical waste 
container at room temperature. A block of excised tissue would routinely be trans-
ported to the laboratory wrapped in saline-soaked gauze to prevent desiccation and 
secured in a sterile, screw top container.

Our method for ASC isolation is based on the seminal paper by Zuk and col-
leagues from 2001 with minor modifications (Zuk et al. 2001). Following isolation, 
ASC are contained within the stromal vascular fraction (SVF) cell pellet in the 
bottom of the tube (see Fig. 8.3 and Fig. 8.4). Cryopreservation of the SVF results 
in red blood cell (RBC) lysis so we rarely perform a specific RBC lysis step, prefer-
ring instead to repeat the initial wash step to decrease the RBC load if necessary. 

Fig. 8.1  Unprocessed 
lipoaspirate showing 
 semi-liquid fat on the top 
(yellow) with blood and 
infiltration fluid in the lower 
layer (red)
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However, if you wish to count the cells in the SVF directly then it is likely that you 
will need to perform a RBC lysis.

1. Excised fat is placed in a sterile plastic tray with a small amount of Complete 
medium. Using sterile forceps and a pair of sterile scissors, or scalpel blade, it 
is cut into small pieces (ideally less than 5 mm by 5 mm) to facilitate digestion. 
These pieces are then placed into a 50 ml tube for processing as per lipoaspirate. 
This step is not required if semi-liquid lipoaspirate is used.

2. Top layer of lipoaspirate, containing adipose tissue (or excised and diced adipose 
tissue), is placed into 50 mL tubes, ensuring the tubes are no more than half full 
of lipoaspirate.

3. Tubes are filled to 50 mL with Complete medium, agitated to mix and centri-
fuged at 700 g for 10 min.

4. Floating adipose tissue is transferred into fresh 50 ml tubes and the liquid lower 
layer is discarded (see Fig. 8.2).

5. Repeat steps 2–4.
6. An equal volume of 0.075 % Collagenase type I in PBS is added to each tube of 

washed lipoaspirate for digestion.
7. Tubes are placed in a warm water bath for 1 h for digestion. An agitating water 

bath is ideal for digestion. If not available, a normal water bath may be used but 

Fig. 8.2  Washed lipoaspirate 
showing the top layer of 
floating adipose tissue to be 
retained (yellow) and lower 
liquid layer to be discarded 
(red)
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the tubes should be inverted several times or agitated by hand every five to ten 
minutes during the digestion process.

8. Tubes are centrifuged at 700 g for 10 min.
9. Supernatants containing floating adipocytes and media are discarded. Cell pel-

lets are resuspended in Complete medium.
10. Resuspended cells are passed through a 100 μm cell filter into a clean 50 mL 

tube to remove connective tissue.

SVF is now ready for cryopreservation or culture.

Fig. 8.4  Close up of SVF 
pellet after digestion and spin 
cycle

 

Fig. 8.3  Lipoaspirate after 
collagenase digestion and 
spin cycle, showing floating 
mature adipocytes in the top 
layer (yellow), media in the 
lower layer (orange) and a 
cell pellet at base of tube
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8.3.3  Culture of Isolated Cells

1. A cell count is performed on fresh SVF or recovered cells using Trypan blue to 
identify non-viable cells.

2. 1 × 106 cells are seeded into each T75 flask with 12 mL of Complete medium.
3. Cells are cultured at 37 °C/5 % CO2 in a humidified atmosphere.
4. Medium is changed every two to three days, or earlier if it discolours. Once cells 

begin to proliferate they generally double every 5–7 days.
5. Cells are passaged when ~80 % confluent by aspirating off the medium, adding 

2 mL of TrypLETM, and incubating at 37 °C.
6. Flasks are checked after five minutes and tapped gently to encourage cellular 

detachment. If cells don’t detach easily, flasks are placed back into the incubator 
and checked every three to four minutes for detachment.

7. Once cells have all detached, 8 mL of Complete medium is added to neutralise 
the cell dissociation agent. The solution is aspirated into tubes and centrifuged at 
700 g for 5 min.

8. Supernatant is discarded, the cell pellet is resuspended in Complete medium and 
seeded 1:1 into fresh T75 flasks for ongoing cellular expansion.

As noted above, after initial isolation the ASC are contained within the SVF. This 
cell pellet includes not only ASC but also vascular cells and other cell populations 
from the subcutaneous fat. Therefore experiments performed using freshly isolated 
cells should not be considered to contain a pure population of ASC. ASC are rou-
tinely isolated from SVF by adherent cell culture. FACS assessment of cultured 
cells in our laboratory suggests that CD31+ and/or CD45+ vascular cells make up 
as much as 50 % of the uncultured population of SVF. This figure falls rapidly with 
adherent culture, dropping to 14 % at passage zero (P0) and 2 % by P2, with an es-
sentially homogeneous ASC population present thereafter (data not shown).

8.3.4  Storage of Adipose-Derived Stem Cells

The SVF pellet or cultured ASC at any stage can be cryopreserved for long term 
storage. The authors use 10 % DMSO as their preferred cryopreservant.

1. A cell count is performed on fresh SVF or recovered cells using Trypan blue to 
identify non-viable cells.

2. Cells are centrifuged at 700 g for 5 min and supernatant is discarded.
3. Cells are resuspended in 0.5 mL of Complete medium per 1 × 106 cells.
4. 0.5 mL of Cyropresevation medium per 1 × 106 cells is added, and mixed with a 

pipette, making a final concentration of 10 % DMSO.
5. Tubes are cooled at − 1 °C per minute using a Nalgene freezing container (authors 

use Mr FrostyTM (ThermoFisher)) with 100 % isopropyl alcohol and placed into a 
− 80 °C freezer overnight.
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6. The following morning, cryovials are removed and transferred to a liquid nitro-
gen storage facility for long term storage at −196 °C.

8.4  Authors Notes

• We strongly advise that cell culture media is changed on day one following cell 
passage and/or plating. This removes non adherent cells, which ensures that cells 
undergoing cell death do not affect the viability of healthy, adherent cells.

• When passaging our cells, we re-seed ASC at a 1:1 ratio. We are aware that other 
institutions seed at a lower density, commonly 1:4. However, we have found 
that cell culture can stall and proliferation cease if the cells are seeded at a lower 
density, presumably due to paracrine growth factors assisting in the maintenance 
of proliferation. A 1:1 ratio has proved to be the most effective in our facility.

• We use TrypLETM rather than trypsin for cell passage as we have found it to be a 
more effective cell dissociation agent for adherent ASC.
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Abstract Not only is stroke second only to cardiac ischemia as a leading cause 
of death worldwide, but it also drastically impaired the quality of life of the sur-
vivors through its crippling neurological sequelae which account for the third 
leading cause of disability. Instead of merely a loss of functioning neurons from 
ischemia, stroke triggers a cascade of adverse events including inflammation, oxi-
dative stress, and apoptosis that perpetuates the initial ischemic damage. Current 
therapeutic strategies, including the use of thrombolytic agents and other non-phar-
maceutical approaches, have their limitations either because of the risk of complica-
tions or focusing only on the prevention of brain damage and rehabilitation. More 
importantly, none has been convincingly shown to improve neurological outcome 
in patients with stroke once the brain tissue is infarcted. Accumulating evidence 
has indicated that, instead of being only neuroprotective, stem cells actually pos-
sess neurorestorative function for promoting recovery of the injured brain tissue. 
Accordingly, cell transplant therapy with adipose-derived mesenchymal stem cells 
(ADSC) has recently emerged as a potentially feasible therapeutic option not only 
because of their abundance and relative ease of being harvested, but also because 
of the possibility of autologous implantation and their demonstrated multiple ben-
eficial biological actions against stroke in experimental settings, namely paracrine 
effects, transdifferentiation, and immunomodulation, that could enhance brain plas-
ticity such as neurogenesis, remyelination, synaptogenesis, and angiogenesis in the 
recovery process. The nature and source of ADSC as well as their demonstrated 
therapeutic potential against stroke, the clinical perspective in stroke treatment, and 
the potential risks are reviewed.

Abbreviations

ADSC Adipose-derived mesenchymal stem cells
APC Antigen-presenting cell
BDNF Brain-derived neurotrophic factor
bFGF Basic fibroblast growth factor
BMP2 Bone morphogenetic protein 2
CSPG Chondroitin sulphate proteoglycans
CXCR4 Chemokine receptor type 4
DCX Doublecortin
FACS             Fluorescence-activated cell sorting
FGF2 Fibroblast growth factor 2
G-CSF granulocyte colony-stimulating factor
GDNF Glial derived neurotrophic factor
GFAP Glial fibrillary acidic protein
GM-CSF Granulocyte-macrophage colony-stimulating factor
HGF Hepatocyte growth factor
IDO Indoleamine-2,3-dioxygenase
IGF-1 Insulin-like growth factor-1
IL  Interleukin
IL-1R Interleukin 1 receptor
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iPSC Induced pluripotent stem cells
MACS   Magnetic activated cell sorting
MAP2 Microtubule-associated protein 2
MCAO Middle cerebral artery occlusion
MHC-II Major histocompatibility complex class II
NeuN Neuronal nuclei
NF Neurofilament
NGF Nerve growth factor
NT-3 Neurotrophin-3
Olig-2 Oligodendrocyte
PAI-1 Plasminogen activator inhibitor-1
ROS Reactive oxygen species
rtPA Recombinant tissue plasminogen activator
SDF-1 Stromal cell-derived factor 1
SVF Stromal vascular fraction
SYP  Synaptophysin
TGF-β1 Transforming growth factor beta 1
TLR-4 Toll-like receptor-4
TNF-alpha Tumor necrosis factor-alpha
VCAM-1 Vascular cell adhesion molecule 1
VEGF Vascular endothelial growth factor
vWF Von Willebran factor

9.1  Introduction

9.1.1  The Layout of the Chapter

To cover the essential knowledge on this topic, the chapter is divided into several 
sections, including an outline of stroke as a life-threatening disease and the cur-
rent medical strategies, the introduction of adipose-derived mesenchymal stem 
cells (ADSC) as a treatment tool for stroke and its therapeutic advantages, de-
scription of the general methodology of ADSC isolation, the mechanisms of ac-
tion of ADSC against stroke, the current status of experimental and clinical stud-
ies as well as the perspectives of ADSC applications and the potential risks and 
limitations.
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9.1.2  Stroke, Current Treatment Strategies, and Their 
Limitations

Stroke, which can be of ischemic or hemorrhagic origins due to a disruption of 
blood supply to the brain tissue, has been reported to be the second leading cause 
of death worldwide (Feigin et al. 2014). Not only is stroke a ruthless killer, but 
it also leaves behind devastating neurological deficits (i.e., those of motor, sen-
sory, and cognitive) that account for their being the third leading cause of disability 
(Rosado-de-Castro et al. 2013). The cost for chronic care and rehabilitation as well 
as the remarkable impairment of the quality of life for the affected individuals im-
pose an enormous socioeconomic burden on a society (Go et al. 2013).

The current mainstay of treatment for acute ischemic stroke, which accounts for 
over 80 % of all cases of stroke (Liu et al. 2013), includes the use of thrombolytic 
agents (e.g. recombinant tissue plasminogen activator, rtPA) that are supposed to be 
given within 4.5 h after the attack (Del Zoppo et al. 2009) with the hope of resum-
ing patency of the supplying artery to restore the function of tissue surrounding the 
core region of infarction (i.e. ischemic penumbra) to minimize the ischemic insult 
rather than the irreversible infarction itself (Smith et al. 2011). However, the narrow 
therapeutic time window and the significant risk of symptomatic intracranial hem-
orrhage (i.e. up to 5.6 %) and death (Wardlaw et al. 2009; Seet and Rabinstein 2012) 
substantially hinder its use which is only suitable for only 2–4 % of patients with 
ischemic stroke (Molina 2011). The popularity of rtPA use is further hampered by 
its limited efficacy in disability prevention which is only six patients per 1000 isch-
emic strokes and its lack of beneficial impact on mortality rate (Hacke et al. 2004). 
As a result, various non-pharmaceutical strategies have been proposed including 
neuroprotective approaches such as hypothermia, ischemic/hypoxic conditioning, 
acupuncture, certain medical gases, and transcranial laser therapy as well as me-
chanical endovascular recanalization and recovery devices for treating the chronic 
phase of stroke (Chen et al. 2014b).

Since ischemic injury of the brain involves a cascade of events, a multi-faceted 
therapeutic approach is preferred (Chen et al. 2014b). The clinical possibility of cell 
therapy (i.e., “cell replacement therapy” or “cell transplant therapy”) for central 
nervous system disorders, including stroke, gained much attention in the year 2000 
(Bjorklund and Lindvall 2000; Zivin 2000) when the first clinical trial on neuro-
nal cellular transplantation in patients with stroke was reported (Kondziolka et al. 
2000). Although it was not stem cell that was transplanted, it opened up the avenue 
for exploring the therapeutic potential of stem cell transplantation for stroke (Cairns 
and Finklestein 2003).

9.1.3  Stem Cells: Their Natures, Sources, and Therapeutic 
Potentials

The two distinctive properties that distinguish stems cells from other somatic cells 
are “self-renewal” and “potency” (Kuhl and Kuhl 2013). Self-renewal refers to the 
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process in which a stem cell undergoes mitotic cell division to produce at least 
one daughter cell with equal developmental potential as the mother cell, in other 
words, another stem cell. On the other hand, potency is the ability of a stem cell to 
differentiate into different mature specialized cell types (i.e. multi-lineage differen-
tiation). Regarding the use of stems cells in the treatment of stroke, experimental 
studies using embryonic stem cells (Chang et al. 2013; Drury-Stewart et al. 2013), 
mesenchymal stem cells (Ikegame et al. 2011), hematopoietic stem cells (Tsuji et al. 
2014), neural stem cells (Andres et al. 2011), induced pluripotent stem cells (iPSC) 
(Oki et al. 2012), and also multipotent adult progenitor cells (Mora-Lee et al. 2012) 
in animal models of stroke have been reported with unanimous positive therapeutic 
results. Although mesenchymal stem cells were first identified four decades ago as 
adherent cells with fibroblastoid morphology being able to differentiate into cells of 
mesodermal origin such as osteocytes, chondrocytes, and adipocytes (Friedenstein 
et al. 1974), they were later found to be also capable of differentiating into ectoder-
mal and endodermal elements (Lakshmipathy and Verfaillie 2005; Ikegame et al. 
2011). The fact further highlights their observed therapeutic versatility against a va-
riety of diseases of different pathological origins as reflected in their abilities of vas-
cular endothelial (Li et al. 2013a), neuronal (Gao et al. 2013), and musculoskeletal 
(Gardner et al. 2013) repairs.

9.2  Adipose-Derived Stem Cells: Therapeutic 
Advantages, Sources, and Isolation

9.2.1  Advantages of Therapeutic use of Adipose-Derived 
Mesenchymal Stem Cells Compared with Stem Cells 
of Other Origins

Compared with embryonic stem cells, autologous mesenchymal stem cells have the 
advantage of being self-derived without the concern of ethics and that of possible 
infection from unknown donors. The reported sources of mesenchymal stem cells 
include bone marrow (Skvortsova et al. 2008), adipose tissue (Gutierrez-Fernandez 
et al. 2013a), embryo (Liu et al. 2009), placenta (Kranz et al. 2010), dental pulp 
and periodontal ligament (Moshaverinia et al. 2014; Vasandan et al. 2014). Other 
sources, including palatine tonsil (Janjanin et al., 2008), dermis (Feisst et al. 2014), 
and skeletomuscular system (Aydin et al. 2014; Mason et al. 2014), have also been 
reported. In particular, the two most readily available sources of autologous ADSC, 
bone marrow and adipose tissue, have been widely investigated both experimentally 
and clinically regarding their therapeutic potentials in treating a myriad of diseases, 
especially ischemic and microvascular disorders (Calio et al. 2014; Liu et al. 2014).

Previous studies have shown that not only are adipose-derived stem cells (ADSC) 
(also known as “adipose-derived mesenchymal stem cells”, “adipose tissue-derived 
multipotent stromal cells” or “adipose-derived mesenchymal stromal cells”) rela-
tively easy to obtain with less invasive procedures compared to bone marrow stem 
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cells, but the former also exhibit better proliferative activity, differentiating capac-
ity, immunomodulatory function, and trophic factor-releasing ability than the latter 
including greater production of vascular endothelial growth factor (VEGF), angio-
poietin-1, and hepatocyte growth factor (HGF) (Ikegame et al., 2011) as well as 
interleukin 1 receptor (IL-1R), IL-6, IL-8, granulocyte colony-stimulating factor 
(G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), monocyte 
chemotactic protein 1, nerve growth factor (Banas et al., 2008; Ikegame et al. 2011), 
and transforming growth factor (TGF)-β1 (Melief et al. 2013b). Furthermore, the 
lack of major histocompatibility complex class II (MHC-II) expression in adipose-
derived stem cells also enables their storage and allogeneic administration to indi-
viduals with acute ischemic stroke (Gutierrez-Fernandez et al. 2012). On the other 
hand, although the discovery of iPSC seems to offer a solution to the problem of 
the limited availability of stem cells through reprogramming of autologous somatic 
cells (Takahashi and Yamanaka, 2006), the requirement for the activation of poten-
tially tumorigenic genes (e.g. c-myc) for its induction (Araki et al. 2011) has raised 
much clinical concerns. ADSC, therefore, appear to be an applicable clinical tool 
for routine clinical practice.

9.2.2  Source- and Donor-Dependent Variability in ADSC Quality

Previous animal experimental studies have used adipose tissue from different re-
gions for autologous ADSC isolation, including inguinal (Chen et al. 2012) and 
peri-epididymal (Leu et al. 2010; Jiang et al. 2014) fat depots. Besides, other stud-
ies using human ADSC for animal studies also showed positive therapeutic results 
(Kang et al. 2003b; Kim et al. 2007; Yang et al. 2012; Liu et al. 2014). Therefore, 
it appears that the source of ADSC has no remarkable bearing on the treatment 
outcomes. As a result, although subcutaneous adipose tissue especially that from 
the abdomen, thigh, and buttock removed through fat-extracting body-shaping pro-
cedures such as liposuction and lipectomy (Chia and Theodorou 2012) used to be 
regarded as medical waste products, it now serves as a readily available clinical 
source of adipose-derived stem cells. On the issue of the optimal source of ADSC, a 
previous clinically-oriented study comparing the properties of ADSC isolated from 
human adipose tissues of different depots, including abdominal subcutaneous fat, 
omentum, pericardial adipose tissue, and thymic remnants, has demonstrated that 
ADSC isolated from different sources exhibited varied proliferation and differen-
tiation capacities that should be taken into account to serve a specific therapeutic 
purpose (Russo et al. 2014). For instance, ADSC isolated from intrathoracic depots 
exhibited a longer average doubling time and a higher proportion of CD34+ cells 
compared with those isolated from subcutaneous fat or the omentum. Moreover, 
subcutaneous and pericardial adipose tissue yielded ADSC with enhanced adipo-
genic differentiation potential, while ADSC from the omentum displayed high lev-
els of osteogenic markers (Russo et al. 2014). Another study that underscores the 
importance of the origins of ADSC from a therapeutic point of view is its finding 
that adipose tissues of slightly different origins in close vicinity (i.e., epicardial fat, 
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pericardial fat, and the right atrium) exhibited significantly different capacities of 
secreting trophic and inflammatory cytokines, different degrees of upregulation of 
inflammation- and fibrosis-related genes, as well as different therapeutic effects in 
a rat model of myocardial infarction to which mesenchymal stem cells from right 
atrium and epicardial fat were even found to be detrimental (Naftali-Shani et al. 
2013). On the other hand, specific origins of ADSC may also be taken into account 
for special therapeutic needs. For instance, a clonogenic population of metaboli-
cally active stem cells has been reported to reside in adult human brown adipose 
tissue that may be activated to participate in energy homeostasis in vivo and, there-
fore, may be of therapeutic importance for obesity and related metabolic disorders 
(Silva et al. 2014).

The correlation between donor-dependent variability and the quality of ADSC 
has also been widely investigated. For instance, one study demonstrated a nega-
tive association of donor age with the proliferation and differentiation potential of 
ADSC (Choudhery et al. 2014). Donors of advanced age has also been reported 
to reduce the yield of ADSC expressing low-affinity nerve growth factor receptor 
(CD271) (Cuevas-Diaz Duran et al. 2013) and also produce ADSC of impaired 
angiogenic capacities (De Barros et al. 2013). On the other hand, infant-derived 
cells have been shown to be morphologically more elongated with long telomeres, 
and exhibit augmented angiogenic and osteogenic abilities compared with older 
cells (Wu et al. 2013). Nevertheless, other studies using adipose tissue from hu-
man adults showed that donor age, body-mass index, and harvest site do not influ-
ence cell yield and proliferation rate (Buschmann et al. 2013). Moreover, doubling 
time, telomere length, the osteogenic and chondrogenic differentiation capacity, as 
well as osteogenic paracrine activity were also found to be similar among ADSC 
from adult donors of different ages (Ding et al. 2013; Wu et al. 2013). Consistently, 
another experimental study investigating the impact of donor age on the function 
of adipose-derived stem cells also demonstrated that aged ADSC from rats still 
retained potential to support axon regeneration (Mantovani et al. 2012). One in-
teresting finding is that ADSC from older donors were found to exhibit compro-
mised adipogenic potential that actually favors their application in regeneration 
therapy (Ding et al. 2013). The overall promising proliferation and differentiation 
capabilities of ADSC regardless of the donor’s age, therefore, open up an avenue 
to their clinical application, taken into account that the elderly will be the greatest 
beneficiaries of autologous stem cell treatment. On the other hand, the morphology, 
proliferation rate, and doubling time of ADSC have also been shown to vary with 
the nature of the coatings on which they were cultured (Marycz et al. 2013).

9.2.3  Isolation, Culture, and Identification of Adipose-Derived 
Mesenchymal Stem Cells

The isolation, culturing, and identification of ADSC are straightforward, including 
the procedures of mincing, digestion, filtering, centrifugation, culturing, and flow 
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cytometric identification as described previously (Leu et al. 2010). Briefly, the har-
vested adipose tissue is minced into < 1 mm3 size pieces using a pair of sharp, ster-
ile surgical scissors to maximize the surface areas for enzyme digestion (Fig. 9.1). 
Then 200–300 μL of sterile saline is added to every 0.5 g of tissue to prevent de-
hydration. Sterile saline (37 °C) is added to the homogenized adipose tissue in a 
ratio of 3:1 (saline: adipose tissue), followed by the addition of stock collagenase 
solution to a final concentration of 0.5 Units/mL. The tubes with the contents are 
placed and secured on a Thermaline shaker and incubated with constant agitation 
for 60 ± 15 min at 37 °C. After 40 min of incubation, the content is triturated with a 
25 mL pipette for 2–3 min. The cells obtained are placed back to the rocker for in-
cubation. The contents of the flask were transferred to 50 mL tubes after digestion, 
followed by centrifugation at 600 g, for 5 min at room temperature. The fat layer 
and saline supernatant from the tube are poured out gently in one smooth motion 
or removed using vacuum suction. The cell pellet thus obtained is resuspended in 

Fig. 9.1  Simplified procedures of harvesting, processing, culturing, and characterization of adi-
pose-derived stem cells. After being removed from the human body through procedures such as 
liposuction and lipectomy, the adipose tissue is minced to small pieces of size less than 1 mm3 to 
maximize the efficiency of enzymatic digestion for freeing the cells from connective tissue. After 
cell-harvesting through filtration and centrifugation, the cells are purified with the number of cells 
expanded through culturing. The cultured cells subsequently undergo flow cytometric analysis for 
the identification of surface markers characteristic of mesenchymal stem cells. (Note the typical 
spindle-shaped morphology of mesenchymal stem cells at right lower corner)
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40 mL saline and then centrifuged again at 600 g for 5 min at room temperature. 
After being resuspended again in 5 mL saline, the cell suspension is filtered through 
a 100 μm filter into a 50 mL conical tube to which 2 mL of saline is added to rinse 
the remaining cells through the filter. The flow-through is pipetted to a 40 μm filter 
into a new 50 mL conical tube. The tubes are centrifuged for a third time at 600 g 
for 5 min at room temperature. The cells, which are a mixture of lymphocytes, mac-
rophages, fibroblasts, endothelial cells, and other cell populations, are resuspended 
in saline. An aliquot of cell suspension can then be removed for cell culturing in 
DMEM-low glucose medium contain 10 % FBS for two weeks. Flow cytometric 
analysis is subsequently used for the identification of cellular characteristics after 
cell labeling with appropriate antibodies. The flow cytometric characteristics and 
typical morphology of ADSC are also shown in Fig. 9.1. A previous study com-
paring the phenotypes of different mesenchymal stem cells isolated from human 
term placental chorionic villi, umbilical cord, adult bone marrow and adipose tissue 
demonstrated that, although the phenotypes were mostly similar among stem cells 
of different origins, vascular cell adhesion molecule 1 (VCAM-1) (i.e. CD106) was 
highly expressed on chorionic villi-derived mesenchymal stem cells, whereas it was 
moderately expressed on bone marrow-derived mesenchymal stem cells and absent 
on ADSC (Yang et al. 2013). Another study also showed consistent results (Zhu 
et al. 2012).

9.2.4  Automated Devices for Adipose-Derived Stem Cell Isolation

Compared with other tissues from which stem cells are isolated, adipose tissue has 
been shown to have at least two log greater concentrations of available stem and 
progenitor cells. This knowledge enables the direct utilization of these useful cel-
lular elements without prior ex vivo expansion (Hicok and Hedrick 2011). Indeed, 
the Celution system, which is a closed, commercially available automated platform 
for adipose tissue processing for the isolation of adipose-derived stem and progeni-
tor cells, has been described in 2011 (Hicok and Hedrick 2011). The system has 
been reported to take only 2.5 h for processing and successfully applied clinically 
(Marino et al. 2013). The “stromal vascular fraction” (SVF) thus obtained compris-
es both live and dead cells. Therefore, one noteworthy concern is that the cell debris 
may contribute to subsequent inflammatory responses that would potentially alter 
cell differentiation (Ye and Gimble 2011). Accordingly, several approaches have 
been proposed for retrieving the viable cells from SVF, including fluorescence-
activated cell sorting (FACS), magnetic activated cell sorting (MACS), and dielec-
trophoresis (Wu and Morrow 2012). The former two involve the use of antibodies, 
while the latter retrieves life cells based on the presence of charge on their surface.
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9.3  ADSC as a Therapeutic Option Against Stroke: 
Principles and Mechanisms

9.3.1  Therapeutic Actions of ADSC Implicated in 
Pathophysiological Changes of Stroke

The therapeutic role of ADSC against stroke could best be understood by review-
ing the essential pathological changes and the physiological recovery mechanisms 
involved. Ischemia-induced inflammatory responses in stroke involve not just the 
neurons, but also other components of the neurovascular unit (del Zoppo 2009). 
This finding underscores the importance of immunomodulation in the management 
of stroke instead of merely restoring tissue perfusion (Iadecola and Anrather 2011). 
In addition, investigation of brain recovery from ischemic stroke has revealed the 
plasticity of the repairing process that involves axonal outgrowth and myelination 
(Ueno et al. 2012). Moreover, beside necrosis, apoptosis initiated after the stroke 
attack also results in irreversible loss of cellular elements in the central nervous 
system (Ouyang and Giffard 2013). Furthermore, although resuming patency of 
the obstructed vessel through fibrinolysis or angioplasty theoretically salvages the 
region at risk of ischemic infarction, the resulting ischemia-reperfusion injury actu-
ally triggers a cascade of inflammatory events (Iadecola and Anrather 2011; Liu 
et al. 2014). The major contributor to injuries following reperfusion is the reactive 
oxygen species (ROS) generated both from inflammatory cells and damaged mito-
chondria (Manzanero et al. 2013).

Pathologically, similar to the microscopic changes observed in animal models of 
stroke, evidence of reactive gliosis has been reported in human subjects after isch-
emic stroke including increased numbers of glial fibrillary acidic protein (GFAP)-
positive reactive astrocytes and ED1-positive activated microglia as well as en-
hanced expression of chondroitin sulphate proteoglycans (CSPG) in the cortical 
penumbra regions (Huang et al. 2014). Hence, stroke involves a series of pathologi-
cal changes that require a number of corresponding measures for the subsequent re-
pairing. This is reflected in the results of a previous study that demonstrated the ac-
tivation of hundreds of genes responsible for not only tissue repair, but also nervous 
system development and cell proliferation both in the penumbra and core of infarct 
as early as 24 h after ischemic stroke in rats (Ramos-Cejudo et al. 2012), highlight-
ing the complexity of the repairing process. Since it is proposed that stem cells, 
which are known to participate in physiological tissue repair in various organs, may 
have a significant role to play in the recovery process after stroke (Gutierrez-Fer-
nandez et al. 2012), numerous previous studies have been conducted to investigate 
the therapeutic potential of ADSC using the known recovery mechanisms of stroke 
as referring parameters.
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9.3.2  Observed Therapeutic Effects of ADSC Against Stroke

To date, most results of the therapeutic use of ADSC against stroke came from 
animal studies for which middle cerebral artery occlusion (MCAO) is the com-
monly used model. The parameters for assessment were based on the established 
pathological changes after stroke at molecular, cellular, and functional levels. For 
instance, the findings of increased levels of chemokine receptor type 4 (CXCR4), 
stromal cell-derived factor 1 (SDF-1), IL-8/Gro, Doublecortin (DCX) (i.e., marker 
of migrating neuroblasts), von Willebran factor (vWF), and endothelial cell mark-
ers as well as enhanced microvessel proliferation after ADSC treatment in a rat 
ischemic stroke model in one study (Leu et al. 2010), together with consistent ob-
servation of augmented expressions of basic fibroblast growth factor (bFGF) and 
VEGF with enhanced angiogenesis in the brain in another animal investigation 
(Wang et al. 2008), highlight the roles of ADSC in nerve repair and revasculariza-
tion in the ischemic brain. Reinforcing evidence was provided by another study 
that demonstrated elevated levels of VEGF, synaptophysin (SYP), oligodendro-
cyte (Olig-2) and neurofilament (NF) in rats after ADSC treatment compared 
to those in untreated animals 14 days after MCAO (Gutierrez-Fernandez et al. 
2013b). The reduction in expression of GFAP in the previous studies also signifies 
an amelioration of reactive gliosis after ADSC treatment (Leu et al. 2010; Guti-
errez-Fernandez et al. 2013b; Jiang et al. 2014). Besides, the suppressed mRNA 
expressions of Bax and caspase 3 as well as the increased expression of Bcl-2 
in animals with stroke after ADSC treatment compared to those in the untreated 
group suggest an anti-apoptotic function of ADSC (Leu et al. 2010; Jiang et al. 
2014). On the other hand, intravenous infusion of human ADSC has also been re-
ported to attenuate neurological deficits (Kim et al. 2007; Yang et al. 2012), brain 
edema, atrophy, glial proliferation, inflammation, and apoptosis (Kim et al. 2007) 
in a rat model of hemorrhagic stroke.

However, the effect of ADSC treatment on infarct volume after experimen-
tal ischemic stroke is equivocal. Although one study demonstrated a significant 
reduction (Leu et al. 2010), other studies demonstrated no notable change in in-
farct volume (Gutierrez-Fernandez et al. 2013b; Jiang et al. 2014) despite the same 
number of cells being administered each time (2 × 106) and the unanimous find-
ings of significantly improved neurological function, reduced cell death, and en-
hanced cellular proliferation in all studies (Leu et al. 2010; Gutierrez-Fernandez 
et al. 2013b; Jiang et al. 2014). The discrepancies in infarct volume among the 
studies may partly be explained by the differences in the choice of ligation pro-
cedure (i.e. permanent (Gutierrez-Fernandez et al. 2013b) vs. transient (Leu et al. 
2010; Jiang et al. 2014)), the timing and frequency of ADSC administration (once at 
30 min after stroke (Gutierrez-Fernandez et al. 2013b) vs. 3 times at 0, 12 and 24 h 
after stroke (Leu et al. 2010) vs. once at 3 days after stroke induction (Jiang et al. 
2014)), the time of sacrificing animals for histological analysis after induction (14 
days (Gutierrez-Fernandez et al. 2013b) vs. 21 days (Leu et al. 2010) vs. 28 days 
(Jiang et al. 2014)), and the route of ADSC administration (systemic intravenous 
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(Leu et al. 2010; Gutierrez-Fernandez et al., 2013b) vs. intra-carotid arterial (Jiang 
et al. 2014)). Therefore, although the timing of sacrificing animals and the route of 
cell injection do not seem to be the significant causes of discrepancies in the size of 
infarct, it appears that an early timing and increased frequency of ADSC administra-
tion (Leu et al. 2010) offered significant benefit in the reduction of infarct volume in 
a rodent experimental setting of ischemic stroke. Accordingly, a meta-analysis dem-
onstrated that the efficacy in structural restoration drops by 1.5 % for each day delay 
in treatment and that a significant dose-response relationship exists between the 
number of stem cells administered and the improvement of structural outcome after 
ischemic stroke (Lees et al. 2012). Another interesting comparison based on animal 
experimentation between the therapeutic effects of autologous and allogeneic cells 
on structural and functional outcomes after ischemic stroke revealed that the former 
is more effective in preserving structural integrity, while the latter is more beneficial 
for functional outcome (Lees et al. 2012).

9.3.3  Mechanisms Underlying Therapeutic Actions of ADSC 
from Experimental Studies

Taken together, experimental investigations, both in vitro and in vivo, have provid-
ed significant insight into some of the mechanisms involved in repair of the nervous 
system after stroke. The mechanisms underlying the above-mentioned therapeutic 
benefits of ADSC against stroke can be summarized into (i) paracrine effects, (ii) 
transdifferentiation, and (iii) immunomodulation (Fig. 9.2).

9.3.3.1  Paracrine Effects

Although several previous experimental studies have demonstrated the presence of 
ADSC in the brain up to several weeks after being administered, the scarcity of stem 
cells in brain tissue could not account for the observed therapeutic outcomes (Leu 
et al. 2010; Jiang et al. 2014). The finding of stem cells not yet embedded into the 
brain tissue (Gutierrez-Fernandez et al. 2011; Ikegame et al. 2011) also precludes 
the possibility of their direct participation as fully functional neurons, implying 
their help through other mechanisms in the recovery process (Gutierrez-Fernan-
dez et al. 2011). In concert with that finding, ADSC has been reported to produce 
a number of trophic factors including VEGF, angiopoietin-1, and HGF (Ikegame 
et al. 2011), insulin-like growth factor-1 (IGF-1) (Wei et al. 2009), TGF-β1 (Melief 
et al. 2013b), bone morphogenetic protein 2 (BMP2) and fibroblast growth factor 
2 (FGF2) (Moriyama et al. 2012) as well as nervous system-related molecules in-
cluding nerve growth factor (Banas et al. 2008; Ikegame et al. 2011), brain-derived 
neurotrophic factor (BDNF) (Iadecola and Anrather 2011; Liu et al. 2014), GFAP, 
nestin, and microtubule-associated protein 2 (MAP2) (Yang et al. 2011). There-
fore, based on the actions of these trophic factors, it is rational to attribute the ob-
served enhancement of angiogenesis and neurogenesis as well as the abatement 
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of apoptosis to the paracrine effects of the administered ADSC (Leu et al. 2010; 
Gutierrez-Fernandez et al. 2012).

Consistently, another intriguing finding is the discovery of therapeutic effects 
against stroke using cell-free ADSC culture medium (Cho et al. 2012; Egashira 
et al. 2012). One study applying human adipose-derived stem cell-conditioned me-
dium to the lateral ventricle of a rat model of ischemic stroke 8 h after MCAO 
continuously for 7 days demonstrated not only a reduction of infarction volume 
and preservation of motor function, but also enhanced endothelial cell proliferation, 
reduced neural cell apoptosis, and suppressed astrogliosis in the penumbra regions 
(Cho et al. 2012). Another similar study using intracerebroventricular administration 

Fig. 9.2  Summary of reported mechanisms underlying adipose-derived stem cell treatment for 
stroke. The three major mechanisms by which adipose-derived stem cells exert therapeutic func-
tions include paracrine effects, transdifferentiation, and immunomodulation. The paracrine effects 
stem from the release of a variety of trophic factors from stem cells that elicit a number of biologi-
cal responses such as angiogenesis, neurogenesis, and abatement of apoptosis. Transdifferentiation 
of stem cells involves the transformation of implanted stem cells into specific cellular elements 
with distinct functions and cell markers (e.g., neuron-like, endothelium-like, or glial-like cells). 
Immunomodulation includes stem cell-mediated modification of the immunological system, such 
as inhibition of T cell polarization for alleviating immune responses, suppression of transformation 
of monocytes to antigen-presenting immunogenic cells (e.g., dendritic cells) for inducing toler-
ance, and the release of various immuomodulatory cytokines for suppressing inflammatory reac-
tions. APC: Antigen-presenting cell; VEGF: Vascular endothelial growth factor; FGF2: Fibroblast 
growth factor 2; HGF: Hepatocyte growth factor; IGF-1: Insulin-like growth factor-1; BMP2: 
Bone morphogenetic protein 2; BDNF: Brain-derived neurotrophic factor; NGF: Nerve growth 
factor; GFAP: Glial fibrillary acidic protein; MAP2: Microtubule-associated protein 2; NeuN: Neu-
ronal nuclei; vWF: von Willebran factor
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of concentrated murine adipose-derived stem cell-conditioned medium in a murine 
model of MCAO-induced ischemic stroke shed some light on the importance of 
the timing of treatment (Egashira et al. 2012). The result of that study showed that, 
while administration of conditioned medium prior to MACO exhibited a dose-de-
pendent reduction in infarction volume of the brain and administration 5 min after 
MACO was still effective, the therapeutic effect vanished if conditioned medium 
was administered 2 h after MCAO (Egashira et al. 2012). By contrast, the former 
study reported effectiveness up to 8 h after MCAO before starting conditioned me-
dium treatment (Cho et al. 2012). Other than the possible variations arising from the 
differences in the source of conditioned medium and the animal model used, the dis-
crepancy in therapeutic effects between the two studies appears to be due to the way 
of conditioned medium administration. While the former adopted the approach of 
continuous intracerebroventricular infusion (Cho et al. 2012), the latter used single 
intracerebroventricular injection (Egashira et al. 2012). Again, consistent with the 
results of previous experimental studies using ADSC transplantation for ischemic 
stroke (Leu et al. 2010; Gutierrez-Fernandez et al. 2012), it appears that early tim-
ing and repeated (if not continuous) treatment are of therapeutic advantage for both 
ADSC transplantation and conditioned medium therapy. In vitro, murine ADSC-de-
rived conditioned medium has also been demonstrated to reduce glutamate-induced 
excitotoxicity in human neuroblastoma cells (Egashira et al. 2012).

9.3.3.2  Transdifferentiation

The role of direct cell participation regarding the use of ADSC for the treatment of 
ischemic stroke remains controversial. Previous studies using bone marrow-derived 
mesenchymal stem cells demonstrated that physical presence of the infused stem 
cells depends on the route of administration. Implantation of stem cells in the in-
jured brain was evident when the cells were given through the carotid artery (Guti-
errez-Fernandez et al. 2011; Jiang et al. 2014) but not through the intravenous route 
(Gutierrez-Fernandez et al. 2011). Neurological deficits, however, were improved 
regardless of the presence of implanted stem cells in the brain (Gutierrez-Fernandez 
et al. 2011; Jiang et al. 2014), raising the question regarding the therapeutic sig-
nificance of stem cell implantation in stroke. Indeed, it has been shown that only a 
small fraction (around 0.02 %) of intravenously administered bone marrow-derived 
hematopoietic stem cells migrate to the ischemic brain, and most of the transplanted 
cells express microglial but not neural protein markers (Schwarting et al. 2008). For 
ADSC, while a study failed to identify evidence of migration or implantation of 
cells into the damaged brain after their intravenous injection in an animal model of 
stroke despite significant functional recovery (Gutierrez-Fernandez et al. 2013b), 
other experimental studies (Kim et al. 2007; Leu et al. 2010; Yang et al. 2012) have 
demonstrated presence of the transplanted ADSC several weeks after intravenous 
administration with the expression of von Willebran factor, a marker of endothe-
lial cell (Kim et al. 2007; Leu et al. 2010). Another study using ADSC to treat a 
rat model of hemorrhagic stroke through right lateral cerebral ventricular injection 
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demonstrated the differentiation of the infused ADSC into neuron-like (NeuN+) and 
glial-like cells (GFAP+) in region surrounding the hematoma (Chen et al. 2012). 
Despite the relatively small number of ADSC to explain the overall functional re-
covery in the reported studies, their presence signifies “transdifferentitation” as a 
possible mechanism underlying the positive therapeutic impact (Gutierrez-Fernan-
dez et al. 2013a). Indeed, the capacity of neural differentiation for ADSC has been 
extensively investigated (Cardozo et al. 2010; Kompisch et al. 2010; Liao et al. 
2010; Qian et al. 2010; Abdanipour et al. 2011; Yu et al. 2011; Ahmadi et al. 2012). 
It has also been reported that, compared with bone marrow-derived mesenchymal 
stem cells, ADSC have superior neurogenic potential (Kang et al. 2004). Consis-
tently, previous studies using ADSC after induced neural differentiation for treating 
experimental ischemic stroke were also found to be effective in improving func-
tional recovery (Kang et al. 2003b; Yang et al. 2011). On the other hand, another 
finding of interest is the requirement for direct physical contact between human 
ADSC and murine neural stem cells in vitro for induction of neuronal differentia-
tion of the latter, further emphasizing the existence of a mechanism that involves 
cell-cell interaction other than that of transdifferentiation and paracrine effects in 
promoting neurogenesis (Kang et al. 2003a).

9.3.3.3  Immunomodulation

Taking into account the immunological nature of stroke-elicited damage and the 
subsequent repairing process (Iadecola and Anrather 2011), it is not surprising to 
find that ADSC exert their therapeutic actions at least partly through immunomodu-
lation. Indeed, ADSC have been reported to produce a variety of immunomodulatory 
cytokines, including IL-1R, IL-6, IL-8, IL-18, toll-like receptor (TLR)-4, TGF-β1, 
plasminogen activator inhibitor-1 (PAI-1), G-CSF, GM-CSF, and monocyte che-
motactic protein 1 (Banas et al. 2008; Leu et al. 2010; Ikegame et al. 2011; Melief 
et al. 2013b). Moreover, ADSC have been shown to suppress the differentiation of 
monocytes towards antigen-presenting immunogenic cells and promote differentia-
tion towards an anti-inflammatory IL-10-producing cell type through the produc-
tion of IL-6 (Melief et al. 2013a). Consistently, coculturing ADSC with allogeneic 
dendritic cells revealed that ADSC could negatively modulate immunity and induce 
immune tolerance through downregulating costimulatory molecules (i.e., CD80, 
CD83, CD86, and secretion of IL-12 and tumor necrosis factor (TNF)-alpha), while 
induce dendritic cell tolerance through upregulating indoleamine-2,3-dioxygenase 
(IDO). Cocultured dendritic cells were also found to inhibit CD4+ T cell activation 
and naive T cells toward Th1 helper cell polarization (Peng et al. 2012). Again, an-
other credit given to ADSC as compared with bone marrow-derived mesenchymal 
stem cells in the aspect of immunomodulation in stroke treatment is the finding of 
a higher immunomodulatory capacity in the former than that in the latter (Melief 
et al. 2013b).
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9.4  Clinical Use of ADSC Against Stroke: Present Status, 
Perspectives, and Limitations

9.4.1  Clinical Application of ADSC: Probabilities and 
Possibilities

Given the promising experimental outcomes of applying stem cells to the treatment 
of stroke and the in-depth understanding of the underlying mechanisms, a number 
of clinical trials are either reported or still on-going in recent years despite the ma-
jority of them are small, nonrandomized, and uncontrolled. The cells administered 
included bone marrow mononuclear cells (Correa et al. 2005; Li et al. 2013b), bone 
marrow-derived mesenchymal stem cells, (Bang et al. 2005; Suarez-Monteagudo 
et al. 2009; Lee et al. 2010; Bringas et al. 2011; Honmou et al. 2011), human terato-
carcinoma-derived neurons (Kondziolka et al. 2000), peripheral blood hematopoi-
etic progenitor/stem cells (Chen et al. 2014a), umbilical cord-derived mesenchymal 
stem cells (Han et al. 2011; Jiang et al. 2013), as well as human (Rabinovich et al. 
2005) and porcine fetal cells (Savitz et al. 2005). Except for premature termination 
of the study adopting porcine fetal cells because of overt complications (Savitz 
et al. 2005), the results of other published trials support the safety and effectiveness 
of stem cell/progenitor cells as a therapeutic tool in the clinical setting of ischemic 
and hemorrhagic stroke as reflected in the overall significantly improved neurologi-
cal functions of the treated patients up to 5 years of follow-up (Lee et al. 2010). On 
the other hand, results on the use of ADSC in clinical trial have not been reported. 
To date, there is only one study still recruiting patients to explore the safety and 
effectiveness of applying autologous ADSC in patients after stroke on the National 
Institutes of Health clinical trial registry database (www.clinicaltrials.gov). There-
fore, albeit optimistic, the exact therapeutic impact of ADSC on disease progression 
and functional recovery in the clinical setting of stroke remains to be elucidated for 
the years to come.

9.4.2  ADSC Against Stroke: Concerns and Speculations

Despite the promising outcomes of applying ADSC to the treatment of stroke in 
experimental settings, there have been serious concerns about possible tumorigen-
esis in the clinical scenario because of the multilineage differentiation potential 
of ADSC (Lee et al. 2012). A study investigating the fate of human ADSC from 
different human donors after being subcutaneously injected into immunodeficient 
SCID mice showed that the cells survived for at least 17 months with subsequent 
differentiation into fibroblasts of the subdermic connective tissue and into mature 
adipocytes of fat tissue, exclusively at the site of injection without evidence of mi-
gration or fusion with host cells (Lopez-Iglesias et al. 2011), underscoring the safety 
of ADSC transplantation. Moreover, the use of terminally differentiated ADSC may 
be a possible option for minimizing the risk especially when the protocols for in 
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vitro transdifferentiation of ADSC into neuronal lineage have been well-document-
ed (Cardozo et al. 2010; Kompisch et al. 2010; Liao et al. 2010; Qian et al. 2010; 
Abdanipour et al. 2011; Yu et al. 2011; Ahmadi et al. 2012). Indeed, the use of 
induced ADSC has been endorsed as a promising therapeutic option in stroke treat-
ment (Yang et al. 2011; Shen et al. 2013). Furthermore, it has been shown that iPSC 
can be generated from human ADSC without transducing c-myc so that the prolif-
erative and differentiation capacity of ADSC can be enhanced without increasing 
the risk of oncogenesis (Aoki et al. 2010).

On the other hand, taken into account the therapeutic advantage of early stem 
cell administration at the acute stage of stroke, the use of automated devices for ad-
ipose-derived stem cell isolation for direct injection without ex vivo expansion and 
purification may be a feasible option for daily clinical practice because of the high 
concentration of useful stem and progenitor cells from adipose tissue compared 
with other sources (Hicok and Hedrick 2011). At the other end of the spectrum, the 
use of gene-transfer techniques for producing stem cells over-expressing different 
neurotrophic factors, such as BDNF, glial derived neurotrophic factor (GDNF), or 
neurotrophin-3 (NT-3), has been reported to be effective options in the treatment of 
ischemic stroke in animal models (Chen et al. 2013). Finally, considering the wide 
therapeutic applicability and easy harvesting of ADSC, the establishment of autolo-
gous or allogeneic cell banks for ADSC storage to facilitate urgent or scheduled use 
is no longer a far-fetched idea (West et al. 2014).

 Conclusions

Taken into consideration the possibility of autologous transplantation without sig-
nificant reduction in therapeutic potency with the donor’s age, the absence of se-
rious ethical issues and concerns regarding disease transmission from allogeneic 
sources, the abundance, the relative ease of acquisition and culturing, the superior 
immunomodulatory function compared with stem cells from other sources, as well 
as the promising therapeutic efficacy in the treatment of stroke in the experimental 
settings, it is conceivable that ADSC will have an important role to play in the clini-
cal setting of stroke treatment. Results from large-scaled, randomized, and well-
controlled clinical trials are eagerly awaited to turn the possibility into reality.
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Abstract Adult neurogenesis in the central nervous system (CNS) is a distinctive pro-
cess that leads to the renewal of neuronal populations in brain regions such as the olfac-
tory bulb and hippocampal dentate gyrus. The existence of self-renewing, migratory 
neural stem/progenitor cells (NSPCs) in the adult brain has led to discoveries about 
their homeostatic role in neurogenesis and injury-induced changes following CNS 
trauma. Expansion and ectopic migration of quiescent endogenous NSPCs is thought 
to stabilize the injured milieu with the potential of providing cellular replacement of 
damaged or lost neurons. A better understanding of how resident NSPCs are robustly 
activated as well as limited will provide a way forward for maximizing the potential of 
these cells to reconstitute the cellular architecture in an attempt to regain function after 
injury. Here, we will focus specifically on traumatic brain injury and its effects on the 
neurogenic compartments in the adult brain and the subsequent responses.
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Abbreviations

bFGF  Basic fibroblast growth factor
BDNF Brain-derived trophic factor
BMPs Bone morphogenic proteins
CC Corpus callosum
CCI Controlled cortical impact
CNS Central nervous system
DAI Diffuse axonal injury
DCX Doublecortin
DG Dentate gyrus
EAE Experimental autoimmune encephalomyelitis
EGF Epidermalgrowthfactor
Epo Erythropoietin
FG FluoroGold
FGF-2 Fibroblast growth factor-2
GCL Granule cell layer
GCV Ganciclovir
GFAP Glial fibrillary acidic protein
HSV-TK Herpes simplex virus thymidine kinase
IGF-1  Insulin-like growth factor-1
LFP  Lateral fluid percussion
NGF Nerve growth factor
NMDA N-methyl-D-aspartate
NSPCs Neural stem/progenitor cells
OPCs Oligodendrocyte precursor cells
PDGF Platelet-derived growth factor
RMS Rostral migratory stream
SGZ Subgranular zone
SHH Sonic hedgehog
SVZ Subventricular zone
TBI Traumatic brain injury
TGFα  Transforming Growth Factor-α
Thbs4 Thrombospondin 4
VEGF Vascular endothelial growth factor
YFP  Yellow fluorescent protein

10.1  Adult Neurogenesis and CNS Injury

Adult neurogenesis in the central nervous system (CNS) is a distinctive process 
that leads to the renewal of neuronal populations in brain regions such as the ol-
factory bulb and hippocampal dentate gyrus (Brus et al. 2013). Knowledge of the 
existence of self-renewing, migratory neural stem cells has led to discoveries about 
their homeostatic role in olfaction as well as in learning and memory processes in 
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the adult brain (Zhang et al. 2008). Given this continued neuronal cell replacement 
capacity throughout adulthood, experimental studies have now expanded to include 
the response of these neurogenic regions to traumatic CNS injury. Recent studies 
have begun to assess the potential of these cells to generate new neurons capable 
of functionally counterbalancing neuronal loss or providing support of the micro-
environment in and surrounding the damaged milieu following traumatic brain in-
jury (TBI) (Sun et al. 2005; Kernie and Parent 2010). Endogenous NSPCs are also 
present at non-neurogenic sites including the ependyma of the central canal in the 
adult spinal cord, which will be discussed more in-depth in later chapters. Brief-
ly, unlike the subventricular zone (SVZ) and dentate gyrus compartments, neural 
stem cells residing in the adult spinal cord do not contribute to active neurogen-
esis. In non-pathologic conditions, these cells are glial progenitors; they generate 
essentially astrocytes and oligodendrocytes but not neurons. Only when these cells 
are transplanted into known neurogenic sites such as the dentate gyrus are they 
able to produce new neurons (Horner et al. 2000; Shihabuddin et al. 2000). These 
studies demonstrate that the extent of endogenous neurogenesis is a function of 
the local microenvironment and may result in regional differences with regard to 
injury-induced responses generated by resident neural stem cells.

Injury to the CNS leads to expansion and ectopic migration of quiescent endog-
enous neural stem/progenitor cells (NSPCs). In particular, proliferation rates in the 
SVZ and subgranular zone (SGZ) of the dentate gurus are increased in response to 
traumatic, seizure-inducing, ischemic and demyelinating brain injury (Arvidsson 
et al. 2002; Parent et al. 2002; Picard-Riera et al. 2002b; Rice et al. 2003). Ependy-
mal cell proliferation was also observed in response to several types of spinal cord 
trauma including compression, contusion and transection injury (Matthews et al. 
1979; Vaquero et al. 1981; Beattie et al. 1997). Directed differentiation of these 
cells, however, is depended on local cues in or around the area of injury. For exam-
ple, most NSPCs differentiate into astrocytes in the injured cortex or spinal cord but 
repopulate neuronal populations in the selectively damaged hippocampus follow-
ing traumatic insult. Interestingly, oligodendrocyte differentiation has been shown 
to predominate in response to certain demyelinating conditions (Picard-Riera et al. 
2004). Thus, it seems that local cues originating either from the lesion or from the 
environment in which cells migrate are important to direct their differentiation into 
the appropriate cell fate. Investigators are just beginning to elucidate the molecular 
and cellular mechanism(s) regulating these injury-induced responses. A better un-
derstanding of how resident NSPCs are robustly activated as well as limited in the 
context of CNS trauma will provide a way forward for maximizing the potential of 
these cells to reconstitute the cellular architecture in an attempt to regain function 
after injury. Here, we will focus specifically on traumatic brain injury and its effects 
on the neurogenic compartments in the adult brain and the subsequent responses.

The multi-potential nature of endogenous NSPCs makes them a key component in 
innovative stem cell strategies to improve TBI outcome. Although, there have been 
substantial improvements in the acute care for traumatic CNS injuries, there are cur-
rently no long-term clinical therapies to effectively stimulate regeneration of brain 
tissue that will lead to functional restoration (McArthur et al. 2004). Therapeutic 
strategies involving NSPCs have recently become the focus of pre-clinical stud-
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ies, as current efforts using a variety of neuroprotective agents have failed to show 
efficacy in TBI patients. Research efforts have, therefore, shifted to the potential of 
enhancing the endogenous response of stem cells in the brain as a possible means to 
significantly impact the acute and long-term management of clinical TBI. One ma-
jor advantage to augmenting the endogenous NSPC response is that it alleviates the 
need for transplanting an exogenous cell source. The advantageous and disadvanta-
geous of stem cell transplant will be discussed in later chapters. The endogenous 
stem cell response is considered by many to be too weak to provide sufficient ben-
efits in the post-repair phases of injury; however, recent findings indicate that these 
resident cells play a much greater role in tissue stability than originally thought.

Traumatic brain injury has been shown to stimulate dramatic and identifiable 
changes in the SVZ and dentate gyrus (see Fig. 10.1). Mechanical trauma to the 
CNS results in the disruption of the cellular microenvironment leading to massive 
necrotic loss of neuronal and glia populations at the area of injury. The progressive 
cascade of secondary events, including changes in the vascular and extracellular 
matrix lead to ischemia, inflammation, excitotoxicity, free radial damage and dif-
fuse axonal injury (DAI) which contribute to neuronal cell death. Neuronal loss can 
be observed in both a focal and diffuse pattern. Focal neuronal loss is typically seen 
within the hemorrhagic lesion of the grey matter following models of contusion 
injury such as the controlled cortical impact. Among diffuse injury sites, the hip-
pocampus is known to be especially vulnerable following brain trauma. Apoptotic 
loss of critical neuronal populations responsible for learning and memory can occur 
up to a year post-injury in humans (Williams et al. 2001; Taylor et al. 2006). Inter-
estingly, animal models of DAI have shown that despite axonal trauma in neigh-
boring neurons, many of these cells undergo reorganization and repair suggesting 
they are amenable to change within the damaged milieu. Given the progress we 
have made in understanding endogenous neurogenesis; active repair strategies that 
stimulate this innate response have tremendous potential to slow progressive cell 
loss by protecting vulnerable cell populations, promoting plasticity and regulating 
environment-specific cell fate restriction for neuronal or glial replacement.

negative regulators, are down regulated during population expansion. Low oxygen levels ( blue) 
precede proliferative changes in the SVZ-RMS and may activate key pathways necessary for pro-
liferation and migration effects. c NSPCs and neuroblasts actively migrate to the peri-lesion site 
after TBI. While the mechanism(s) regulating this event are under investigation, the SDF/CXCR4 
has been implicated. d Differentiation of SVZ-derived cells occurs in the damaged cortex. Several 
key factors that regulate gliogenesis in these cells also promote oligodendrogenesis. The survival 
and integration of newborn neurons remains limited under these conditions. e Neurogenesis in the 
dentate gyrus. f Unlike the SVZ, neuroblasts and immature neurons are depleted due to necrosis 
and apoptosis, the main inducer of which is still unknown. g Proliferation of NSPCs counterbal-
ances immature neuronal loss in the DG and is positively regulated by several known factors. 
h Restoration of mature granule neuron numbers is mediated by NSPC expansion and can be 
enhanced by delivery of growth factors. SVZ subventricular zone, RMS rostral migratory stream, 
ML molecular layer, GCL granule cell layer, SGZ sub-granule zone, EGF epidermal growth fac-
tor, FGF fibroblast growth factor, DEtA/NONOate nitric oxide donor, VEGF vascular endothelial 
growth factor, BDNF brain-derived growth factor, NGF nerve growth factor, Epo erythropoietin, 
SDF stromal-derived growth factor, GCSF granulocyte colony stimulating factor, Thbs4 thrombo-
spondin-4, NMDA N-Methyl-D-aspartic acid



204 M. H. Theus and D. J. Liebl

10.2  Effects of TBI on the Neurogenic Compartments

The number of NSPCs in both the SVZ and hippocampus are significantly increased 
after TBI, a process that is more robust in juvenile animals (Singer et al. 2011; Klein-
dienst et al. 2013; Taylor et al. 2013). NSPCs from the SVZ appear to have the po-
tential to migrate to areas of focal cortical damage, while hippocampal neurogenesis 
occurs in the setting of diffuse injury. Overall, the number of new neurons generated 
after TBI remains small in comparison with astrocyte and oligodendroctye differen-
tiation. The following sections will examine injury-induced responses in these two 
prominent neurogenic compartments in the adult brain.

10.2.1  Neurogenesis in the SVZ

The SVZ represents the remnant of an enlarged perinatal ventricular germinal zone 
which narrows during development and persists throughout adulthood as a neuro-
genic compartment consisting of multiple cell lineages that derive from an original 
self-renewing stem cell. (Tramontin et al. 2003). This relatively quiescent or slowly 
proliferating cell expresses glial fibrillary acidic protein (GFAP; type B cells) and 
differentiates to become a rapidly dividing transit-amplifying progenitor (type C 
cells) which generate the typically seen chain and migrating neuroblasts in the ros-
tral migratory stream (RMS) (type A cells) (Alvarez-Buylla and Garcia-Verdugo 
2002). Interestingly, during development the SVZ generates both neuronal and glial 
cell types of the CNS; however, only neurogenesis (birth of new neurons) persists 
in adulthood. The normal role for adult NSPCs in the anterior telencephalic SVZ 
is to supply the RMS with neuronal precursors that continually replace glomerular 
neurons in the olfactory bulb (Luskin 1994; Pencea et al. 2001). Continuous pro-
duction of neuroblasts that migrate and integrate into the olfactory bulb circuitry is 
controlled by the local environment within the SVZ niche, which is separated from 
the ventricle cavity by ependymal cells (Lois and Alvarez-Buylla 1993). It is gener-
ally thought that enhancing the neurogenic activities of endogenous NSPCs may 
provide additive therapeutic benefits after brain injury.

Consistent with models of ischemia, experimental TBI induces an increase in 
SVZ proliferation, and a secondary redirected stream of precursors into the sur-
rounding tissues (Salman et al. 2004). Several rodent models of TBI have been 
extensively used to demonstrate increases in bilateral proliferation in the adult SVZ 
up to 14 days after injury; namely the lateral fluid percussion (LFP) injury (Chiru-
mamilla et al. 2002; Yoshimura et al. 2003; Urrea et al. 2007; Bye et al. 2011) and 
unilateral controlled cortical impact (CCI) models (Chirumamilla et al. 2002; Lu 
et al. 2003; Ramaswamy et al. 2005; Urrea et al. 2007; Theus et al. 2010; Radomski 
et al. 2013). This effect has not been tested in blast-induced or repetitive TBI injury 
models to date. These proliferative changes have been shown to persist at least one 
year following LFP injury in rats and is linked to progressive ventriculomegaly 
(Chen et al. 2003), whether these cells continue to migrate to areas of active neural 
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repair at this time has yet to be determined. TBI-induced proliferation in the SVZ 
also appears to correlate with injury severity. Recent studies show that both mild 
and moderate TBI alters the SVZ-RMS niche with a greater proliferative response 
seen following moderate CCI injury. Interestingly, this translates into defects associ-
ated with ipsilateral but not contralateral olfactory bulb neurogenesis and impaired 
olfaction up to 30 days post-injury (Radomski et al. 2013). TBI-induced prolifera-
tion in the SVZ niche does not result in a corresponding increase in olfactory bulb 
neurogenesis. This is most likely due to the mass exodus of cells migrating from 
the SVZ-RMS system to the lesion and peri-lesion sites which counterbalances the 
increases in proliferation. Regional changes in numerous soluble neurotrophic fac-
tors such as nerve growth factor (NGF), brain-derived trophic factor (BDNF) and fi-
broblast growth factor-2 (FGF-2) have been implicated in stimulating proliferation 
in the SVZ following TBI (Oyesiku et al. 1999; Truettner et al. 1999; Yoshimura 
et al. 2003) (see Table 10.1). The differential interactions among these and other 
neurotrophins may be important in determining the final number and phenotype of 
the SVZ-responding cells. The morphogens Wnt, sonic hedgehog (Shh) and bone 
morphogenic proteins (BMPs) may also play a major role in the NSPC response 
to brain injury. For example, Wnts are endogenously expressed in the adult SVZ 
(Wexler et al. 2009) and β-catenin activity has been shown to be up regulated in 
proliferating progenitor cells after TBI (White et al. 2010). Whether these and other 
diffusible molecules, seen to be enhanced in the SVZ after TBI, are directly related 
to the expansion and migration effect has yet to be determined.

In addition to soluble mitogenic factors that may participate in stimulating the 
SVZ response to TBI, studies have demonstrated changes in the EphB3 receptor, a 
local inhibitory molecule that maintains homeostasis in the SVZ (Theus et al. 2010). 
In contrast to soluble mediators of NSPC functions, ephrins and Eph receptors are 
membrane-bound signaling partners of both A and B-classes that have recently been 
shown to tightly regulate proliferation and migration in the SVZ (Conover et al. 
2000; Holmberg et al. 2005; Furne et al. 2009). The mechanisms controlling their 
expression in this region are not fully understood and have not been, until recently, 
studied in the context of brain injury. Examination of the temporal change in EphB3 
expression showed a dramatic decrease which correlated with CCI-induced prolif-
eration, cell survival and lowered oxygen conditions or hypoxia in the SVZ (Theus 
et al. 2010; Baumann et al. 2013). In addition to TBI-induced proliferation, cell 
death or turnover is reduced in the SVZ, an underappreciated and under studied 
cellular response in the neurogenic compartment. These studies further identified 
a novel mechanism controlling cell survival of the NSPCs involving EphB3 and 
EphA4 as dependence receptors in a cell autonomous fashion (Furne et al. 2009; 
Theus et al. 2010; Nelersa et al. 2012). Overall, the removal of such inhibitory 
control on adult neurogenesis may be an early event that allows simultaneous ex-
pansion and migration of the NSPC population in response to TBI-induced neuro-
trophic signals produced after trauma.

Migration of SVZ-derived neural stem and/or progenitor cells, analyzed using 
lentiviral, microsphere and dye labeling, has been demonstrated to occur following 
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TBI (Salman et al. 2004; Ramaswamy et al. 2005; Saha et al. 2013). Although, the 
mechanism(s) regulating their recruitment are unknown, these cells migrate to the 
striatum, corpus callosum (CC), and peri-lesion cortex, but not the hippocampus, 
and differentiate mainly in glial cells, which may contribute to glial scar formation. 
Many of these migrating cells are positive for doublecortin (DCX), a marker of 
immature neuroblasts, suggesting that local neurogenesis could be driven by in-
jury-specific extracellular cues. In the peri-lesion cortex, expression of the mature 
neuronal marker NeuN was seen in cells tagged prior to injury by intraventricu-
lar infusion of a lipophilic dye, suggesting that these cells were derived from the 
SVZ compartment. Whether neuroblasts that migrate from the SVZ can effectively 
replace cortical neuronal loss caused by TBI remains to be determined. Similarly, it 
is conceivable that migrating NSPCs could be directed toward an oligodendrocyte 
lineage to aid in remyelination of white matter tracks damaged by TBI. The poten-
tial for directing the phenotypic differentiation of SVZ-derived cells, that have been 
clearly shown to migrate to areas of injury, may become an intriguing therapeutic 
goal. On the other hand, the SVZ has been shown to be extremely heterogenic and 
the fact that progenitor populations existing in different subregions (Doetsch et al. 
1997; Sundholm-Peters et al. 2004; Azim et al. 2012) may respond differently to 
trauma is underappreciated. Therefore, a better understanding of the cellular and 
molecular cues driving the directed migration and differentiation of SVZ-derived 
cells to areas of tissue damage is needed in the context of TBI.

Significant spontaneous functional recovery has been shown to occur fol-
lowing TBI (Anderson et al. 2000; Demeurisse 2000; Sinha et al. 2013); injury-
induced neurogenesis has been thought to be one potential contributor to this effect 
(Chirumamilla et al. 2002; Chen et al. 2003; Richardson et al. 2007). Several stud-
ies have shown that a variety of pharmacologic agents increase neurogenesis and 
lead to improved outcomes following TBI. The drugs, however, have effects on the 
brain that are independent of their ability to promote neurogenesis, and it there-
fore becomes difficult to attribute improvements in behavior to their effects on the 
neurogenic compartments. Although it is well-established that SVZ progenitors are 
activated by injury, the relevance of this response and the mechanism(s) responsible 
still remain elusive. In order to demonstrate that functional recovery requires NSPC 
activation, more cell-specific assays are needed. Several experimental approaches 
have been used to test the contribution of NSPCs to spontaneous recovery after 
CNS injury. Specifically, the generation of genetically engineered mice that can 
regulate neurogenesis more directly, using an inducible system to drive the expres-
sion of the herpes simplex virus thymidine kinase (HSV-TK), have aided in testing 
the functional significance of NSPCs by ablating them in a temporally controlled 
manner (Singer et al. 2009; Sun et al. 2013). Other methods such as administration 
of Ara-C or cranial irradiation have also been used; however, lack of specificity and 
potentially toxic side effects that lead to unwanted immune activation may affect 
other mediators of recovery or damage not related to neurogenesis (Doetsch et al. 
1999; Naylor et al. 2008; Hellstrom et al. 2009; Lau et al. 2009).

Using a genetic approach, studies have demonstrated a supportive role for NSPCs 
in the stabilization of the cortical microenvironment after TBI. Administration of 
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ganciclovir (GCV) was used to ablate actively dividing NSPCs expressing HSV-
TK under the control of the nestinδ promoter, which drives expression selectively 
in neural progenitors (Yu et al. 2008). Ablation of the NSPC population in the adult 
brain attenuated spontaneous functional recovery, exacerbated neuronal injury, 
promoted astrocyte hypertrophy and reduced the local glial response (unpublished 
findings). These findings indicate that NSPCs play a role in TBI-induced astrogen-
esis by contributing to glial numbers and by limiting local resident glial reactivity 
to support recovery of the injured tissue. This is consistent with previous reports 
showing that SVZ-derived astrocytes, which have different properties compared 
with cortical astrocytes namely high levels of thrombospondin 4 (Thbs4), repre-
sented the majority of migrating SVZ-derived NSPCs that target the acute injured 
cortex and not doublecortin (DCX + ) neuroblasts at 2 weeks post-photothrombotic 
injury (Benner et al. 2013). Interestingly, Thbs4 knockout mice show a phenotypic 
switch of the fate labeled SVZ-derived cells present at the injury site, where DCX 
+ cells predominated over GFAP expressing cells. Thbs4 regulates this response by 
directly activating Notch1 receptor. Notch signaling in neural stem cells strongly 
promotes gliogenesis and reduces neuronal fate. This altered cellular response re-
sulted in abnormal glial scar formation and increased microvascular hemorrhage. It 
is unclear, however, whether the DCX + migrating neuroblasts survived and fully 
differentiated into appropriate functionally mature neurons in the damaged cortex 
during sub-acute and chronic phases of injury. Eventual neuronal replacement from 
these cells might not be successful without first stabilizing the injured environment.

It is evident from these studies that the migrating SVZ-derived NSPCs do in-
deed play an important role in the acute response to TBI and other types of brain 
injuries through astrogliosis and trophic support. It also supports the idea that highly 
migratory SVZ-derived NSPCs are amenable to phenotypic switching, although 
the potential of these cells to generate oligodendrocytes following TBI needs to be 
determined. During post-natal development, NSPCs generate oligodendrocytes that 
integrate into white matter (Levison and Goldman, 1993) which ceases in adult-
hood. However, reactivation following demyelinating conditions such as EAE or 
lysolecithin-induced demyelination has been shown to mobilize the cells to the 
CC and striatum where they differentiated into astrocytes and oligodendrocytes 
(Picard-Riera et al. 2002a; Nait-Oumesmar et al. 2008). Recent studies indicate 
that a subpopulation of epidermal-growth-factor (EGF)-activated type-B cells are 
oligodendrocyte precursor cells (OPCs) and contribute to myelin repair in the CC 
following a demyelinating lesion and traumatic axonal injury (Gonzalez-Perez and 
Alvarez-Buylla 2011; Sullivan et al. 2013). Therefore, different subpopulations of 
SVZ-derived cells (i.e. neural stem, transit-amplifying, OPC progenitor and neuro-
blast) may contribute to injury stability and repair by migrating to multiple regions 
of damage following trauma, a mechanism(s) that depends on the local microen-
vironmental cues. The potential for directing the phenotypic differentiation of en-
dogenous NSPCs may become an intriguing therapeutic goal, once the molecular 
signals driving these phenomena are better understood.

To determine whether enhancing neurogenesis can improve functional out-
comes following TBI, studies have examined several growth factors that regulate 
the expansion and differentiation of SVZ-derived cells in injured tissues. In par-
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ticular, pharmacologic studies using exogenously administered growth factors have 
correlated increases in proliferation, survival and migration of SVZ-derived cells 
with greater functional recovery after TBI (Sun et al. 2009, 2010; Thau-Zuchman 
et al. 2010; Yang et al. 2010). Among these factors, basic fibroblast growth factor 
(bFGF), epidermal growth factor (EGF), platelet-derived growth factor (PDGF), 
BDNF, NGF, erythropoietin (Epo) and vascular endothelial growth factor (VEGF) 
have been widely accepted as important mediators of neurogenesis and potent 
mitogenic factors for NSPCs in both in vitro and in vivo settings (Alagappan et al. 
2009, 2013; Mani et al. 2010; Alvarez-Palazuelos et al. 2011; Bath et al. 2012; 
Moore et al. 2013; Woodbury and Ikezu 2013). For instance, peripheral administra-
tion of Epo promoted NSPC proliferation, neurogenesis, oligodendrogenesis, and 
neurovascular remodeling following TBI in rats that led to enhanced spatial learn-
ing performance and sensory motor function (Ning et al. 2011; Xiong et al. 2011). 
These studies suggest that growth factor treatment could augment NSPC activity 
directly resulting in identifiable improvements in functional recovery. A number of 
studies show that diffusible trophic factors may be suitable for expanding the popu-
lation of NSPCs in the early phase of repair following TBI, while others have been 
shown them to direct cell fate choice on select NSPC sub-populations (Alvarez-
Palazuelos et al. 2011). Based on these observations, strategies to expand the entire 
neurogenic compartment prophylactically or immediately following injury would 
be ideal in order to provide greater numbers of NSPCs that are able to migrate to 
areas of injury and stabilize the microenvironment. Once stabilized, such treatments 
may be modified with delivery of additional factors better able to control neuronal 
or oligodendrocyte cell fate determination. Although, neuronal replacement strate-
gies using this endogenous repair mechanism could further enhance recovery, it has 
yet to be determined whether these olfactory-bound NSPCs are capable of differ-
entiating into excitatory neurons with appropriate cortical projections in traumatic 
injured tissues. Likewise, it is unclear whether providing activity-dependent den-
dritic input is necessary for long-term survival of newly generated cortical neurons.

10.2.2  Neurogenesis in the Hippocampus

While neurogenesis in the SVZ contributes to olfactory function, the generation of 
new neurons within the DG of the adult hippocampus is critical for spatial learning, 
object recognition and memory. Although selectively more vulnerable to TBI, the 
neurogenic region of the hippocampus may have a unique ability to locally replace 
damaged neurons, as this injury site is normally an area of active endogenous neu-
rogenesis. Studies in both rodents and humans demonstrate that cells with astrocyte 
morphology reside in the SGZ of the DG and continually generate neuroblasts, 
which migrate into the granule cell layer (GCL), differentiate into mature excit-
atory neurons and extend axons into the CA3 region (Eriksson et al. 1998; Roy 
et al. 2000; Seri et al. 2001), whereas SVZ neuroblasts mainly contribute to the 
inhibitory interneuron population in the OB. Although some of these new neurons 
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die by apoptosis over a few weeks, many demonstrate functional integration and 
evoked electrical potential within the hippocampal circuitry (Hastings and Gould 
1999; Markakis and Gage 1999; van Praag et al. 2002). Unlike the SVZ, SGZ-
derived NSPCs are relatively quiescent and have a much slower proliferative rate 
(Seri et al. 2001) and subsequent neuroblast production undergo short-distance mi-
gration into the GCL. Long distance migration does not seem to occur in pathologi-
cal situations like it does in the SVZ (Picard-Riera et al. 2004; Brus et al. 2013). 
Additionally, temporal profiling of these cells indicate that differentially regulated, 
cell-autonomous factors change over time which could make these cells more or 
less responsive to niche cues during normal aging (Gilley et al. 2011). Many studies 
have highlighted the presence of increased neurogenesis in the injured DG. These 
studies, performed in multiple models of injury and disease, demonstrate that new 
SGZ-derived neurons are able to replace lost neurons resulting in restored function 
of the hippocampus (Nakatomi et al. 2002; Jin et al. 2003; Lu et al. 2003; Naylor 
et al. 2008; Ning et al. 2011).

One of the functional hallmarks of TBI is the pronounced deficit in learning and 
memory, which is usually associated with the histological presence of cell death in 
the DG, CA1 and CA3 layers (Smith et al. 1991, 1994, 1995; Hamm et al. 1993; 
Reeves et al. 1997; Rola et al. 2006). Because increased neurogenesis in this region 
has been linked to enhanced learning and memory function, injury-induced neuro-
genesis could function to replace damaged neurons, and thus contribute to neuronal 
circuit repair and restoration of neurological function in patients with TBI. Deter-
mining how this normally latent pool of NSPCs can be activated or even enhanced 
offers considerable potential for the development of targeted neurogenic-based 
therapeutics to ameliorate acute and chronic TBI-induced cognitive decline. Recent 
BrdU-labeling and cell lineage tracing studies using transgenic mice carrying an in-
ducible yellow fluorescent protein (YFP) gene under the nestinδ promoter, indicate 
that TBI evokes a sustained increase in neurogenesis in the adult hippocampus last-
ing up to 6 months post-TBI and exerts differential effects acutely in hippocampal 
DG-derived progenitors depending on their state of lineage progression (Kernie 
et al. 2001; Yu et al. 2008; Singer et al. 2009). For example, through unknown 
mechanisms the early, nestin-expressing progenitors are stimulated to divide after 
CCI and LFP injuries (Rice et al. 2003; Sun et al. 2005; Yu et al. 2008), whereas the 
late DCX-expressing neuroblasts or immature neurons are extremely vulnerable to 
brain injury and undergo acute selective cell death (Yu et al. 2008; Zhou et al. 2012). 
Cell death is observed in the ipsilateral SGZ, GCL and occasionally in the hilus fol-
lowing CCI-injury. Cell death begins as early as 6 h, peaks at 24 h and reaches nor-
mal levels at 14 days post-injury (Rola et al. 2006). It appears that the time course 
of cellular loss of GCL neurons and SGZ neuroblasts in the DG mimics that of the 
cortical injured site. Conversely, few dying cells are seen in the contralateral DG. 
Surprisingly, while the late neuroblast progenitors are selectively vulnerable to cell 
death in the SGZ, cell survival is actually enhanced in the SVZ (Theus et al. 2010). 
The differences in their vulnerability may be related to the proximity of the neuro-
genic compartment to the injury, specific niche cues or intrinsic factor expression 
regulating cell autonomous activities.
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It is currently unknown why immature neurons in the DG are so vulnerable to 
TBI. Recent studies of newborn neurons in the dentate gyrus show that they are 
electrophysiologically distinct from mature granular neurons in the dentate gyrus 
(Tovar and Westbrook 1999; Lopez de Armentia and Sah 2003; Ye et al. 2005; Ge 
et al. 2006). Newborn immature neurons are also more easily excited than ma-
ture neurons due to their unique ion channel expression (Ben-Ari 2002). Calcium 
influx-mediated excitotoxicity has been considered a major cause of neuronal death 
when neurons are challenged post-TBI with the excitatory amino acid, glutamate 
(Globus et al. 1995; Saatman et al. 1996). Furthermore, direct application of N-
methyl-D-aspartate (NMDA) to hippocampal organotypic slices demonstrated 
acute excitotoxic injury in the CA1, CA3 and DG regions followed by stimulation 
of proliferation in the DG, suggesting that TBI-induced vulnerability and subse-
quent neurogenesis in the DG may, in part, be a consequence of excitotoxic injury 
(Bunk et al. 2010). This is consistent with in vivo studies using NMDA receptor 
antagonists which suppressed injury-neurogenesis in the DG (Bernabeu and Sharp 
2000; Arvidsson et al. 2001). Excitotoxicity seemingly overlaps with other types of 
cell death, such as apoptosis and necrosis, but depends on the intensity threshold 
of the initiating stimulus. Recent studies indicate that most dying cells in the DG at 
24 hours post-moderate TBI did not undergoing apoptosis but instead co-expressed 
RIP-1, a marker for a subtype of necrotic cell death (Chan et al. 2003). Interestingly, 
increasing the severity of injury increases apoptotic markers in the GCL (Colicos 
and Dash 1996; Clark et al. 2001).

Although acute cell loss is observed in the DG after TBI, subsequent recovery or 
re-population of the injured neurogenic compartment appears to occur in response 
to cellular loss. Recent findings indicate that the acute cell death, seen within the 
first week post-injury, of the late DCX-expressing committed neuroblasts can be 
counterbalanced by the active proliferation of the quiescent type-1 early nestin-ex-
pressing progenitors following trauma (Yu et al. 2008). Indeed, similar to the SVZ 
response, induction of proliferation is observed in both the contralateral and ipsilat-
eral DG after TBI (Dash et al. 2001; Kernie et al. 2001; Lu et al. 2003; Yoshimura 
et al. 2003; Emery et al. 2005). Following both CCI and LFP injury models, prolif-
eration in the DG begins as early as 2 days post-injury, peaks during the first week 
following injury and returns to baseline by 35 days (Rice et al. 2003; Sun et al. 
2005). Interestingly, overall cell and new neuron production in the contralateral 
DG of TBI-injured mice is not significantly different from uninjured controls even 
though proliferation and DCX-positive cells are increased without any appreciable 
loss in cell numbers. However, in the ipsilateral hippocampus a significant increase 
in the number of newly generated cells, expressing neuronal markers, are predomi-
nant after longer maturation periods.

The differentiation status of these newly born cells has been examined at sev-
eral time points after injury (Sun et al. 2005, 2009; Rola et al. 2006; Blaiss et al. 
2011). Fate labeling studies indicate that they contribute to TBI-induced neuro-
genesis in the hippocampus. Previous studies have shown a four-fold increase in 
the number of BrdU-labeled cells appearing in the SGL at 5 days after injury; 
however, by 10-weeks only 46 % of them remained in the injured DG compared 
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to 65 % of the originally labeled cells in un-injured mice. This translated into a 
2-fold preserved increase in newly born cells in the DG of TBI-injured mice com-
pared to un-injured controls. Double-labeling of the cells indicated that 80 % of 
the BrdU-labeled cells in the DG expressed NeuN and calbindin, indicative of a 
mature neuronal dentate phenotype; 10 % were GFAP-positive for astrocytes and 
the remaining were undergoing cell death (Sun et al. 2007). Similar trends were 
observed in the control mice, where overall TBI-injured mice had significantly 
more newly generated neurons and astrocytes as a result of the increased prolifera-
tion in the acute phases of injury. No differences were observed in the cell fate. 
Injection of the retrograde neuronal tracer FluoroGold (FG) into the CA3 hippo-
campus resulted in greater numbers of FG labeled BrdU-positive cells in the DG at 
10 weeks post-injury suggesting connectivity with the CA3 target region. Genetic 
fate labeling of NSPCs using YFP driven by the nestinδ promoter also showed 
stable DG neurogenesis at 2 months post-TBI, where YFP-labeled cells persist as 
NeuN-positive and GFAP-expressing progenitors in the DG (Blaiss et al. 2011). 
No YFP-labeled cells were observed as reactive astrocytes in the hilus or DG. Im-
portantly, ablation of TBI-induced neurogenesis following ganciclovir treatment 
in the nestinδ–HSV–TK transgenic mice exacerbated the cognitive effects of TBI 
indicating that injury-induced neurogenesis in the DG plays an important role in 
restoring learning and memory function.

TBI-induced proliferation appears to have a similar temporal trend between the 
DG and SVZ. However, the DG has a more pronounced neurogenic response to 
injury as compared to the combined neurogenic and gliogenic response of the SVZ 
following cortical injury (Kernie et al. 2001). Unlike the SVZ response, NSPCs 
residing in the injured hippocampus remain localized and active in their neuro-
genic niche and appear to retain their differentiation and migration patterns during 
repair. Interestingly, in vitro studies show a similar cell autonomous role between 
SVZ- and DG-derived NSPCs, where they have similar growth, migration and dif-
ferentiation potentials in culture. Transplantation of DG-derived NSPCs to the SVZ 
compartments demonstrates that environmental influences are paramount, since 
these newly transplanted DG-derived NSPCs migrated to the OB and differentiated 
into interneurons similar to SVZ-derived NSPCs (Suhonen et al. 1996). Thus, it 
is thought that differential gene expression within the specialized DG niche, such 
as those regulating ECM adhesion, cell-cell contacts, chemoattractive and repul-
sive cues, regulate DG homeostasis and could play important roles in DG-derived 
NSPCs following TBI. The possibility of enhancing these regulatory cues in the 
molecular layer of the DG could significantly impact NSPC responses and sub-
sequent cognitive recovery by restoring long-term potentiation and its effects on 
learning and memory (van Praag et al. 1999; Wang et al. 2005).

Several studies have attempted to provide neurotrophic support to the hippo-
campus in acute CNS injury to boost neurogenesis and cognitive recovery. Under 
non-injured conditions, insulin-like growth factor-1 (IGF-1) is reported to increase 
hippocampal proliferation and neurogenesis (Aberg et al. 2000). Chronic IGF treat-
ment following focal lesion promoted functional recovery related not to an increase 
in newly born cells but to increased dendritic arborization and cellular plasticity. 
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TBI-induced neurogenesis is also improved following intraventricular infusion of 
bFGF under non-pathological situation (Kuhn et al. 1997; Tropepe et al. 1999) and 
following TBI (Sun et al. 2009). EPO has also been shown to amplify DG neuro-
genesis and spatial learning following TBI, an effect that was ablated following 
Ara-C treatment which limited the NSPC response (Zhang et al. 2012). This study 
demonstrated that EPO acts directing on NSPCs in the DG to improve neurogen-
ic-mediated recovery. Other factors regulating DG neurogenesis, include noggin, 
BMPs, shh, Notch, transforming Growth Factor-α (TGFα), Eph/ephrins, and VEGF 
(Alvarez-Buylla and Lim 2004) have been less well characterized in TBI. Upregula-
tion of VEGF is observed after CCI (Skold et al. 2005) and has been implicated in 
neurogenesis and migration in a rodent model of focal cerebral ischemia and TBI 
(Wang et al. 2007; Lee and Agoston 2010; Thau-Zuchman et al. 2012). A better 
understanding of these important developmental signals and their actions following 
trauma will improve strategies for their delivery in the neurogenic niche (Lim et al. 
2007).

10.3  Summary

Although much of the studies highlighted above have been conducted in rodents, 
new data from human brain samples indicates an increase in the number of pro-
liferating NSPCs and increased markers for NSPC expression in the peri-lesional 
cortex after TBI. This suggests that TBI may also induce neurogenesis in the 
human brain (Zheng et al. 2013). In light of recent studies that support a posi-
tive role for endogenous NSPCs in stabilizing the injury microenvironment and 
promoting repair, challenges still remain in maximizing the benefits of this self-
repair response. Directing the activated endogenous precursor cells down the de-
sired lineage, in order to produce mature, functionally integrated neurons in non-
neurogenic sites is one example. An enormous body of work in the past decade 
has identified a number of factors that regulate neurogenesis, including calorie 
restriction, voluntary exercise, neural activity, several growth factors, and phar-
maceutical agents such as antidepressants (Griffin et al. 2009; Ma et al. 2009; 
Bechara and Kelly 2013). Other epigenetic factors may also exist to positively 
influence neurogenesis in both hippocampal and olfactory structures which could 
boost their regenerative potential in the post-trauma brain. Amongst all the op-
timism surrounding the potential of injury-induced neurogenesis, there remain 
significant concerns, including post-traumatic epilepsy (Diaz-Arrastia et al. 2009; 
Kernie and Parent 2010) or possible tumor formation. Therefore, strategies this 
enhance neurogenesis following TBI must stem from a strong mechanistic under-
standing of the complex cellular response within the dynamic injury environment 
to aid in the development of clinically relevant therapeutics.
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Abstract Traumatic brain injury (TBI) is the leading cause of mortality and dis-
ability among young people in high-income countries. No single-agent treatment 
has been successfully translated to the clinical setting, hence there is still the need 
to focus on strategies that simultaneously act on multiple injury mechanisms. Mes-
enchymal stem/stromal cells (MSCs) are ideal candidates since they act on multiple 
mechanisms of protection and repair, improving structural and functional outcome 
after experimental TBI. The magnitude of protection varies extremely in differ-
ent studies. Besides conceptual issues and methodological differences between 
injury models and laboratories, heterogeneity of MSC populations also affects the 
outcomes. This chapter focuses on the biology of MSCs, on mechanisms of brain 
protection and repair and on open questions that need to be addressed in order to 
increase effectiveness, reduce variability and safely move from preclinical studies 
to clinical application.

Abbreviations

AKI  Acute kidney injury
BBB  Blood-brain barrier
BDNF Brain-derived neurotrophic factor
BM Bone marrow
BMMCs BM-derived mononuclear cells
BrdU  5-bromo-2-deoxyuridine
CBF Cerebral blood flow
CCl4 Carbon tetrachloride
CCI  Controlled cortical impact
CNS Central nervous system
CTs  Clinical trials
DCX Doublecortin
GCS  Glasgow coma scale
GDNF Glial cell-derived neurotrophic factor
GFAP  Glial fibrillary acidic protein
GMP  Good manufacturing practices
ia  Intra-arterial
ic  Intracerebral
icv intracerebroventricular
IDO Indoleamine 2, 3-dioxygenase
IL  Interleukin
INF Interferon
ISTC International Society for Cellular Therapy
iv  Intravenous
MAPC Multipotent adult progenitor cells
MCP-1 Monocyte chemotactic protein-1
MIP-2  Macrophage inflammatory protein-2
MMP  Matrix metalloproteinase
MRI Magnetic resonance imaging
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MSC  Mesenchymal stem/stromal cell
MSCs Mesenchymal stem/stromal cells
NGF  Nerve growth factor
NO  Nitric oxide
NSCs Neural stem cells
NT-3  Neurotrophin-3
PGE-2 Prostaglandin E2
ROS  Reactive oxygen species
Sgz Subgranular zone
Svz Subventricular zone
TBI Traumatic brain injury
TGF Transforming growth factor
TIMP-3 Tissue inhibitor of matrix metalloproteinase-3
tPA  Tissue plasminogen activator
TNF-α  Tumor necrosis factor-α
Trk  Tyrosine kinase receptor
TSG-6 Tumor necrosis factor-stimulated gene-6
VCAM-1 Vascular cell adhesion molecule-1

11.1  Biology of MSCs

The last 50 years in the field of stem cell biology have been stimulated by increasing 
interest in “mesenchymal stem/stromal cells” (MSCs) (Caplan and Dennis 2006; Bi-
anco et al. 2008; de Girolamo et al. 2013). The early description by Friedenstein and 
coworkers in the 1960s and 1970s of a minor population of cells in rodent bone mar-
row (BM) which adhered rapidly to plastic, with a fibroblast-like appearance, able 
to form clonal colonies in vitro and to differentiate towards the osteogenic lineage 
both in vitro and in vivo (Friedenstein 1990) paved the way to extensive research. 
This led to the discovery that cell populations with similar features could be isolated 
from many other species and, importantly, from almost all human tissues (da Silva 
Meirelles et al. 2006). At present, cells, with MSC characteristics have been derived 
from various human sites, including adipose tissue (Zuk et al. 2001; Rodriguez et al. 
2005; Xu et al. 2005; Bourin et al. 2013), skeletal muscle (Jankowski et al. 2002), 
liver (Campagnoli et al. 2001), synovial membrane (De Bari et al. 2001), umbilical 
cord blood (Erices et al. 2000; Rogers and Casper 2004), periosteum (Fukumoto 
et al. 2003), dental pulp (Shi and Gronthos 2003), peripheral blood (Villaron et al. 
2004), placental tissue (Bailo et al. 2004; Parolini et al. 2008), amniotic fluid (In 
’t Anker et al. 2003), tendon (Salingcarnboriboon et al. 2003) and menstrual blood 
(Meng et al. 2007; Musina et al. 2008; Rossignoli et al. 2013).

The ontogeny of human MSCs, their specific anatomical location and their na-
tive identity in the resident tissue are still poorly understood and at times contro-
versial. Pericytes resident in the wall of blood microvessels and adventitial cells 
located around the larger arteries and veins have been proposed as the most likely 
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candidates for the MSC primary precursors in post-natal tissues (reviewed in Mur-
ray et al. 2013). Our knowledge of the properties of these cells in vitro is more 
advanced and their in vitro characterization constitutes the base for their operational 
definition, albeit with variability within MSC populations and some remaining dark 
areas.

According to the consensus set out by the International Society for Cellular 
Therapy (ISTC) (Dominici et al. 2006), the minimum criteria required to define 
human MSCs are that in vitro they must: (1) be plastic-adherent; (2) express the cell 
surface antigens CD105, CD73 and CD90; (3) not express the cell surface antigens 
CD45, CD34, CD14, CD11b, CD79α, CD19, or HLA-DR and (4) differentiate into 
osteoblasts, adipocytes and chondroblasts under standard in vitro differentiating 
conditions. In this widely adopted proposal, the authors also recommend designat-
ing these cells more appropriately as “mesenchymal stromal cells” given that not 
all of them are stem cells (Horwitz et al. 2005; Dominici et al. 2006). These criteria 
are applicable specifically to human MSCs and cannot be entirely extended to cells 
isolated from other species, which may differ both in the marker expression and in 
some of their general characteristics and potential (Peister et al. 2004; Chamberlain 
et al. 2007). The biological attributes listed in the ISTC consensus paper are not ex-
clusive to MSCs but are shared by other cell types (Haniffa et al. 2009). MSCs from 
various sources, while satisfying the minimal ISTC criteria, may differ in several 
aspects, ranging from their phenotype to their functions.

Despite significant progress in recent years in understanding the MSCs proper-
ties, several aspects of their biology are not yet fully understood and further com-
parative analysis of MSCs from different sources are required (Wagner et al. 2005; 
Kern et al. 2006; Barry et al. 2008).

How do we isolate and culture MSCs? With some specific differences related to the 
different sources and protocols established in different laboratories, isolation of MSCs 
broadly entails some common steps: (1) collection of the starting material: for example 
by aspiration, as in the case of MSCs from BM (Meirelles and Nardi 2009), or by me-
chanical separation of the tissue, as in the case of MSCs from human amniotic mem-
brane which requires separation from the rest of the placenta (Bailo et al. 2004; Soncini 
et al. 2007); (2) treatment of the starting material in order to allow its dissociation and 
the consequent separation of MSCs from other cells and/or components of the tissue 
(Soncini et al. 2007; Meirelles and Nardi 2009; de Girolamo et al. 2013); (3) suspension 
of the collected cells in an appropriate medium.

Current research has produced isolation protocols and culture conditions, in 
compliance with Good Manufacturing Practice (GMP) to ensure the reproducibil-
ity, efficacy and safety of the MSCs, to allow their introduction in clinical use for 
therapeutic purposes. When placed in plastic culture with the appropriate medium, 
freshly isolated MSCs rapidly adhere and present with a spindle/fibroblastoid-like 
shape and start to proliferate. At or near confluence, cells are generally trypsin-
treated, then expanded in culture. The time needed to reach confluence, the expand-
ability rate and the cell yield after expansion vary widely and are significantly influ-
enced by the source of isolation, the age and condition of the donor and the intrinsic/
inherent properties of the cells, but also by the ex-vivo manipulation of the source 
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material, the harvesting technique and the culture conditions (e.g. density of plat-
ing, oxygen tension, temperature, media composition and additives) (Phinney et al. 
1999; Bernardo et al. 2009; de Girolamo et al. 2013). The variability/heterogeneity 
is further complicated by the fact that the MSC isolation and expansion protocols 
are generally laboratory-specific and pose important challenges for clinical transla-
tion as detailed in Sect. 11.4.1.

One of the features that make MSCs so attractive for the research and clinical use 
is their ability to undergo multilineage differentiation in media supplemented with 
specific growth factors, hormones and/or other additives that stimulate differen-
tiation. The morphological changes and the expression of various lineage-specific 
genes, and the acquired ability to exert tissue-specific functions, all allow evaluation 
of the level of in vitro differentiation achieved. Besides their ability to differentiate 
into cells with characteristics of adipocytes, osteocytes and chondrocytes (Dominici 
et al. 2006), MSCs have been reported to differentiate towards cells of different 
lineages, including neurogenic (Phinney and Prockop 2007; Neirinckx et al. 2013a), 
pancreatic (Domínguez-Bendala and Ricordi 2012; Marappagounder et al. 2013), 
myogenic (Makino et al. 1999) and hepatic lineages (Sancho-Bru et al. 2009; Dong 
et al. 2013), although these trans-differentiation properties in vivo are still debated 
(Phinney and Prockop 2007; Barzilay et al. 2009; Neirinckx et al. 2013a).

Another attractive aspect of MSC biology relates to their immunogenicity. MSCs 
have long been believed to possess poor immunogenicity because of their low or 
absent expression of HLA class I molecules HLA-A, HLA-B and HLA-C and the 
absent/negligible expression of HLA class II molecules (HLA-DQ and HLA-DR) 
and co-stimulatory molecules, although some variabilities reported in terms of 
the level of expression of these markers in different laboratories and in relation 
to the presence of inflammatory stimuli (Nauta and Fibbe 2007). The assumption 
of MSC hypo-immunogenicity encouraged their use in transplantation settings 
even across a histocompatibility barrier and in immune-competent patients. How-
ever, there have been reports challenging the limited immunogenicity of allogeneic 
MSCs (Eliopoulos et al. 2005; Nauta et al. 2006; Knaän-Shanzer 2013) and there 
are also conflicting findings about the immunogenicity of differentiated BM-MSCs 
(Knaän-Shanzer 2013) (see Sect. 11.4.2 for details). Further studies are still needed 
for a better understanding of the immune status of MSCs. The role of their in vitro 
and in vivo immunomodulatory properties in the therapeutic potential for the in-
jured brain is discussed in Sect. 11.2.3.

11.2  Possible Mechanisms of Protection by MSCs in TBI

The aim of protective strategies is to limit injury progression and rescue threatened 
tissue. The sequelae of traumatic brain injury (TBI) can be divided into primary 
injury (caused by the biomechanical impact) and secondary events starting min-
utes after TBI and lasting months. These cascades are associated with activation of 
genomic, cellular and/or biochemical processes that interact in a complex network 
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leading to delayed cellular dysfunction and death (McIntosh et al. 1996; DeKosky 
et al. 1998). Although the extensive nature of these events and the abundance of 
targets offer the potential for therapeutic intervention, so far no pharmacological 
treatment is available to reverse the pathologic cellular cascade underlying progres-
sion of cell death and to improve the neurobehavioral outcome. MSCs might prove 
an ideal candidate (Salem and Thiemermann 2010) since they simultaneously affect 
multiple secondary injury mechanisms (Fig. 11.1).

11.2.1  Trophic Factors

There is experimental evidence of beneficial effects in tissue repair and regenera-
tion after transplantation of MSCs despite a rare/transient presence of transplanted 
cells in the host tissues. This prompted the proposal that the restorative outcome 
might be due to mechanisms other than in vivo differentiation of injected cells and 
replacement of host defective cells (Gnecchi et al. 2005, 2008; Caplan and Dennis 
2006; Meirelles and Nardi 2009; de Girolamo et al. 2013; Neirinckx et al. 2013b). 
Thus a new mechanism was proposed in which the transplanted MSCs release bio-
active trophic molecules that might reprogram the surrounding host environment 
through paracrine actions. In support of this, it has been shown that the conditioned 
medium generated from the culture of MSCs (i.e. the medium containing the set of 
molecules secreted by these cells) injected in animal models of disease can reca-
pitulate the beneficial effects of their cellular counterpart in tissue protection and 

Fig. 11.1  Toxic and protective events affected by MSCs and their time course after TBI
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repair (Timmers et al. 2007; van Poll et al. 2008; Di Santo et al. 2009; Cargnoni 
et al. 2012, 2014).

Several MSC secreted pleiotropic molecules are involved in these effects, in-
cluding cytokines/chemokines, growth factors, extracellular matrix proteins and 
tissue remodelling enzymes (Caplan 2009). In vitro studies have described the sec-
retome profile of MSCs isolated from BM, the best characterized source (Kinnaird 
et al. 2004; Schinköthe et al. 2008; Tate et al. 2010). Among the secreted factors re-
leased in vitro under basal conditions, neurotrophins i.e. brain-derived neurotrophic 
factor (BDNF), glial cell-derived neurotrophic factor (GDNF), nerve growth fac-
tor (NGF) and neurotrophin−3 (NT−3) are of great interest for TBI (Arnhold et al. 
2006; Crigler et al. 2006). In vivo studies have investigated the effect of MSCs on 
neurotrophin production after TBI, confirming that these neurotrophins increase af-
ter MSC treatment in the injured brain. The question remains, however, whether the 
infused cells are directly or indirectly responsible for the changes. Commonly used 
biochemical methods (western blot or ELISA) cannot distinguish between the hu-
man (in case of xenotransplant) and the rodent isoforms of neurotrophins, so when 
measuring these proteins after TBI and MSC treatment, it is not possible to dis-
tinguish the contribution of infused MSCs from that of host cells. Thus, increased 
production could be related to direct secretion by MSCs and/or to an indirect effect 
of MSCs on endogenous cell populations.

Kim et al. (2010) injected 2 million-human MSCs intravenously 24 h after TBI, 
modeled by controlled cortical impact (CCI) in rats. At 48 h the homogenized in-
jured hemisphere of TBI MSC rats showed increased amounts of NGF, BDNF and 
NT−3. NGF plays a key role in neuronal plasticity and prevents neuronal apoptosis 
(Saito et al. 2004). BDNF is involved in neural development (Ernfors et al. 1995), 
neurogenesis (Zigova et al. 1998; Benraiss et al. 2001) and in synaptic plasticity 
processes (Parkhurst et al. 2013). NT−3 supports the survival and differentiation of 
existing neurons and induces neurite outgrowth (Kumar et al. 1998; Bregman et al. 
2002). The survival cellular signaling of these neurotrophins is mediated by binding 
to the neurotrophic tyrosine kinase receptor (Trk). NGF preferentially binds TrkA, 
BNDF binds TrkB and NT−3 binds TrkC (Chao 2003). Autophosphorylation of the 
cytosolic domain induces the phosphorylation of Akt and ERK signal transducers 
which, in turn, through NF-κB, induces the transcription of genes responsible for 
cell survival (Yuan and Yankner 2000; Chao 2003). The increased expression of 
neurotrophins in TBI MSC treated animals found by Kim et al. was in fact related to 
increased phosphorylation of Akt (but not of ERK) at 2 days, together with reduced 
cleavage of caspase−3 (the main signal for cell apoptosis) at 8 days. The molecular 
modifications induced by MSCs resulted in the functional recovery of motor func-
tion (Kim et al. 2010).

Our group and others have reported similar results on the increase in neuro-
trophin production with intravenous (iv) (Mahmood et al. 2004a) or intracerebro-
ventricular (icv) (Chen et al. 2005; Zanier et al. 2011) transplantation of MSCs 
after TBI, showing increased production of BDNF (Mahmood et al. 2004a; Zanier 
et al. 2011) or NGF (Mahmood et al. 2004a; Chen et al. 2005) induced by infused/
endogenous cells. We used MSCs from human cord blood, observing for the first 
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time an effect on neurotrophin production similar to that described with BM-MSCs 
(Zanier et al. 2011).

In addition to the direct and indirect production of neurotrophins, a third mecha-
nism for the increase in neurotrophins induced by MSCs was shown by Mahmood 
et al. (Mahmood et al. 2011). Three millions human MSCs transplanted 7 days 
after CCI, directly in the lesion cavity or impregnated in scaffolds, increased the 
production of tissue plasminogen activator (tPA) in the boundary zone 15 days after 
surgery. tPA regulates the final production of plasmin, a serine protease known for 
its part in the degradation of fibrin blood clots. In the brain, plasmin plays a pivotal 
role in the activation of BDNF and NGF, by cleaving pro-BDNF and pro-NGF into 
active forms (Bruno and Cuello 2006; Barnes and Thomas 2008). Thus, focusing 
on the increase in neurotrophins, MSCs may: (1) directly produce and/or (2) induce 
other cells to produce and/or (3) produce, or induce the production of, proteases 
that can cleave neurotrophin precursors. In principle the paracrine action means 
that trophic factors alone can be applied, although up to now single-drug therapy 
has always failed in clinical trials. MSCs act like poly-pharmacy and improve the 
neurological outcome by creating a growth-promoting niche, this pleiotropic activ-
ity more than any single released factor possibly being the key to MSC therapeutic 
efficacy.

11.2.2  Microvesicles

MSCs may also exert their paracrine effects through the release of extracellular 
membrane vesicles that mediate the horizontal transfer of signals and molecules 
from one cell to another even over long distances. MSCs, like other many cell types 
(Camussi et al. 2010), release circular membrane fragments known as microvesi-
cles, either constitutively or in response to activation stimuli. These microvesicles, 
depending on their size and process of release, are generally classified as exosomes 
(multivesicular bodies of 30–120 nm and released from the endosomal compart-
ment) or shedding vesicles (100–1000 nm, derived from direct budding of the cell 
plasma membrane). They are capable of transferring specific proteins, lipids and 
nucleic acids (mRNA, microRNA and DNA) thus serving as a unique mechanism 
for the intercellular trafficking of complex biological messages (Verderio 2013). 
However, the complete biochemical composition of microvesicles remains to be 
determined and seems to vary depending on the cell source (Camussi et al. 2010). 
Recent studies have reported on the miRNA (Collino et al. 2010) and protein (Kim 
et al. 2012) composition of microvesicles from human BM-MSCs, indicating that 
they include several molecules representative of the multiple properties of MSCs.

In spite of the fact that the physiological role and the biogenesis of MSC-derived 
microvesicles are still only partially understood, they appear to have a vital role in 
cell-to-cell communication (Mathivanan et al. 2010). In terms of the microvesicle-
mediated therapeutic effects of MSCs, human MSC-derived microvesicles injected 
in SCID mice with glycerol-induced acute kidney injury (AKI) had the same ef-
ficacy as their cellular counterparts on the functional and morphological recovery 
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of AKI (Bruno et al. 2009) and protected SCID mice from lethal cisplatin-induced 
AKI (Bruno et al. 2012). Exosomes released by human umbilical cord blood MSCs 
were reported to alleviate carbon tetrachloride (CCl4)-induced fibrotic liver (Li 
et al. 2013). Lai et al. have documented the beneficial effects after the injection 
of MSC-derived microvesicles in animal models with cardiovascular diseases (Lai 
et al. 2010, 2011, 2013; Arslan et al. 2013). Zhu and collaborators, have report-
ed that human BM-MSC-derived microvesicles were therapeutically effective in 
C57BL/6 mice with E.coli endotoxin-induced acute lung injury (Zhu et al. 2014). 
Microvesicles have also been used to deliver selected factors and target specific 
therapeutic signals. For instance, Katsuda and collaborators administered adipose 
tissue-derived MSC exosomes carrying enzymatically active neprilysin, a trivial 
beta amyloid-degrading enzyme in Alzheimer rodents (Katsuda et al. 2013). Exo-
somes were transferred into N2a cells overproducing Aβ and seemed to reduce both 
secreted and intracellular Aβ levels, suggesting therapeutic possibilities for adipose 
tissue-derived MSC exosomes in Alzheimer disease.

Alvarez-Erviti and collaborators succeeded in delivering functional siRNA to 
the mouse brain by systemically injecting targeted exosomes (Alvarez-Erviti et al. 
2011). Xin et al. have reported that systemic administration of rat BM-MSC-derived 
exosomes after acute brain injury in ischemic rats (induced by middle cerebral ar-
tery occlusion) significantly improved functional recovery compared with control 
rats (Xin et al. 2013a) and raised miR−133b in the ipsilateral hemisphere.

It was shown earlier that miR−133b is specifically expressed in midbrain do-
paminergic neurons and regulates the production of tyrosine hydroxylase and the 
dopamine transporter (Dreyer 2010). Employing knock-in and knock-down tech-
nologies to up- or down-regulate miR−133b, evidence was obtained that exosomes 
from MSCs mediate the miR−133b transfer to astrocytes and neurons, which in 
turn regulates gene expression and is involved in neurite remodeling and functional 
recovery after stroke (Xin et al. 2013b). The bi-lipid membrane composition en-
riched with membrane-bound proteins suggests that microvesicles may become a 
therapeutic agent, homing the injured brain and treating TBI. To our knowledge the 
effects of microvesicles generated by MSCs after TBI have not been examined and 
detailed studies are needed to see whether MSC-derived microvesicles mimic the 
phenotype of their parent cells and provide a protective effect on TBI.

11.2.3  Immunomodulation

After TBI, the inflammatory response plays a major role in the evolution of the 
brain lesion. The innate immune response is needed for resolution of the damage 
and wound healing but it is also a key factor in the secondary injury cascades lead-
ing to exacerbation of the initial damage. The blood brain barrier (BBB) break-
down allows the passage of inflammatory molecules and cells into the injured pa-
renchyma. The infiltrated leukocytes directly affect neuronal survival, releasing 
pro-inflammatory cytokines, reactive oxygen species (ROS), nitric oxide (NO) and 
cytotoxic proteases which may in turn exacerbate neuronal death (Lucas et al. 2006; 
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Morganti-Kossmann et al. 2007). However, inflammatory mediators and immune 
cells can also have a neuroprotective effect and promote neurogenesis and lesion re-
pair after central nervous system (CNS) injuries (Correale and Villa 2004). Recruit-
ed macrophages and activated microglia have been proposed as beneficial through 
different mechanisms including glutamate uptake (Nakajima et al. 2008), removal 
of cell debris (Stoll and Jander 1999) and production of neurotrophins (Batchelor 
et al. 1999; David and Kroner 2011). Thus strategies to direct the inflammatory re-
sponse toward a protective phenotype could prove effective for TBI patients.

MSCs exert immunomodulatory properties: several studies have demonstrated 
that they influence the function of different immune cells in vitro, including prolif-
eration of T cells after stimulation by alloantigens or mitogens, as well as activation 
of T cells by CD3 and CD28 antibodies. MSCs inhibit the generation and function 
of monocyte-derived dendritic cells in vitro and may also modulate B-cell func-
tions, affecting the cytotoxic activity of natural killer cells by inhibiting prolifera-
tion and cytokine secretion (reviewed in Uccelli et al. 2008).

Despite the general agreement on the MSC’s effects on the immune cell func-
tions, little is known about the mechanisms involved. For example, inhibition of 
T-cell proliferation by MSCs appears to depend on cell-to-cell contact and on the 
release of soluble factors. MSC-derived molecules that may have immunomodu-
latory activity on T-cell responses include transforming growth factor-β (TGF-β), 
indoleamine 2,3-dioxygenase (IDO), prostaglandin E2 (PGE−2), interleukin (IL)-
10, NO, miRNA (reviewed in Uccelli et al. 2008), as well as exosomes (see above). 
However, this aspect of the MSC biology calls for further study. Characterization 
of the composition and functions of the MSC secretome will undoubtedly provide 
important information towards a better understanding.

In TBI pathology, the effects of MSCs on immune responses have been inves-
tigated by different groups. Zhang et al. (2013) transplanted 4 million syngenic 
MSCs intravenously 2 h after weight-drop injury in rats, reducing the infiltration of 
neutrophils (MPO+) and CD3+ lymphocytes and the infiltration/activation of mac-
rophages/microglia (Iba+) 3 days after injury. These anti-inflammatory effects were 
accompanied by a reduction of apoptotic cells in the pericontusional cortex and 
early improvement of sensorimotor function. Analysis of cytokine levels in the in-
jured cortex showed decreases in the expression of the pro-inflammatory mediators 
IL−1β, IL−6, IL−17, tumor necrosis factor-α (TNF-α) and interferon (INF)-γ in the 
acute phase (12–72h) and increased expression of the anti-inflammatory cytokines 
IL−10 and TGF-β1 24–72h after TBI, indicating attenuation of the inflammatory re-
sponse and a shift toward an anti-inflammatory microenvironment. There was also 
lower expression of the chemoattractant mediators monocyte chemotactic protein−1 
(MCP−1, also known as CCL2, chemoattractant for monocytes, macrophages and 
microglia), macrophage inflammatory protein−2 (MIP−2, also known as CXCL2, 
secreted by monocytes/macrophages is chemotactic for polymorphonuclear leuko-
cytes (Wolpe et al. 1989)) and RANTES (also known as CCL5, chemotactic for 
T cells, eosinophils and basophils and active in recruiting leukocytes into inflam-
matory sites), all indicating less recruitment of inflammatory cells from the circu-
latory system. The authors indicated the tumor necrosis factor-stimulated gene−6 
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(TSG−6) as one possible mediator of the attenuated innate immune response after 
MSC treatment. TSG−6 is an anti-inflammatory protein induced by TNFα and IL−1 
(Wisniewski and Vilcek 1997) and was up-regulated in MSC-treated rats, together 
with a decrease in the expression of NF-kB, an important transcription factor that 
regulates many genes involved in the inflammatory response. Similarly, Watanabe 
et al. focused on TSG−6 and MSC-mediated protection (Watanabe et al. 2013). CCI 
injured mice were injected with 10 million MSCs or TSG−6 protein (50 µg/mouse) 
intravenously 6 h after TBI. Both treatments induced a comparable inhibition of 
neutrophil infiltration and a decrease in the expression of matrix metalloproteinase 
(MMP)-9 in the injured cortex at 24 h, leading to less BBB leakage on day three. 
These data support the idea that MSC are able to attenuate the inflammatory re-
sponse and one possible mediator is TSG−6.

Another important MSC-mediated immunomodulatory effect is the ability to 
modulate the activation state of microglia/macrophages (M, resident or infiltrated 
immune cells in the brain) toward a beneficial and protective phenotype after ce-
rebral insults. There is growing evidence that M play ambivalent roles in inflam-
mation (Lai and Todd 2008; Madinier et al. 2009; Shechter and Schwartz 2013). 
In response to TBI, M can adopt diverse, complex activation states, enabling them 
to participate in the cytotoxic response, but also in immune regulation and injury 
resolution (Kigerl et al. 2009; Longhi et al. 2013; Shechter and Schwartz 2013).

The activation states of M can be classified in two main phenotypes: classical 
activation, or M1, with pro-inflammatory and detrimental properties, and the alter-
native one, M2, with beneficial and protective functions. Among M2-activated M, 
three subsets can be distinguished with different properties: M2a with pro-regen-
erative functions (mainly growth stimulation and tissue repair), M2b with immu-
noregulatory phenotype, and M2c involved in debris scavenging and healing func-
tions (David and Kroner 2011). After acute brain injury, both M1 and M2 activation 
states are present in the injured tissue (Perego et al. 2011; Hu et al. 2012); how-
ever, the M2 phenotype vanishes very soon, favoring the balance towards the M1 
phenotype which is responsible for the continued production of pro-inflammatory 
cytokines and exacerbation of injury (Loane and Byrnes 2010). Great attention has 
been centered on MSC’s effects on M activation in different in vitro or in vivo mod-
els (Maggini et al. 2010; Ooi et al. 2010; Nakajima et al. 2012; Song et al. 2013), 
with the aim to skew pro-inflammatory M1 polarization towards M with an M2 
immunosuppressive and pro-regenerative profile. After TBI, Walker et al. (2012a) 
reported that iv injection of human BM-derived multipotent adult progenitor cells 
(MAPC, 107/kg, two injections 2 and 24 h after CCI) raised the percentage of T 
regulatory cells in the periphery (spleen and blood) and the ratio of M2/M1 microg-
lia in the brain. They reported that direct contact between MAPC and splenocytes 
is required for modulation of parenchymal microglia and attributed a central role to 
extraneurologic organs, by which transplanted cells act as “remote bioreactors” that 
boost systemic anti-inflammatory cytokine production, thereby affecting the resi-
dent microglia and the infiltrated macrophages in the peri-injury area (Walker et al. 
2012b). Our group has demonstrated that MSCs can also act as a “local bioreactor” 
in the brain (Zanier et al. 2014). MSCs injected icv 24 h after CCI induced early 
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and lasting acquisition of protective M2 traits by M. In the absence of any treatment 
the M2 wave seen 3 days after TBI vanished very soon, returning to basal levels 
7 days after injury, while after MSC treatment the significant increase of M2 traits 
at 3 days was still present 7 days after injury. MSC-treated animals also showed a 
decrease in active phagocytosis of the M populations in the perilesional cortex 7 
days after injury.

The role of phagocytosis after an acute brain injury is complex. On one hand, 
phagocytosis is needed to remove cell debris and dying cells, thus limiting the 
propagation of danger signals that can exacerbate damage progression (“secondary 
phagocytosis”). On the other hand, under certain conditions such as inflammation, 
phagocytosis can target viable neurons, causing their death (“primary phagocyto-
sis”). After injury, such detrimental phagocytic activity may result from exposure 
of eat-me signals on otherwise viable neurons as a result of subtoxic and reversible 
insult (Neher et al. 2011, 2012). The ability of MSCs to influence and limit “primary 
phagocytosis” might be a key pathway to confer protection after TBI.

A direct link between MSC infusion and changes in the activation state of mi-
croglia was established in vitro by us and others (Giunti et al. 2012). Primary mi-
croglia cultures were exposed to an inflammatory condition, followed 2 h later by 
the addition of MSCs. Pro-inflammatory stimuli induced microglia M1 polariza-
tion, while the co-culture condition was able to skew the M1 acquired phenotype 
towards M2 polarization.

These data indicate that immunomodulation is a real healing/protective mecha-
nism of action of MSCs after TBI, involving modulation of both the local and sys-
temic inflammatory responses.

11.2.4  Brain Repair

The aim of repair is to rewire or restore the damaged or missing parenchyma, yield-
ing new functional tissue. Brain repair can be considered as the ability of the CNS 
to remodel itself in response to insults that impair tissue homeostasis. Beside dam-
age, TBI induces, endogenous neurorestorative events (Richardson et al. 2007). 
The brain retains neurogenic zones with neural stem cells that can differentiate into 
functional neurons (Kokaia and Lindvall 2003; Zhao et al. 2008). Like neurogen-
esis, other endogenous restorative processes take place in the traumatized brain 
and include gliogenesis, angiogenesis, synaptic plasticity and axonal sprouting. All 
these events: (1) are stimulated by endogenous growth factors, (2) may continue 
for weeks and months, (3) may contribute to functional and structural recovery. 
However, these spontaneous brain restorative processes are largely ineffective in 
counteracting the progression of damage and cumulative increases in injury over 
time. Providing the injured tissue with a facilitatory milieu that enhances neuro-
regeneration is an important additional therapeutic strategy. The roles of MSCs in 
neurogenesis, synaptic plasticity and axonal sprouting and in angiogenesis/vascular 
repair are discussed under the heading below.
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11.2.4.1  Neurogenesis

The beneficial effects on functional and structural damage after MSC infusion in 
TBI models are not the result of replacement of injured or dead cells with exog-
enous cells. The first experimental study using MSCs for TBI was published in 
2001 by Chopp and collaborators (Lu et al. 2001b) and showed that MSCs infused 
intravenously 24 h after TBI improved motor function in rats. Analysis of their fate 
showed that less than 0.005 % of transplanted MSCs migrated to the injured cere-
bral area and only 5 % expressed the neuronal marker NeuN and 7 % the astrocytic 
marker glial fibrillary acidic protein (GFAP). The same group then worked to in-
crease the engraftment rate in the traumatically injured area by intra-arterial (ia) (Lu 
et al. 2001a) or intracerebral (ic) (Mahmood et al. 2002) injection or by culturing 
MSCs with neurotrophic factors (Lu et al. 2001a). In vivo neuronal differentiation 
occurred in a negligible number of MSCs, with no relationship between route of 
administration and degree of efficacy. In the context of TBI no evidence has ever 
been provided that neurons newly generated from MSCs become functionally ac-
tive. In some studies functional improvement was induced by MSCs in the absence 
of any neuronal differentiation (Mahmood et al. 2005; Mori et al. 2005) and there is 
ample evidence that MSC-treated animals enjoy long lasting protection even when 
no transplanted cells are found in the brain injured tissue (Chen et al. 2005; Kim 
et al. 2010; Zanier et al. 2011; Pischiutta et al. 2014). These findings, along with 
evidence that transplanted MSCs induce early (days-weeks) functional improve-
ment suggest that the beneficial effects are due to stimulation of endogenous neu-
roreparative processes through a paracrine action, so neuron replacement is not the 
primary mechanism of MSC-induced protection.

The observation that MSCs may promote endogenous restorative processes 
through interaction with local neural cells is consistent with several studies show-
ing the induction of local neurogenesis after MSC infusion in acute brain injured 
rodents. After TBI we found greater expression of doublecortin (DCX, a marker 
of developing neurons) in the subventricular zone (svz) of MSC-treated than in 
untreated TBI mice at 5 weeks post-injury (Pischiutta et al. 2014). Similarly, Mah-
mood et al. found an increased proliferation rate (5-bromo−2-deoxyuridine (BrdU) 
positive cells) in the svz and subgranular zone (sgz) of traumatized rats treated with 
MSCs (Mahmood et al. 2004b). This effect was regularly detected after iv, ic or icv 
MSCs (Mahmood et al. 2004b).

11.2.4.2  Synaptic Plasticity and Axonal Sprouting

Neuroplasticity is a major compensatory mechanism following acute brain injury. 
Through axonal sprouting, undamaged axons can reconnect neurons whose links 
were injured or disrupted or can establish new networks with undamaged neurons. 
Thus adjacent viable regions of the cortex might function vicariously after injury 
(Nudo 2013). The MSC’s ability to foster synaptic processes after TBI was demon-
strated by infusing a fluorescent dye (DiI) into the contralateral cortex 5 weeks after 
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injury and measuring its transport from the injection site to the injured hemisphere 
through the corpus callosum 1 week later (Xiong et al. 2009). MSC-treated animals 
had a greater axonal fiber length that was directly correlated to performance in be-
havioral tests, indicating that neuroplastic processes are enhanced by MSCs, and can 
promote neuronal connectivity by directing axonal projections, neurite outgrowth 
and elongation in the injured cortex. Reduction of the growth inhibitory molecule 
Nogo-A is linked to MSC promotion of neuroplastic processes (Mahmood et al. 
2013a). Nogo-A is a myelin-derived inhibitor of axonal outgrowth highly expressed 
in scar tissue after TBI (Yang et al. 2013). Acute glial activation is needed to clear 
excessive glutamate release and remove dying cells and cellular debris after injury, 
limiting damage progression (Laird et al. 2008; Loane and Byrnes 2010). However, 
excessive glial scar in chronic stages inhibits remodeling (Iseki et al. 2012; Lin 
et al. 2014). Our group has demonstrated that both cord blood (Zanier et al. 2011) 
and BM (Pischiutta et al. 2014) derived MSCs inhibit glial scar formation around 
the traumatized area 5 weeks after injury, with smaller lesion volume and better 
functional recovery. Thus, inhibition of gliotic scar and reduction of inhibitory mol-
ecules by MSCs render the damaged tissue more permissive to neuroregenerative 
and neuroplastic processes, fostering recovery and better outcome. Whether MSCs 
are directly involved in promoting plasticity of the injured neurons and prolifera-
tion of the endogenous cells in the subventricular zone or whether this is due to the 
interaction between MSCs and glial cells which, in turn, will be induced to secrete 
neurotrophins, still needs to be clarified.

11.2.4.3  Angiogenesis/Vascular Repair

The human brain accounts for 2 % of body weight but receives about 20 % of cardi-
ac output and uses about 20 % of oxygen. Brain glycogen reserves are very limited 
so cerebral metabolism depends strictly on blood flow and energy supply. Deficient 
delivery of oxygen, glucose and nutrients increases susceptibility to neuronal injury. 
Global and regional cerebral ischemia/hypoperfusion have been observed in animal 
models of TBI and in brain-injured patients, after analysis of post-mortem tissue 
(Jones et al. 1981; Graham et al. 1989; Jenkins et al. 1989). Therapeutic strategies 
to restore blood flow and brain oxygenation are therefore particularly important for 
the vulnerable perilesional tissue that can be preserved from secondary damage and 
death if oxygen and glucose delivery is adequate.

Strategies aimed at restoring cerebral blood flow (CBF) after TBI may act on 
different mechanisms including vascular preservation from secondary damage and 
angiogenesis/vascular remodeling. MSC effects on CBF have been examined in 
live animals by magnetic resonance imaging (MRI) (Li et al. 2011). CBF was quan-
tified by arterial spin-labeling done longitudinally on rats up to 6 weeks post-TBI. 
TBI induced an early, persistent reduction of CBF (< 30 mL/100 g/min) in the me-
chanically damaged and remote regions. MSCs restored and preserved CBF in the 
brain regions adjacent to and further from the lesion at chronic stages (3–6 weeks), 
showing their ability to improve hemodynamics and moderate post-TBI hypoperfu-
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sion. Post-mortem analysis showed MSCs boosted vascular density in the pericon-
tusional area when administered in the acute phase (24 h) (Pischiutta et al. 2014; 
Mahmood et al. 2007; Qu et al. 2008), or in the sub-acute phase (7 days) (Qu et al. 
2009) after TBI and even at 2 months (Bonilla et al. 2009). In principle a rescue 
effect on pre-existing vessels and/or the promotion of neoangiogenic processes may 
be responsible for the increase in vessel density, though the effects after delayed 
administration of MSCs clearly support a regenerative action on brain vasculature. 
Gene expression microarray analysis on MSCs in vitro detected the expression of 
genes involved in angiogenic processes that could potentially sustain both neuro-
vascular repair at early stages and neovascularization later (Qu et al. 2011). The vas-
cular network improved when MSCs were transplanted ic (Qu et al. 2008; Bonilla 
et al. 2009) or icv (Pischiutta et al. 2014) suggesting a paracrine effects of infused 
MSCs. However, neurovascular protection has also been seen after systemic infu-
sion of MSCs (Menge et al. 2012), presumably due to a different mechanism. In 
this setting the tissue inhibitor of matrix metalloproteinase−3 (TIMP−3) has been 
identified as a critical factor. Iv injected MSCs are mainly trapped in the lungs 
where, interacting with pulmonary endothelial cells, they secrete TIMP−3 which 
significantly reduces BBB leakage. Thus, MSCs do sustain the brain vasculature 
and promote angiogenesis, acting as local bioreactors, as well as interacting with 
extra-neurologic organs, providing a “remote” systemic control.

11.3  Manipulation of MSCs: Engineered Stem Cells, 
Survival-Promoting Scaffolds

Tissue engineering combines scaffolds (spatially guiding tissue regeneration), 
transplantation of cells (engrafting and/or providing a favorable regenerative en-
vironment) and delivery of different biomolecules (trophic factors, modulators 
of inflammatory molecules) in the hope that combinatory strategies may be more 
effective in achieving tissue repair. Scaffolds are supporting elements of various 
compositions and shapes. For TBI, which causes a mixture of dead, contused and 
spared tissue, injectable rather than preassembled scaffolds may be preferred. The 
infusion of injectable scaffolds minimizes the risk of damaging intact surround-
ing tissue (Delcroix et al. 2010; Saracino et al. 2013). Collagen (Lu et al. 2007; 
Qu et al. 2009, 2011; Xiong et al. 2009; Mahmood et al. 2011, 2013b, 2014; Guan 
et al. 2013), fibrin (Yasuda et al. 2010) and alginate (Heile et al. 2009) scaffolds 
have been seeded with BM-MSCs and transplanted up to 7 days after injury in 
rodents. Details of the protective/regenerative effects observed in the different stud-
ies, mostly from the same leading group, are provided in Table 11.1. On the whole, 
implanting human MSCs with scaffolds is more effective than implanting the cells 
alone. The mechanical and molecular 3D environment of the scaffolds improves 
transplanted MSCs survival and stimulates their expression of trophic molecules, 
fostering regenerative processes in the injured brain. Whether these effects depend 
on the scaffolds increasing delivery of donor MSCs at the injury site, or whether 
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scaffolds also modify the molecular properties of MSCs is not clear. Nanostructured 
scaffolds for neuroregenerative purposes hold promise, but further work is needed 
to develop fully biodegradable injectable scaffolds, biocompatible for surgical use.

11.4  Challenges Involved in the Therapeutic Use of MSCs

11.4.1  MSC Heterogeneity

The protection observed in experimental models varies widely in different studies. 
Next to conceptual issues and methodological differences between injury models 
and laboratories, heterogeneity of MSC populations may contribute to disparate 
outcomes. This heterogeneity is at various levels. The first is donor-to-donor het-
erogeneity. Every MSC donor intrinsically differs genetically, physiologically, etc., 
and this may for example affect the patterns of MSC gene expression, differentiation 
capacity and secretion of bioactive molecules. Donor age also clearly contributes to 
differences in BM-derived MSCs, though heterogeneity has also been observed in 
MSCs isolated from age- and sex-matched donors (Phinney 2012; Dimarino et al. 
2013). Another level of heterogeneity is between MSC populations isolated from 
different human tissues. MSCs from different sources cannot be considered entirely 
equivalent in terms of their immunophenotype, secretory and proteomic profile, 
differentiation potential and immunomodulatory ability (Phinney 2012). One ex-
planation may relate to the in vivo origin of MSCs from different tissues, which 
can influence the commitment, phenotype and functions of the cells differently. 
However, there are only a few studies directly comparing gene and protein expres-
sion and potential of cells isolated from different sources and comparison is further 
complicated because different laboratories use non-standardized isolation and cul-
tivation methods.

A further level of heterogeneity is intra-population heterogeneity. MSCs iso-
lated from a specific source still tend to be heterogeneous populations which, when 
cultured, may contain both undifferentiated stem/progenitor cells and more mature 
cell types, with different functional abilities (Magatti et al. 2008; Bernardo et al. 
2009; Meirelles and Nardi 2009). In the case of BM-MSCs this heterogeneity has 
been detected using different experimental approaches, including transcriptome or 
immuno-staining analysis as well as assays aimed at investigating differentiation 
abilities (Phinney 2012). The question of MSC heterogeneity is even more complex 
since culture and expansion conditions can introduce experimental artefacts, modi-
fying the expression of natively expressed markers and promoting the expression of 
new ones, altering the original cellular phenotype and functions. Additional work is 
urgently needed to identify the specific properties of each MSC sub-population and 
to understand the determinants of intrinsic MSC heterogeneity. This is vital in order 
to reduce experimental and clinical variability, predict MSC in vivo potency and 
develop successful MSC-based treatment transferable to the clinic.
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11.4.2  Autologous or Allogenic Transplant  
and Immunosuppression

The choice of rodent or human MSC sources in the experimental regenerative field 
is still in its early years. On one hand, rodent MSCs allow syngenic or allotrans-
plants which are the conditions faced in the clinical setting (matched human MSCs 
transplanted in patients). On the other hand, human MSC candidates for clinical use 
need to be tested in rodent models to assess their efficacy, long-term effects, and 
safety and to obtain regulatory approvals. The minimum criteria required to define 
MSCs are applicable specifically to humans, and cannot be entirely extended to 
cells isolated from other species. Rodent MSCs differ from human MSCs in marker 
expression and in some of their general characteristics and potency (Peister et al. 
2004; Chamberlain et al. 2007) (see Sect. 11.1). If rodent MSCs are fundamental 
as proof of concept studies, human MSCs offer a higher predictive value but their 
efficacy and mechanisms of action need to be fully addressed in the experimental 
setting in order to move to clinical trials.

Autologous stem cells have been the treatment of choice in TBI trials so far. 
Harvesting patient-specific MSCs poses timing, logistic and standardization con-
straints. To interact promptly with pathological pathways of secondary damage and 
to foster restorative processes, MSCs have to be transplanted in the acute phase. 
This limits the possibility of autologous transplantation. The transplantation of 
bank-stored GMP-grade certified MSCs may overcome some of the logistic limita-
tions associated with autologous MSCs in the organ transplant setting and allow 
institutions without GMP facilities or the capacity to isolate MSCs to participate 
actively in this field of research. While the autologous MSC product can introduce 
differences in cell potency related to the patient’s age and disease (Pietilä et al. 
2012), allogenic cell transplant can be easily standardized and therefore provide 
more comparable results among different trials (Franquesa et al. 2013). Allotrans-
plant, however, poses the risk of host rejection due to immunological mismatch. 
Thus, immunosuppression becomes a critical question before cell therapy can move 
to clinical application.

Data from acute brain injury models, including TBI (Kim et al. 2010; Li et al. 
2011; Zanier et al. 2011), stroke (Nomura et al. 2005; Wakabayashi et al. 2010; 
Xin et al. 2010) and spinal cord injury (Yang et al. 2008; Hu et al. 2010; Cizkova 
et al. 2011), show the efficacy of allo- and xeno-transplanted MSCs with different 
immunosuppression strategies (Anderson et al. 2011). MSCs do not appear to re-
tain intrinsic immunogenic properties, do not trigger alloreactivity and can survive 
and differentiate into allogenic or even xenogenic immunocompetent recipients in 
vivo (Atoui and Chiu 2012). Thus, MSCs have been proposed as “universal donor 
cells”. However, emerging reports have challenged the limited immunogenicity of 
allogenic MSCs (Eliopoulos et al. 2005; Nauta et al. 2006; Knaän-Shanzer 2013) 
and there are also conflicting findings regarding immunogenicity of differentiated 
BM-derived MSCs (Knaän-Shanzer 2013). MSCs are rejected after xenotransplan-
tation into the ischemic rodent myocardium and immunosuppression is needed to 
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improve their efficacy and survival in the ischemic heart (Grinnemo et al. 2004, 
2006). Transplantation of MSCs into the non-injured adult rodent brain can induce 
an inflammatory response leading to rapid and complete rejection of the transplant-
ed cells, preventing plastic effects (Coyne et al. 2006, 2007). Consequently, the im-
munological impunity of MSCs in vivo is not fully supported. Immunosuppression 
in TBI patients clearly has dangerous implications because it increases susceptibil-
ity to infection which is directly related to unfavorable outcomes (Stocchetti 2005; 
Zygun et al. 2006). We have recently analyzed the specific contribution of immu-
nosuppressive treatment to MSC efficacy for TBI, xenotransplanting human MSCs 
into mouse hosts, a condition that amplifies immunological mismatch-related prob-
lems (Pischiutta et al. 2014). MSCs had similar effects in immunosuppressed and 
immunocompetent mice on all outcome measurements at 1 month post-TBI (i.e. 
sensorimotor and cognitive deficits, contusion volume, vascular density, gliotic 
scar, neurogenesis). No signs of early xenogenic rejection (3 days post-injury) were 
observed and at longer time points (35 days post-injury). MSCs showed similar 
presence in immunosuppressed and immunocompetent traumatized brains, indicat-
ing that after TBI MSCs injected in the acute phase can escape the normal processes 
of xenogenic rejection. These results constitute a step forward for the development 
of MSC therapies for TBI, suggesting that MSCs isolated and expanded from do-
nors, tested for their functional abilities and stored as an “off the shelf” medicinal 
product, may be made immediately available, with no delay to therapy and multiple 
doses can be given if necessary.

11.4.3  Cell Administration Route

Various routes of administration of MSCs have been employed in experimental 
models of TBI and protection has been reported after iv, ia, ic or icv infusion. Thus 
different routes can be taken into consideration after TBI. Below we discuss some 
of the advantages and limitations of each route. We also suggest that the biology of 
TBI and its heterogeneity could be important factors in deciding the route of choice.

11.4.3.1  Systemic MSC Administration

Intravenous Delivery. A number of preclinical studies (Mahmood et al. 2005; 
Harting et al. 2009; Zhang et al. 2013) used iv infusion for cell delivery for TBI. 
The iv route has two important advantages: (1) it is minimally invasive and, com-
pared to direct transplantation into the central nervous system, overcomes the risks 
of bleeding and tissue injury; (2) it can be done quickly thus allowing timely treat-
ment. However, some limitations also need to be considered. An initial obstacle 
to iv delivery is the large proportion of first-pass pulmonary sequestration. Many 
studies in animal models have shown that iv infusion of MSCs does not yield a large 
number of cells reaching the organ of interest, because the majority are trapped 



24111 The Contribution of Mesenchymal Stromal Cells in Traumatic Brain Injury

in the lungs (Schrepfer et al. 2007; Fischer et al. 2009). Pulmonary sequestration 
is primarly related to the MSC size. Schrepfer et al. showed that the mean size of 
suspended mouse MSCs (15–19 μm) is bigger than the pulmonary capillaries so 
most of the iv-injected MSCs are trapped in the capillaries, preventing access to the 
intended organs (Schrepfer et al. 2007). Besides cell size, the expression of adhe-
sion molecule by MSCs is another important factor in pulmonary sequestration. 
Pre-clinical studies have shown that MSCs interact with endothelial cells, engaging 
P-selectin and vascular cell adhesion molecule−1 (VCAM−1) (Rüster et al. 2006). 
The inactivation of VCAM−1 counter ligand (VLA−4/CD49d) on the MSC surface 
blocks the MSC-endothelial interaction resulting in a significant increase of MSCs 
in the arterial system (Fischer et al. 2009).

Syngenic stem cell passage across the pulmonary circulation was investigated 
in anesthetized Sprague-Dawley rats, using silicone tubing catheters placed in the 
left internal jugular vein and common carotid artery to measure pulmonary passage 
of MSCs, MAPCs, neural stem cells (NSCs) and BM derived mononuclear cells 
(BMMCs) (average diameters respectively 18, 15, 16 and 7 µm) co-labeled with 
specific nanocrystals and infused iv. The labelled cells in the arterial circulation 
and in peripheral filter organs (lungs, spleen and kidney) were quantified by flow 
cytometry and infrared imaging, respectively. MSC pulmonary sequestration was 
30 times that of BMMCs (Fischer et al. 2009). Two independent studies found that 
after TBI, only 0.001 % of iv injected cells were found in the brain or organ systems 
other than lung parenchyma 2–3 days after injection (Harting et al. 2009; Prockop 
and Oh 2012). These studies strongly suggest that the efficacy after MSC iv infu-
sion is very likely unrelated to the MSCs reaching the injured tissue but that infused 
MSCs act as remote “bioreactors” stimulating resident cells in lung (macrophages) 
and spleen (T-cells) to acquire an anti-inflammatory phenotype (Harting et al. 2009; 
Prockop and Oh 2012; Walker et al. 2012b) thereby promoting resolution of the 
brain injury.

Intra-Arterial Delivery. The rationale behind ia administration is to bypass the pul-
monary first pass effect, increasing delivery of infused cells to the target tissue. 
However, microvascular occlusions have been documented and CBF impairment 
(80–90 % reduction in laser Doppler flow signal) have been shown to occur in 35 % 
of treated animals (Walczak et al. 2008). More encouraging results were obtained 
by Lundberg and collaborators (Lundberg et al. 2012) who reported no thromboem-
bolic complications after ia delivery. The presence of human MSCs in the brain was 
higher compared to iv administration, but the contusion model they used was not 
associated with any gross neurological symptoms, thus preventing the assessment 
of stem cell transplantation efficacy.

Additional studies are needed to establish if ia transplantation of MSCs gives 
more favorable effects than iv injection. Furthermore, while this approach may be 
particularly interesting in ischemic stroke when an endovascular procedure may 
already be planned, in TBI patients who have intracranial pressure and perfusion 
pressure problems, all the complications associated with carotid puncture/manipu-
lation must be carefully evaluated before considering this strategy as promising.
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11.4.3.2  Focal MSC Administration

Intracerebroventricular Delivery. Icv cannulation in human TBI is invasive and 
may have significant complications; however, it is recommended by authoritative 
guidelines for intracranial pressure monitoring of severe TBI in the intensive care 
unit (Brain Trauma Foundation et al. 2007; Stocchetti et al. 2008). In these patients, 
this site would therefore be free from additional surgical complications and offer the 
advantage of focal administration directly in the region of interest.

In mice icv administration of human umbilical cord blood or BM-MSC induced 
lasting improvement in sensorimotor and cognitive functions and reduced contu-
sion volume 1 month after TBI (Zanier et al. 2011; Pischiutta et al. 2014). Our data 
provide evidence that MSCs can also act as a local “bioreactor” in the brain. In our 
model icv injected MSCs are detected in the ventricles and at the lesion site for up 
to 5 weeks in TBI mice, but are confined to the ventricles in sham-operated mice 
(Pischiutta et al. 2014) supporting a local action of MSCs on host tissue. However, 
further studies are necessary to see whether if direct contact between MSCs and the 
injured cells in vivo is needed for protection, as previous evidence suggests that 
MSCs may act through the release of active molecules rather than through cell-to-
cell contact (Zanier et al. 2011; Walker et al. 2012b).

Intracerebral Delivery. The rationale for ic stem cell implantation is to maximize 
the MSCs load at the site of injury. However, increasing evidence that MSC engraft-
ment is not required for therapeutic efficacy challenges this approach. Furthermore, 
BM-MSC differentiation could trigger immune rejection (Niemeyer et al. 2008; 
Huang et al. 2010) probably due to a switch in surface-MHC molecule composi-
tion during MSC differentiation, as described in the heart (Huang et al. 2010). The 
invasiveness of the ic approach and the possibility of further tissue damage during 
cell transplantation make this strategy unlikely in the treatment of TBI at the pres-
ent time.

The decision on the administration route is therefore fundamental in the defini-
tion of a clinical protocol. Issues to be considered are the type of injury, the biodis-
tribution of injected cells and the cell type. Iv administration offers easy access and 
the potential for broad distribution, but has the disadvantage of a large pulmonary 
first-pass effect, thus significantly reducing the cells delivered to the arterial cir-
culation. Ia delivery can target the injured tissue better, but it can cause emboli, 
impairing blood flow and worsening the clinical outcome. Icv delivery may be the 
choice in a selected group of severe TBI patients.

11.4.4  Treatment Timing and Doses

The optimal timing of therapeutic MSC administration after TBI is a point open for 
discussion. There is ample evidence of the reciprocal interaction between infused 
MSCs and endogenous cell population. After TBI, the severity and kinetics of the 
TBI-related metabolic cellular and molecular cascades are the determinants of the 
injured microenvironment that, with time, may be more or less permissive to MSC 
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functions. At present, technical aspects related to patient stabilization and identifi-
cation of the patient-matched allogenic MSCs set the lower limit of the window of 
treatment at approximately 12–24 h post-TBI. No robust data are available to define 
the upper limit. However, considering the rapid evolution of secondary damage 
involving pericontusional cerebral tissue that could be rescued, it seems reasonable 
to treat the patient as soon as possible.

Preclinical studies in rodents report a wide range of TBI-to-transplantation in-
tervals, with a preference in the acute phase (within 24 h). Both systemic (Lu et al. 
2001b; Mahmood et al. 2001a, 2003, 2004a; Harting et al. 2009; Kim et al. 2010; 
Menge et al. 2012; Watanabe et al. 2013; Zhang et al. 2013; Tajiri et al. 2014) and 
central (Mahmood et al. 2001b, 2002, 2004b; Chen et al. 2005; Mori et al. 2005; 
Walker et al. 2010; Zanier et al. 2011; Wang et al. 2013; Pischiutta et al. 2014) 
administration of MSCs within the first 24 h after injury have resulted in improve-
ments of functional and structural outcome in the chronic stages by multiple mecha-
nisms of protection and repair.

Sub-acute transplantation (day 4–7 after injury) has shown protective effects too 
after systemic (Li et al. 2011; Matsumoto et al. 2013) or central infusion (Xiong et al. 
2009; Mahmood et al. 2011; Qu et al. 2011). Acute and sub-acute transplantation 
have been recently compared (Han et al. 2013) by transplanting MSCs one or 7 days 
after injury in the corpus callosum ipsilateral to the injured site. The results show that 
injection on day 7 produces greater functional and structural improvements 1 month 
post-TBI than the injection on day one. Confirmatory studies by independent research 
groups are needed to further explore the therapeutic window.

Repeated administration could be a strategy to obtain a “booster effect”, com-
bining acute and sub-acute doses through a multiple delivery system. Acute MSC 
infusion will allow the interaction with early pathologic pathways and sub-acute 
administration will replace any MSCs may have been damaged or eliminated, al-
lowing the stimulation of protective and restorative processes. No data are available 
in TBI so far and this possibility needs to be explored in order to confirm a potential 
advantage and exclude any secondary side effects.

Finally, treatment in the chronic phases of TBI were investigated by Bonilla and 
co-workers. They showed that MSC ic infusion into the lesion core 2 months af-
ter injury improved sensorimotor deficits and promoted neurorestorative processes 
(increase of vessel density and endogenous neurogenesis) (Bonilla et al. 2009); iv 
injection at the same time failed to induce any significant difference between MSC-
treated and control animals (Bonilla et al. 2012). These data suggest that at chronic 
stages MSCs can still act as a local bioreactor promoting endogenous brain restor-
ative processes. A pivotal mechanism of iv MSC infusion is the modulation of the 
focal and systemic inflammatory environment, which is no longer affected by later 
treatment.

To conclude, no systematic analysis of transplantation timing and its effect on 
TBI sequelae has been done yet. More experimental data are needed to clarify the 
ideal timeframe for MSC transplantation in order to identify the best approach in 
the clinical setting.

As for the timing of transplantation, there is no a consensus on the ideal 
MSC dose. Depending on the route of delivery and the animal model used, most 
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experimental studies use the maximum dose that does not affect the animal’s health 
(e.g. obstructing vessels with cellular emboli in case of iv injection) or cell viability 
(e.g. inducing cell mortality due to constriction in the syringe needle).

Iv injections in rat models go from two (Lu et al. 2001b; Mahmood et al. 2001a, 
2004a; Kim et al. 2010), three (Li et al. 2011) or four (Harting et al. 2009; Zhang 
et al. 2013; Tajiri et al. 2014) million-MSCs, while in mouse models the range is 
between 300,000 (Qu et al. 2009; Matsumoto et al. 2013) and one (Watanabe et al. 
2013) or 2 million (Menge et al. 2012) MSCs.

Smaller amounts are commonly used for cerebral infusion: the icv dose to 
mice never exceeds 150,000–200,000 MSCs (Chen et al. 2005; Zanier et al. 2011; 
Pischiutta et al. 2014), while MSCs transplanted directly in the lesion cavity in 
rats range from 3 to 400,000 (Mori et al. 2005; Lu et al. 2007) to one (Mahmood 
et al. 2001b, 2002; Walker et al. 2010; Wang et al. 2013) or 5 million (Bonilla et al. 
2009). MSCs impregnated into scaffolds transplanted into the lesion core of rats 
have been seeded at dose of 10,000 cells (Yasuda et al. 2010), 64,000 (Heile et al. 
2009) or 3 million (Lu et al. 2007; Xiong et al. 2009; Mahmood et al. 2011, 2013a; 
Qu et al. 2011; Guan et al. 2013) while the only dose tested in mice was 300,000 
MSCs (Qu et al. 2009).

A vast range of MSC doses have been investigated up to now, but few studies 
have tried to identify a dose-response effect. Mahmood and co-workers directly 
compared different doses: 1 or 2 million MSCs injected iv in rats 24 h after injury 
had different effects on sensorimotor function, with significant improvement only 
after the highest dose (Mahmood et al. 2003). However, they found no dose-depen-
dent effect when infusing 2, 4 or 8 million MSCs in the same experimental setting 
(Mahmood et al. 2005).

To conclude, there is no agreement on dose-dependent effects of MSC infusion 
and more studies are needed to clarify the issue. However, translation of results 
from the experimental setting to the clinical context is rarely possible.

11.5  Clinical Trials of MSCs for TBI Patients

ClinicalTrials.gov (http://clinicaltrials.gov/) is the world’s largest registry and result 
database of publicly and privately supported clinical trials (CTs). It currently lists 
160,935 trials in 185 countries. This dataset is maintained by the US National Li-
brary of Medicine at the National Institutes of Health. Reviewing the clinical trials 
in ClinicalTrials.gov, we found 4598 trials in response to the search criteria ‘stem 
cell* OR stromal cell*’. The strategy used to refine the search and to identify only 
CTs focused on the use of MSCs in acute brain injury is detailed in Fig. 11.2A. 
Among the 4598 CTs, 81 involved acute neurological conditions and 23 used MSCs 
(Fig. 11.2). The majority of the CTs were conducted on stroke (12 CTs; 52 %) and 
in spinal cord-injured patients (10 CTs, 43 %); one (4 %) was on intraparenchymal 
hemorrhage and none in TBI patients.

To date CTs with adult stem/stromal cells in TBI have all focused on acute in-
terventions with an autologous source, thus excluding the use of MSCs that need 
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time and manipulation in order to be selected and expanded (Fig. 11.2B). There are 
four CTs with BM-derived mononuclear cells (BMMCs), a heterogeneous popula-
tion that includes MSCs together with hematopoietic stem cells, lymphoid cells 
(lymphocytes, plasma cells), monocytes and macrophages. The main features of 
these trials are summarized in Table 11.2 and will be discussed briefly since we 
believe they are of interest even if slightly out of focus. One CT (NCT00254722) 
has been completed while the other three (NCT01575470, NCT01851083 and 
NCT02028104) are currently recruiting participants. Three of them are led by the 
same group (The University of Texas Health Science Center, Houston, USA).

NCT00254722 is a Phase I non-randomized, trial carried out in Houston (Texas 
USA) from April 2006 to November 2009. It was designed to evaluate the logistics, 
feasibility and safety of BMMC autologous transplantation in children after TBI. 
The secondary objective was to investigate whether the late functional outcome was 
improved by BMMCs compared to age and severity matched concomitant controls, 
in order to estimate the potential treatment effect size for future trial planning. Ten 
children (aged 5–14 years) with acute TBI (within 24 h) and a post-resuscitation 
Glasgow Coma Scale of 5–8 were recruited. Patients were treated with 6 million 
autologous BMMCs/kg body weight delivered intravenously within 48 h after TBI. 

Fig. 11.2  Clinical trials (CTs) registered in ClinicalTrials.gov and focused on stem/stromal cells 
for acute neurological conditions on 12 February 2014. CTs were first selected by the search 
criteria ‘stem cell* OR stromal cell*’. Then, in the “condition” field acute neurological injuries 
(e.g. TBI, spinal cord injury, stroke and brain hemorrhage) were targeted. CTs not involving neu-
rological conditions/diseases and acute mechanism of disease were rejected. Last, adding “mes-
enchymal” in intervention field (A) resulted in 23 trials, but none were focused on TBI. Appling 
the wider intervention criteria ‘bone marrow OR amniotic OR cord blood OR adipose’ in the field 
‘interventions’ (B) four TBI CTs were identified
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The safety of the procedure was evaluated by monitoring systemic and cerebral he-
modynamics during BM harvest; infusion-related toxicity was determined by pedi-
atric logistic organ dysfunction scores, hepatic enzymes, Murray lung injury scores 
and renal function. One and 6 months post-injury, conventional MRI, neuropsycho-
logical and functional outcome measures were obtained. Infusion of BMMCs to 
acutely treat severe TBI in children appeared to be safe. There were no episodes of 
harvest-related depression of systemic or cerebral hemodynamics and no detectable 
infusion-related toxicity. MRI 1 and 6 months post-injury showed no significant de-
crease in grey matter, white matter or intracranial volume; there was no significant 
rise in cerebrospinal fluid volume during the study. Assessment of functional and 
neuropsychological outcome 1 and 6 months post-TBI showed improvements in all 
scores examined. The dichotomized Glasgow outcome scale at 6 months showed 
70 % good to 30 % bad outcome or death, which is similar to other major reports in 
pediatric severe TBI (Cox et al. 2011). However, although structural preservation 
and improved functional outcomes were observed, the study was underpowered and 
not designed to assess therapeutic efficacy.

The safety of the protocol led to the controlled prospective, randomized, blinded 
phase II ongoing trial (August 2013–June 2018) NCT01851083,designed to deter-
mine the effect of iv infusion of autologous BMMCs on brain structure and neuro-
cognitive/functional outcomes after severe TBI in children (aged 5–15 years, post-
resuscitation Glasgow coma scale, (GCS, 3–8, recruitment within 24 h of injury). 
BM was harvested within 36 h of injury, followed by a single infusion of BMMCs.

NCT01575470 (March 2012–June 2014) is a Phase I/II trial, designed as a dose-
escalation study, consisting of four cohorts of five adult TBI patients cohorts (age 
18–55 years, admission GCS 5–8). The investigator’s primary hypothesis is that 
autologous BMMCs transplantation after TBI is safe (harvest-and infusion-related 
toxicity). The secondary hypothesis is that: (1) functional outcome measures will 
improve after BMMC infusion, (2) BMMC infusion will reduce BBB permeability, 
(3) BMMCs are neuroprotective and preserve grey and white matter structures as-
sessed by diffusion tensor MRI.

NCT02028104 (March 2010–January 2015) is a Phase I trial led by the Neurogen 
Brain and Spine Institute (Mumbay, India). The purpose is to evaluate the effect 
of stem cell therapy on common symptoms in patients with TBI. BMMCs are 
administered intrathecally in 6 months to 65-year-old patients. Unlike the other CTs 
mentioned so far patients with chronic TBI are enrolled in this trial.

Considering the overall analysis of CTs focused on TBI, some observations can 
be made. First, most of them are safety trials and are not powered to detect func-
tional measures of efficacy. However, valid estimates can be made from these find-
ings to allow controlled phase II trials. Second, none of them uses pure MSCs but 
rely on an autologous source, using the more heterogeneous population of BMMCs. 
Finally, the patients are mainly children, who have greater neurologic plasticity 
with a unique injury pattern compared to adults.
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Abstract Traumatic Brain Injury (TBI) is one of the leading causes of death and 
disability worldwide. Experimental research during the past decade has increased 
our understanding of the pathophysiology of TBI and allowed us to develop neu-
roprotective pharmacological therapies. However, to date, no therapeutic approach 
has been proven effective in reversing the pathologic cellular sequelae underlying 
the progression of cell loss and in improving neurobehavioral outcome. Embryonic 
stem cells (ESC) are pluripotent cells with the ability to differentiate into any brain-
tissue-specific cell type. Therefore ESC may possess great therapeutic potential in 
brain injury. Therefore ESC transplantation has begun to be evaluated in several 
models of experimental TBI, with promising results. The following is a compen-
dium of these new and exciting studies, including a critical discussion of the ratio-
nale and hazards associated with ESC transplantation techniques in experimental 
TBI research.
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Abbreviations

TBI Traumatic Brain Injury
ESC Embryonic stem cells
BBB Blood-brain barrier
CCI Controlled Cortical Impact
CNS Central nervous system
FP Lateral fluid percussion brain injury
IFN Gamma interferon-gamma
TNFalpha Tumor necrosis factor-alpha

12.1  Introduction

Traumatic Brain Injury (TBI) is one of the leading causes of death and disability 
worldwide (Bruns et al. 2003). Thus, it is a highly relevant medical and socio-
economic problem of modern society. During the last two decades, acute pre- and in 
hospital care, time management, diagnostic procedures, and rehabilitation strategies 
have substantially improved the level of care and outcome following TBI (Maegele 
et al. 2007). But still, to date, no therapeutic approach has been proven effective in 
reversing the pathologic cellular sequelae underlying the progression of cell loss 
and in improving neurobehavioral outcome. As the brain has limited capacity for 
self-repair, restorative approaches with focus on replacement and repair of dysfunc-
tional and dead cells by transplantation of embryonic stem cells (ESC) following 
TBI has been studied. The therapeutic potential of these cells has been examined 
in experimental brain injury using a variety of approaches. An overview of current 
pre-clinical knowledge with respect to ESC replacement into the experimentally 
injured brain is presented.

12.2  Traumatic Brain Injury—A Disease Characterized 
by Cell Loss

The pathologic sequelae after TBI are separated into the following: The primary 
injury with immediate and nonreversible mechanical damage to the central nervous 
system (CNS) that occurs at the moment of impact, and secondary or delayed inju-
ry: An unclarified pathologic cascade that is initiated at the moment of the traumatic 
insult and progresses up to months or even years. This secondary injury to the CNS 
is a complex network of interacting structural, functional, cellular, and molecular 
changes, including breakdown of the blood-brain barrier (BBB), edema formation 
with brain swelling, impairment of energy metabolism, changes in cerebral perfu-
sion, ionic dyshomeostasis, activation of destructive neurochemicals and enzymes, 
generation of free radicals, and genomic changes. Alone or in combination these 
events may lead to delayed cell death (Laurer et al. 1999).
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Today consensus is reached that the stimulation of regenerative potentials within 
the injured adult central nervous system requires one or more of the following pro-
cesses (Schouten et al. 2004):

• Cellular replacement,
• delivery of neurotrophic factors,
• removal of growth inhibition,
• promotion of axonal guidance,
• adequate intracellular signaling,
• bridging and artificial substrates, and
• modulation of the host immunoresponse.

The development of clinically relevant experimental models of TBI has greatly in-
creased our understanding of the pathophysiology of TBI. Behavioral evaluation 
following both clinical and experimental TBI in rodent models demonstrates that 
long term impairments of cognitive and neuromotor function occur. It is proven that 
enduring cognitive, neurobehavioral, and histopathological changes persist for up 
to 1 year following severe experimental brain injury in rats (Pierce et al. 1998). The 
extent of cognitive dysfunction following experimental TBI appears to be related 
to both injury severity and neuronal loss in the CA3 and dentate hilar regions of the 
hippocampus (Hicks et al. 1993). While mild experimental TBI in rat only induces 
cognitive deficits associated with regional neuronal loss in the hippocampus, severe 
lateral fluid percussion (FP) injury in the rat (McIntosh et al. 1989) resulted in 
neurological motor deficits with an initial but incomplete recovery, persisting up to 
1 year. Yet cognitive deficits endured up to 1 year post-injury. Histological evalu-
ation demonstrated ongoing axonal degeneration in the striatum, corpus callosum, 
and injured cortex continuing up to 1 year and for up to 6 months post-injury in the 
thalamus (Pierce et al. 1998). In addition, ventriculomegaly, thalamic degeneration, 
shrinkage of the hippocampal pyramidal cell layer, progressive bilateral neuronal 
death in the dentate gyrus, reactive astrocytosis, and progressive atrophy of the cor-
tex, thalamus, hippocampus, and septum have been reported up to 1 year following 
lateral Fluid Percussion brain injury in rats (Fig. 12.1) (Bramlett et al. 2002).

 Fig. 12.1  Cresyl-Violet-
Staining: Histological evalu-
ation at 6 weeks after lateral 
Fluid-Percussion brain injury. 
Ventriculomegaly, shrinkage 
of the hippocampal cell layer, 
and necrosis is shown
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Using another TBI inducing model, the Controlled Cortical Impact (CCI) in mice 
and rats, histological findings could be confirmed by the detection of substantial tis-
sue loss in the region of impact and selective hippocampal neuronal cell loss have 
also been observed (Fig. 12.2), and have been related to behavioral deficits seen in 
this model (Dixon et al. 1999; Riess et al. 2002).

As the brain has limited capacity for self-repair, mature neurons have no ability 
to regenerate, and endogenous progenitor cells, although present in multiple loca-
tions in the adult mammalian brain, appear to have limited ability to generate new 
functional neurons in response to injury. For this reason, there is great interest in the 
possibility of repairing the nervous system by transplanting cells that can replace 
those lost due to the damage (Bjorklund et al. 2002), or to manipulate endogenous 
progenitor cells to increase their neurogenic potential or their ability to facilitate 
regeneration. On the base of current neuropathological knowledge of TBI, a variety 
of potentially beneficial cellular replacement strategies should be considered. For 
further information see Schouten et al. (Schouten et al. 2004). One of these options 
is the use of embryonic stem cells. They show a great potential in the experimental 
phase on cellular levels as well as in animal trials, but ethical obstacles could be not 
dismissed in human.

Fig. 12.2  Detection of neural stem cells (NSCs) (C17-2) applying X-gal staining after 13 weeks 
following transplantation. NSCs were transplanted either contralateral—into the healthy hemi-
sphere- (a) or ipsilateral—into the injured hemisphere- (b). After transplantation into the contralat-
eral hemisphere (a), NSCs were localized in the cortex (▲), dentate gyrus (*) or CA3 (**) region 
of the hippocampus. After ipsilateral hemispheric transplantation (b), X-gal- cells were located in 
the cortex (▲) surrounding the injury cavity (C), the granule cell layer of the dentate gyrus (**), 
and the CA3 region (*) of the hippocampus. (Adapted from Riess et al. 2002)
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12.3  Embryonic Stem Cells for Transplantation

Embryonic stem cells (ESCs) are nontransformed, pluripotent cells that are derived 
directly from the inner cell mass of the blastocyst (Evans et al. 1981). These cells 
are able to participate fully in embryonic development when they were reintroduced 
into the blastocyst. In vitro, ESCs give rise to cell types of all three primary germ 
layers in a way that recapitulates events of embryogenesis (Doetschman et al. 1985).

ESCs cultured under specific conditions will differentiate into neuons, astro-
cytes, or oligodendrocytes, depending on specific factors (Schouten et al. 2004). 
Due to their ability to differentiate into any tissue-specific cell type, ESCs may 
therefore possess great therapeutic potential in brain injury. Because TBI is associ-
ated with a massive loss of multiple cell types due to primary mechanical tissue 
disruption, bleeding, and secondary insults such as edema and rise of intracranial 
pressure leading to cell necrosis. In such case, an entire tissue segment including 
neurons, glia and vascular structures has to be treated by cells, able to differentiate 
into all lost cell types (Schouten et al 2004; Riess et al 2007; Molcanyi et al. 2013). 
Furthermore, ESCs provide a unique cellular system for experimental dissection of 
lineage specification and determination. Moreover, understanding and controlling 
ESC differentiation is an important step toward harnessing their potential to differ-
entiate in any cell type of need for biomedical purposes. ESCs have been isolated 
from mice, monkeys, and humans (Schouten et al. 2004).

12.4  Host Environment Impairs ESC Survival  
But Induces ESC Differentiation  
and Trophic Factor Release

It has been suggested that stem cells hold great potential for the repair of the dam-
aged nervous system. Migration and differentiation of stem cell derived precursors 
or progenitors seem to be accompanied by an improvement of neurological mo-
tor function as well as sensorimotor functional recovery (Riess et al. 2002, 2007). 
Despite these promising reports, it has to be noted that the number of surviving 
and differentiating cells after implantation is mostly reduced and therefore cannot 
completely explain the functional recovery reported. The cell survival and differ-
entiation seems to be not just defined but also restricted by the host environment. 
This assumption is underlined by reports describing the post-traumatic brain as a 
hostile environment due to the onset of an acute inflammatory response associated 
with an activation of immune competent cells, the release of immune mediators, 
the breakdown of the blood-brain barrier as well as the infiltration of peripheral 
blood cells and neurotoxic components (Kelly et al. 2004; Lenzlinger et al. 2001). 
Furthermore, the cellular immune responses, particularly the recruitment of macro-
phages has been shown to be responsible for loss of cells due to extensive phagocy-
tosis of the transplanted ESCs following TBI (Molcanyi et al. 2007). This potential 
detrimental effect of the post traumatic brain environment was also shown in vitro. 
Inflammatory cytokines released following brain trauma such as interferon-gamma 
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(IFN gamma) or tumor necrosis factor-alpha (TNFalpha) seem to inhibit the gen-
eration of neurospheres and to exhibit cytotoxic effects on neural stem cells (Wong 
et al. 2004).

Hence, pathophysiological changes associated with TBI may affect the survival, 
migration and differentiation of transplanted ESCs (Bentz et al. 2010) examined 
the effect of trauma associated environmental alterations on stem cell survival and 
differentiation. They added tissue extract after FP-brain injury (TBE) or healthy rat 
brains (HBE) to undifferentiated murine embryonic stem cells (CGR8) cultured in 
feeder-free conditions. Time-dependent survival, proliferation and differentiation 
of murine ESCs were examined over a period of 7 days. Hereby omission of serum 
from the culture medium induced neural differentiation of ESCs, as indicated by 
a significant time dependent down-regulation of oct −4 with a concomitant up-
regulation of nestin after 7 days. Pronounced cell loss largely due to apoptotic cell 
death was observed additionally. In TBE treated cells, on the other hand, a sig-
nificant amplification of apoptotic cell death, enhancement of nestin and MAP2 
expression and marked morphological changes such as axonal-like outgrowth was 
observed within 3 days of conditioning. Treatment of ESCs with HBE resulted in 
less pronounced neuronal differentiation processes. Axonal-like outgrowth was not 
noticed. The pronounced expression of nestin was enhanced in the CGR8 cells fol-
lowing 3 days of incubation with TBE (Fig. 12.3). Furthermore TBE treated cells 
also expressed Map2. Cells treated with HBE or untreated cells also expressed 
nestin and Map2. However, analysis of fluorescence intensity revealed significant 
more intensive nestin and Map2 signals in TBE treated cells than in untreated cells 
or cells incubated with HBE (Fig. 12.3). The expression of nestin and Map2 con-
firmed the observed tendency of cells, in particular of TBE treated cells, towards 
neuronal development.

In this experiment, the authors suggest that during the early acute phase of trau-
matic brain injury the cerebral environment is disposed to detrimental as well as 
potent protective signals that seem to rapidly induce neurogenic processes.

In another experiment (Bentz et al. 2007) compared the capacity of two different 
ES cell lines to secrete neurotrophins in response to cerebral tissue extract derived 
from healthy or FP brain injury in rats. The intrinsic capacity of the embryonic cell 
lines BAC7 (feeder cell-dependent cultivation) to release brain-derived neurotroph-
ic factor (BDNF) or neurotrophin-3 (NT-3) exceeded the release of these factors 
by CGR8 cells (feeder cell-free growth) by factors of 10 and 4, respectively. Nerve 
growth factor (NGF) was secreted only by BAC7 cells. Conditioning of cell lines 
with cerebral tissue extract derived from healthy or brain injured rat brains resulted 
in a significant time-dependent increase in BDNF release in both cell lines. The 
increase in BDNF release by BAC7 cells was more pronounced when cells were 
incubated with brain extract derived from injured brain. Neutrophin-3 and NGF 
release was inhibited when cell lines were exposed to cerebral tissue extract. The 
magnitude of the response to cerebral tissue extract was dependent on the intrinsic 
capacity of the cell lines to release neurotrophins. In this experiment the authors 
were able to show, that significant variations in the intrinsic capability of different 
stem cell lines to produce neurotrophic factors exist. In this experiment the authors 
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Fig. 12.3  Brain-extract modulation of stem cell differentiation at day 3 following conditioning. 
CGR8 stem cells were conditioned with brain extract derived from traumatized rats (TBE) or 
brain extract from healthy animals (HBE). Alternatively, cells were grown in serum-free medium 
(differentiation control) or under normal/standard conditions (+FCS, +lif). a Expression of nes-
tin ( red), and Map2 ( green) was assessed by immunocytochemistry. b Quantification of optical 
density of nestin ( white bars) or MAP2 ( grey bars) signals were evaluated. Data are presented as 
mean ± s.e.m of raw data. Significant difference from control (** = p < 0.01; *** = p  <  0.001) or HBE 
conditioned cells (++ = p  <  0.01). (Adapted from Bentz K et al. 2010)
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were able to show significant variations in the intrinsic capability of differ-190 ent 
stem cell lines to produce neurotrophic factors. Furthermore, a significant modula-
tion of neurotrophic factor release was observed following conditioning of cell lines 
with tissue extract derived from rat brains.

12.5  ESC Transplantation Following TBI

The cell loss due to TBI based on the primary (mechanical) direct trauma and on the 
developing oedema leading to apoptosis and necrosis of multiple cell types. There-
fore the choice of cell population utilized in replacement therapies after TBI might 
be critical. Pluripotent ESCs derived from the inner mass of the blastocyst are able 
to differentiate into any tissue-specific cell type and may therefore possess great 
therapeutic potential in brain injury, since a variety of cell types are damaged or de-
stroyed following cerebral trauma. In accordance with this assumption pluripotent 
murine embryonic stem cells (D3 ES cell line) have been shown to survive and dif-
ferentiate following transplantation into rat brains in an experimental stroke model 
(Erdö et al. 2003).

Furthermore, enhanced green fluorescent protein (eGFP)-transfected D3 ESCs 
have been shown to migrate along the corpus callosum to the ventricular walls and 
to populate the border zone of the damaged brain tissue. They were also found on 
the hemisphere opposite to the implantation site, indicating the highly migratory 
behavior of implanted ESCs (Hoehn et al. 2002). In another murine model of TBI 
(induced by injecting phosphate-buffered saline into the left frontal and right cau-
dal cortex) (Srivastava et al. 2006) analyzed the feasibility of ESC transplantation 
with the focus on the migration in response to lesions induced in brain tissues, and 
the mechanism of their in vivo differentiation into neighboring neural cells. They 
demonstrate that undifferentiated ESCs migrate within 1 week after injection to the 
damaged regions of brain tissue, engraft, and proliferate. Behavioral assessment 
was not performed. They conclude that damaged brain tissue provides a niche that 
attracts ESCs to migrate and proliferate. It has to be taken into consideration that the 
highly proliferative characteristics (self-renewal) of ESCs combined with the ability 
to differentiate into all embryonic germinal layers (pluripotency) present a potential 
threat of tumor development (teratoma, teratocarcinoma) when they are transplanted 
into the adult CNS. Tumorigenesis has been observed after implantation of undiffer-
entiated human ESCs into healthy rat brains, giving rise to teratomas and malignant 
teratocarcinomas (Thomson et al. 1998). Accordingly, Erdö et al. (2003) compared 
the tumorigenic outcome after implantation of D3 ESCs in a homologous (mouse to 
mouse) vs. xenogeneic (mouse to rat) stroke model. In injured and healthy mouse 
brains, both transplanted undifferentiated and pre-differentiated murine ESCs pro-
duced highly malignant teratomas, while mouse ESCs xenotransplanted into injured 
rat brain migrated towards the lesion and differentiated into neurons at the border 
zone of the ischemic infarct. This suggests that tumorigenesis may be related to the 
host animal rather than to the differentiation status of the implanted cells.



26912 Transplantation of Embryonic Stem Cells in Traumatic Brain Injury

Based upon these findings of Erdö undifferentiated murine ESCs of the D3 line 
stably transfected with the pCX -(ß-act-) were implanted into the ipsilateral cortex 
of rats (Fig. 12.5a) 72 h after lateral fluid-percussion brain injury of moderate sever-
ity to examine their effects on neurofunctional recovery. The chosen transplantation 
paradigm based upon reports demonstrating that the initial inflammatory response 
decreases 3 days after trauma to the brain and the development of astroglial scar 
begins to build thereafter (Okano 2002). The relatively early time point was cho-
sen in order to avoid the peak of any inflammatory reaction and to allow for the 
migration and differentiation of stem cells that might be obstructed by the later 
formation of astroglial scar.

Neuromotor function was assessed at 1, 3, and 6 weeks after transplantation 
using a Rotatrod and a Composite Neuroscore test. During this 6 weeks of observa-
tion transplanted animals showed a significant improvement in the Rotarod Test 
(Fig. 12.4) and in the Composite Neuroscore Test as compared to controls.

At Five days after transplantation (TX), ESCs were detected as cell clusters in 
100 % of transplanted animals (Fig. 12.5b). At 7 weeks following transplantation, 
only a few transplanted cells were detected in one animal (Fig. 12.5c).

There was also tumor formation detected in this animal (Fig. 12.6), although 
a tumor-suppressive effect of xenotransplantation has been suggested (Erdö et al. 
2003). Neither differentiation nor migration of cells was observed at any time point. 
Due to the unexpected tumor formation, Molcanyi et al. (2009) critically investigat-
ed tumorigenesis and possible mechanisms of tumor-suppressive effects following 
xenotransplantation of D-3 murine ESCs into uninjured adult rat brains lacking any 
preliminary inflammatory potential. In this experiment in 5 out of 8 healthy animals 
tumor formation was observed within 2 weeks of ESC implantation (Figs. 12.7  

     

Fig. 12.4  Evaluation of time-dependent modification in locomotive motor function using the 
rotarod test. *Sham-operated animals. ▲ animals treated with embryonic stem ( ES) cells fol-
lowing fluid percussion injury; ■ control animals treated with phosphate-buffered saline ( PBS). 
Times of two performances on the Rotarod were calculated and are expressed as sum ± SE. *p ≤ 0.5 
when injured ES-cell transplanted animals are compared to their respective PBS-injected animals. 
(Adapted from Riess et al. 2007)



270 P. Riess et al.

and 12.8), indicating the tumorsuppressive effect mainly occur after transplantation 
of ESC s into injured rat brains. Tumor-suppressive effects, reflected by Erdö could 
possibly be ascribed to immunomodulatory activity of macrophages scavenging 
the tumorigenic fraction of the implanted cells (Fig. 12.9) (Molcanyi et al. 2009). 
Macrophage activation could also be additionally triggered by potential impurity 
stem cell graft caused by feeder cells, the stem cells have been initially raised on 
(Molcanyi et al. 2014). In the same time, macrophage populations may become a 
major source of methodological pitfalls interfering with correct identification of 
implanted stem cells (Molcanyi et al. 2013).

 Fig. 12.6  Seven weeks after 
ESC-Transplantation histo-
logical evaluation reveals 
tumor formation (chon-
droma). (Adapted from Riess 
et al. 2007)

a b c

Fig. 12.5  a, b, c Schematic representation of injury and transplantation site. Immunohistochemi-
cal analysis of embryonic stem ( ES) cell location at 1 week in cluster formation, and 7 weeks 
post-transplantation. (Adapted from Riess et al. 2007)
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Fig. 12.7  Autopsy view—pathological changes in brains that received ESC grafts. a Brain without 
transcardial perfusion, because the animal died 8 days after ESC transplantation. Rough area with 
firm surface texture, lacking superficial vasculature was later histologically identified as tumor. b 
Brain perfused with PFA solution (2 weeks after ESC transplanation) shows typical pathological 
signs of tumor, including the vascular reorganization at the border between tumor and healthy 
tissue. c Tumor formation found on top of the skull, communicating with the brain tumor lying 
underneath via craniotomy opening. d Craniotomy opening (view from inside of scull). (Adapted 
from Molcanyi et al. 2009)

 

This is in accordance with studies suggesting that low incidence of tumorigenesis 
following ESC xenotransplantation may be due, in part, to the removal of implanted 
cells by activated inflammatory cells in the injured brain (Molcanyi et al. 2007).

Molcanyi examined the time dependent fate of the ESCs following ipsi- and con-
tralateral transplantation into rat brains following FP brain injury. Double-staining 
for GFP and macrophage antigens revealed stem cell clusters embedded and phago-
cytosed by infiltrated and activated macrophages, indicating the loss of implanted 
stem cells was due to an early posttraumatic inflammatory response (Fig. 12.9). 
When ESCs were implanted into completely intact healthy brains macrophage in-
filtration was less pronounced. The authors therefore suggested that the massive 
macrophage infiltration at graft sites might be ascribed to the combined stimu-
lus exhibited by the FP brain injury and the substantial conglomeration of ESCs. 
Macrophage activation could also be additionally triggered by potential impurity 
stem cell graft caused by feeder cells, the stem cells have been initially raised on 
(Molcanyi et al. 2014). In the same time, macrophage populations may become a 
major source of methodological pitfalls interfering with correct identification of 
implanted stem cells (Molcanyi et al. 2013).
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Fig. 12.9  Phagocytosis 
of the implanted ES cells 
(appear red—anti-GFP-Cy3) 
by macrophages ( green—
anti-ED -1-FITC) -confocal 
imaging. High magnification 
of the red stem cell localized 
inside of a green phagocyting 
macrophage ( thin arrow). 
(Adapted from Molcanyi 
et al. 2007)

 

Fig. 12.8  Gross morphology of tumor formations. a Coronal section stained with HE reveals 
the main cell cluster implanted in the lateral parahippocampal cortex and several smaller clusters 
spreading along corpus callosum (8 day survival). b Tumor formation, stained by HE, exerting 
pressure on the hippocampus and lateral ventricle (2 week survival). c Tumor formation, stained 
by HE, showing an infiltrative growth into hippocampus and cortex (2 week survival). d, e, f Cor-
responding adjacent sections labelled with anti-GFP antibody confirmed the tumor structures to be 
arising from implanted GFP-transfected ESCs. (Adapted from Molcanyi et al. 2009)
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Previous studies have also shown that the grafting procedure itself, i.e. needle 
insertion followed by pressure exerted by cell graft infusion, may provoke a notable 
cellular response in terms of macrophage invasion and microglia activation. The 
extensive loss of ESCs and the apparent lack of differentiation and migration of 
these cells following implantation into injured rat brains indicate that the significant 
improvement of motor function that was observed within 5 days after implantation 
is not attributed to the functional integration of ESCs into the neuronal cerebral 
network. In vitro studies demonstrated that the mechanism underlying stem-cell-
mediated functional improvement might be partially due to the release of trophic 
factors by implanted cells. Incubation of D3 ESCs with extract derived from injured 
rat hemispheres resulted in a rapid time-dependent and significant release of BDNF 
into the medium (see previous chapter: Host environment induces cell differentia-
tion and neurotrophic factor release, but also impairs ESCs survival), indicating that 
similar to the observations made by Chen et al. (2002), the improvement of neuro-
nal function following transplantation of embryonic stem cells might be triggered 
by the release of protective neurotrophic factors.

Conclusions

The development of therapeutic strategies for neuro-protection and regeneration 
following TBI has been an active field of research over the past decades. By focus-
ing on the posttraumatic cellular pathophysiological sequelae, our understanding 
of mechanisms leading to brain damage after TBI has greatly increased, and more 
neuroprotective agents have been developed and tested in both experimental and 
clinical settings. The use of ESCs in cell replacement therapy has received a great 
deal of scientific and public interest in the recent years. This is due to the remark-
able pace at which paradigm-changing discoveries have been made regarding the 
neurogenic potential of embryonic, fetal, and adult stem cells.

Unfortunately, in studies on day 5 after implantation, surviving undifferentiated 
embryonic stem cells were detected in large clusters but 7 weeks later only a few 
GFP-positive ESCs were detectable at the implantation site. (Molcanyi et al. 2007).  
This lack of survival and/or integration of ESCs may be related to the severity of 
injury as described before (Shindo et al. 2006).

Additionally the cell survival and differentiation seems to be not just defined but 
also restricted by the host environment. This assumption is underlined by reports 
describing that the post-traumatic brain is a hostile environment due to the onset of 
an acute inflammatory response associated with an activation of immunocompetent 
cells, the release of immune mediators, the breakdown of the blood-brain barrier as 
well as the infiltration of peripheral blood cells and neurotoxic components (Kelly 
et al. 2004; Lenzlinger et al. 2001).

Furthermore, the cellular immune responses, particularly the recruitment of mac-
rophages has been shown to be responsible for loss of cells by extensive phagocy-
tosis of the implanted ESCs following TBI (Molcanyi et al. 2007). The observed 
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functional improvements must therefore be regulated by mechanisms that are close-
ly associated with the transplantation of ESCs but are independent of stem cell 
integration and differentiation. Plausible mechanisms may include the production 
and/or secretion of trophic factors by ESCs. Tissue culture experiments revealed, 
that post-traumatic host environment induces rapid ESC differentiation and neu-
rotrophic factor release, but also impairs the survival of ESCs (Bentz et al. 2010).

Tumorigenesis is also an important issue in cell transplantation. It has to be taken 
into consideration that the highly proliferative characteristics of ESCs combined 
with the pluripotency present a potential threat of tumor development when they 
are transplanted into the CNS. Xenogeneic transplantation of undifferentiated mu-
rine ESCs into an intact healthy rat brain leads to the onset of tumorigenesis. The 
absence of tumor formation, observed in other studies, could partially be explained 
in a successful removal of tumorigenic cell pool by phagocytosis, the prevention of 
tumorigenesis via xenotransplantation as described before seems unreliable.

The repair of the traumatically injured brain is challenging due to the complex 
network of interacting structural, functional, cellular, and molecular changes fol-
lowing TBI leading to cell death. The restoration of brain function after TBI re-
quires more than cellular replacement. An understanding of graft integration and 
the mechanisms underlying transplant-induced behavioral recovery is essential in 
the development of more effective therapeutic approaches to CNS injury. In ad-
dition, combined therapies including cellular replacement, growth factor infusion, 
gene therapy, environmental enrichment, and manipulation of plasticity are likely 
to improve the already encouraging data concerning the development of clinically 
effective transplantation based treatments for the traumatically injured CNS.

The effects of neurotrophic factors expressed by transplanted ESCs following 
transplantation to the injured brain seem to be crucial. Also important for the thera-
peutic effects of ESCs are the secondary effects as e.g. inflammatory responses 
caused by ESC transplantation. Furthermore phagocytosis of the ESCs is important 
to prevent the host brain of tumor formation. These findings provide evidence for 
the therapeutic potential of ESC transplantation after TBI in rats, but also raise 
serious safety concerns for human trails. However, the therapeutic use of undif-
ferentiated ESCs is seriously limited due to the risk of tumor development, and in 
addition the clinical transplantation of ESC-derivatives is complicated by ethical 
and immunological concerns.
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Abstract Spinal cord injury is characterized by massive cellular and axonal 
loss, a neurotoxic environment, inhibitory molecules and physical barriers that 
hamper nerve regeneration and reconnection leading to chronic paralysis. Trans-
plantation of different types of cells is one of the strategies being examined in 
order to restore the lost cell populations and to re-establish a permissive environ-
ment for nerve regeneration. The mammalian olfactory system is one of the few 
zones in the body where neurogenesis occurs during the lifetime of the organism, 
with olfactory neurons being replaced daily with their axons elongating from 
the peripheral nervous system into the central nervous system to re-establish 
functional connections. The regenerative ability of this system is largely attrib-
uted to the presence of a unique group of cells called olfactory ensheathing cells 
(OECs). OECs have emerged as an encouraging cell candidate for transplan-
tation therapies to repair the injured spinal cord with multiple animal models 
showing significant functional improvements and several human trials establish-
ing that the procedure is safe and feasible. Even though the results are promis-
ing with some animal models showing remarkable restoration of function, the 
variability amongst studies in terms of outcome assessments, cell purity, cell 
culture and transplantation protocols make it difficult to reach firm conclusions 
about the effectiveness of OEC transplant therapy to treat the injured spinal cord. 
These variations need to be addressed in order to achieve a more realistic under-
standing of how the benefits of OEC transplantation enhance the therapeutic 
outcomes.

Abbreviations
BDNF  Brain-derived neurotrophic factor
cAMP Cyclic adenosine monophosphate
CNS Central nervous system
CP  Cribriform plate
CSPG Chondroitin sulfate proteoglycan
DAPI 4’,6-diamidino-2-phenylindole
dBcAMP Dibutyryl cyclic adenosine monophosphate
FGF Fibroblast growth factor
GDNF Glial cell-derived neurotrophic factor
GFAP Glial fibrillary acidic protein
GL Glomerular layer
HNK-1 Human natural killer-1
IGF Insulin-like growth factor
LP Lamina propria
MAG Myelin associated glycoprotein
NFL Nerve fibre layer
NGF Nerve growth factor
Nogo Neurite outgrowth inhibitory protein
NPY Neuropeptide Y
NT4 Neurotrophin 4
NT5 Neurotrophin 5
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OE Olfactory epithelium
OEC Olfactory ensheathing cell
OMgp  Oligodendrocyte-myelin glycoprotein
p75NTR  p75 low-affinity neurotrophin receptor
PNS Peripheral nervous system
SCI Spinal cord injury
TROY  TNFRSF expressed on the mouse embryo
VEGF Vascular endothelial growth factor

13.1  Spinal Cord Injury

Spinal cord injury results in large-scale neuronal loss with very limited capacity for 
regeneration, leading to chronic paralysis. The main factor hampering recovery is the 
inability of regenerating spinal cord axons to reach their target (reviewed by Leal-
Filho 2011). The pathophysiology of spinal cord injury is divided in two stages: the 
primary and secondary lesion. The primary lesion is caused by the direct mechanical 
trauma, i.e. laceration, contusion or compression, resulting in structural disturbances, 
death of neurons and damage to neural connections. This is followed by ischemia 
and microvascular damage (Beattie et al. 1997), as well as excessive extracellular 
glutamate as a consequence of neuronal cell death (Hermann et al. 2001). The high 
concentration of glutamate and other excitatory amino acids lead to further progres-
sive cell death via excitotoxicity and free radical production (Byrnes et al. 2009). 
Altogether, the cell death, oxidative stress and inflammatory responses result in mas-
sive neuronal and glial cell death (Hulsebosch 2002; Jones et al. 2003).

The secondary lesion is characterized by continued inflammatory immune re-
sponses, including cytokine and interleukin secretion by macrophages and neutro-
phils (Bolton 2005). Furthermore, axon demyelination, as a consequence of oli-
godendrocyte cell death, results in loss of axonal conduction and subsequently a 
loss in synaptic communication. Activated astrocytes migrate to the injury site to 
degrade axonal debris and remove toxic chemicals, but the vast network of acti-
vated astrocytes creates a glial scar; a compact structure that becomes a barrier pre-
venting regenerating axons from reaching their target (Bunge et al. 1960; Matthews 
et al. 1979). Thus, the complex damage resulting from the initial nerve injury leads 
to an environment that hampers or even completely inhibits neuronal regeneration 
(Fig. 13.1) (Hulsebosch 2002; Leal-Filho 2011).

Current therapies for spinal cord injury do not lead to significant neural regen-
eration and functional recovery. Most of these therapies have aimed to minimize 
the post-traumatic cell damage but fail to achieve the re-establishment of neuro-
nal connections. Drug therapy is generally applied immediately following trauma 
to treat inflammation and initial degeneration (reviewed by Stahel et al. 2012; 
Batzofin et al. 2013; Hurlbert et al. 2013). This treatment is often followed by 
long term therapies aimed at promoting axonal growth and neutralising the toxic 
environment at the injury site. A major factor hampering axonal regeneration 
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following spinal cord injury is the down-regulation of endogenous neurotrophins 
and one method that has shown promise is the injection of neurotrophins at the 
site of injury to replace the lost endogenous neurotrophins (Hulsebosch 2002). 
Peripheral glial cells can produce many growth factors and hence transplanting 
glia to the injury site is an even more promising approach as these cells can inte-
grate with endogenous cells and scar tissue, producing a more long-term growth-
promoting environment (Yan et al. 2001; Feron et al. 2005; Cao et al. 2007; Cen-
tenaro et al. 2011). Similarly, pluripotent stem cells can be transplanted to the 
injury site, potentially resulting in neuronal regeneration and production of glial 
cells. This method is still experimental, but has resulted in promising functional 
outcomes in animals (reviewed by Antonic et al. 2013). Further, manipulation of 
gene expression to block production of growth-inhibitory and toxic molecules 
has also resulted in some promising functional outcomes (reviewed by Leal-Filho 
2011). Overall, however, while these therapeutic interventions have led to some 
positive outcomes, to date, none have produced a significant functional recovery 
in humans (Lim and Tow 2007; Leal-Filho 2011).

13.2  Endogenous Glial Cells and Their Role  
in Spinal Cord Injury

Glial cells are the most abundant cells in the nervous system. They are closely as-
sociated with neurons and were previously described simply as supportive nervous 
tissue. A deeper understanding of glial cell biology, however, has demonstrated that 

Fig. 13.1  Detrimental effects of secondary spinal cord injury events at the cellular and molecular 
level. Neurons are shown in green; glia in red. Injury to the spinal cord leads to (1) apoptosis and 
cell death (neurons and glial cells) with accumulation of cell debris and the generation of a toxic 
environment due to high extracellular glutamate concentrations and the presence of free radicals; 
(2) formation of a glial scar which creates a physical barrier consisting of activated astrocytes. The 
resultant effect is that damaged axons are unable to regenerate and communicate due to presence 
of inhibitory molecules, loss of myelin and the physical barrier
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glial cells exhibit a multitude of complex roles and are essential for the develop-
ment and function of the entire nervous system (Jessen 2006). Glial cells are a 
heterogeneous population of cells that differ in developmental origin, molecular 
composition, structure and specific behaviour, and exist together with neurons and 
other cells in an integrated and co-dependent system (Chung and Barres 2012). 
Throughout the nervous system, glial cells have crucial roles in axonal extension 
and guidance, protection against mechanical, chemical and oxidative injury, as well 
as preservation of the electrical and chemical balance of all neurons (Ndubaku and 
de Bellard 2008).

Glial cells can be broadly classified as being either central nervous system glia or 
peripheral nervous system glia. In the mature central nervous system (CNS), there 
are two major types of glial cells of neural origin; astrocytes and oligodendrocytes. 
Other types of CNS glial cells exist that originate from non-neuronal precursors; 
microglia constitute part of the innate immune system and originate from mac-
rophage lineages (Chugani et al. 1991). In the peripheral nervous system (PNS), 
Schwann cells constitute the main glial cell type, with the exception of the olfactory 
nervous system, which is populated by specialized glia termed olfactory ensheath-
ing cells (OECs).

Astrocytes play a critical role in the function and homeostasis of the CNS. They 
are required for the formation and maintenance of the blood-brain barrier, provide 
support for axonal extension and play an active role in neuronal signalling by ex-
change of ions and production of neurotransmitters, as well as cell adhesion and 
synapse signalling molecules (Kriegstein and Gotz 2003). Astrocyte–neuron inter-
actions are known to secure the survival and normal function of neurons (Jessen 
2004). Numerous studies have demonstrated that astrocytes play important neu-
roprotective roles, in neurodegenerative disorders (reviewed by Singh et al. 2011; 
Cabezas et al. 2012) and they have the ability to promote neuronal survival by 
protecting against reactive oxygen species and other stressors (Lopez et al. 2007).

After spinal cord injury, astrocytes respond rapidly by migrating to the injury 
site, where they proliferate and form a compact structure, a glial scar, to preserve 
the blood-brain barrier, protecting the CNS and maintaining the adequate ionic en-
vironment necessary for nerve function. However, the glial scar eventually becomes 
a physical barrier that stops damaged axons from regenerating and reconnecting 
(Fig. 13.1) (Leal-Filho 2011). Furthermore, astrocytes respond to neuronal injury 
by increasing their proliferation and by secreting glycoproteins such as chondroitin 
sulfate proteoglycans (CSPG), which act to inhibit axon elongation (Table 13.1) 
(Qiu et al. 2002; Su et al. 2009).

Oligodendrocytes are morphologically similar to astrocytes, albeit with fewer 
and smaller branched processes. They play different roles in the modulation of 
neuronal function as well as the regulation of proliferation, survival and dif-
ferentiation of neurons (Jauregui-Huerta et al. 2010) The most important role 
of oligodendrocytes, however, is to myelinate axons. The myelin sheet provides 
electrical insulation around the nerve fibres, speeding the transmission of elec-
trical signals (Jessen 2004). The myelin layer also protects the axons by creat-
ing a “safe chamber”, resembling a growth-promoting channel through which 
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the axon extends. After spinal cord injury, populations of oligodendrocytes are 
rapidly affected by high levels of glutamate and massive cell death follows. Oli-
godendrocytes that do survive produce neurite outgrowth inhibitor (Nogo), my-
elin-associated glycoprotein (MAG), and oligodendrocyte-myelin glycoprotein 
(OMgp) (Table 13.1), proteins that bind to the Nogo receptor, repressing myelin 
production and affecting axonal outgrowth and neuronal synapses (Jones et al. 
2003). Microglia, which are essentially macrophages present within the CNS, 
respond to injury by migrating to the injury site, where they phagocytose debris, 
secrete a range of both pro- and anti-inflammatory cytokines and growth factors 
which initially have a neuroprotective effect. Over time, however, microglia near 
and in the injury site respond to the constant prolonged activation by secreting 
molecules that are growth-inhibitory or toxic, thus repressing axonal regenera-
tion (Chatzipanteli et al. 2002; Pearse et al. 2003; Block and Hong 2005). The 
majority of the activated microglia transition to the M1 type, which can directly 
induce neuronal death (Kigerl et al. 2009; Gao et al. 2013). Thus, together with 
the glial scar, the local environment at a CNS injury site inhibits long-term neu-
ronal extension and regeneration.

The PNS differs dramatically from the CNS in terms of capability to regener-
ate itself after injury. In contrast to central nerves, peripheral neurons in general 
regenerate after injury, unless large nerves have been completely severed. Schwann 
cells play an active role in repair of peripheral damaged nerves as a consequence 
of their ability to differentiate, migrate, proliferate, secrete growth factors, and pro-
duce myelin. Schwann cells are classified as either myelinating or non-myelinating. 
Myelinating Schwann cells enwrap individual peripheral axons, forming the myelin 
sheath, whereas the non-myelinating type have metabolic and mechanical support 

 Table 13.1  Glial cell response to spinal cord injury
Type of Glia Response in spinal cord injury event Reference
Astrocytes Removal of toxic chemicals (glutamate). 

Proliferation and secretion of neuroprotec-
tive but growth-inhibitory factors. Formation 
of glial scar

(Qiu et al. 2002; Su et al. 
2009)

Oligodendrocytes Massive death due to high glutamate con-
centrations. Production of glycoproteins with 
Nogo-receptor affinity that will suppress 
myelin production

(Jones et al. 2003; Jessen 
2004; Arevalo et al. 2010)

Microglia Initially phagocytosing debris and producing 
neuroprotective factors. Over time become 
neurotoxic and growth-inhibitory due to 
constant activation

(Chatzipanteli et al. 2002; 
Pearse et al. 2003; Block 
and Hong 2005; Kigerl 
et al. 2009)

Schwann cells Cells de-differentiate to an immature state, 
lose their myelin sheath conformation and 
migrate from the periphery into the injury 
site in the CNS, where they participate in 
endogenous repair processes by expression 
of neurotrophic factors

(Farbman and Squinto 
1985; Jessen 2004; Oudega 
and Xu 2006)
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functions (Jessen 2004). After spinal cord injury, Schwann cells migrate from the 
periphery into the injury site within in the CNS, and participate in endogenous re-
pair processes (Table 13.1). They re-enter the cell cycle, lose their myelinating phe-
notype and de-differentiate into an immature state, and begin to express trophic 
factors and cell adhesion molecules that provide a more favourable environment for 
axon regeneration and extension (Oudega and Xu 2006).

One approach to improve the outcomes after spinal cord injury is to transplant 
glial cells into the injury site to reduce inflammation, and which will help form a 
glial bridge across the injury site and thereby promote axon extension. The glial of 
the PNS system, Schwann cells and OECs, have been trialled in animal models and 
in humans with various outcomes. The OECs have unique characteristics that may 
confer an advantage over other glial cell types for transplant therapies.

13.3  The Mammalian Olfactory Nervous System

The mammalian olfactory nervous system is one of the few regions in the CNS in 
which neurogenesis continuously occurs during the lifetime of the organism (Mack-
ay-Sim and Kittel 1991a, b). The primary sensory neurons of the olfactory system 
line the dorsal/caudal nasal epithelium and are directly exposed to the environment 
(Fig. 13.2). The neurons are subjected to attack and destruction by bacterial (St John 
et al. 2014) and viral pathogens as well as toxins within the air and thus need to be 
replaced throughout life. Whilst the average life-span of olfactory neurons has not 
been clearly determined in humans, mouse olfactory neurons generally live for one 
to three months. Neurons that degenerate are rapidly replaced by new neurons aris-
ing from progenitor cells that line in the basal layer of the olfactory mucosa (Mack-
ay-Sim and Kittel 1991b), a process that occurs throughout life (Ramon-Cueto and 
Santos-Benito 2001).

The primary olfactory system comprises the olfactory mucosa and the bundles 
of olfactory nerves that project into the olfactory bulb. Stem cells that line basal 
layer of the olfactory epithelium give rise to the primary olfactory sensory neurons 
which migrate apically to populate the olfactory epithelium (Fig. 13.2). Olfactory 
sensory neurons have a bipolar morphology with a single dendrite extending onto 
the surface of the epithelium and a single axon projecting to and terminating in the 
olfactory bulb. Each olfactory neuron expresses a single odorant receptor type with 
the neurons mosaically distributed throughout the epithelium, but the axons of the 
same odorant receptor type converge to the same targets within the olfactory bulb 
(Vassar et al. 1994; Mombaerts et al. 1996). To reach their targets in the olfactory 
bulb, the axons of the olfactory sensory neurons project through the lamina propria 
that underlies the olfactory epithelium and pass through the bony cribriform plate 
to enter the nerve fibre layer which is the outer layer of the olfactory bulb and 
within the CNS. Thus, new axons must constantly traverse the PNS-CNS border 
and find their correct targets inside the olfactory bulb (Valverde et al. 1992; Ten-
nent and Chuah 1996; Chehrehasa et al. 2010). The constant ability of olfactory 
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neurons to regenerate and the unique ability of olfactory axons to extend across 
the PNS-CNS boundary are attributed to the presence of the glia of the olfactory 
system, called OECs.

13.3.1  Olfactory Ensheathing Cells—the Glia  
of the Olfactory System

OECs arise from neural crest (Barraud et al. 2010) and they are constantly in close 
contact with the axons of olfactory neurons all the way from the nasal epithelium 
to the outer layer of the olfactory bulb. OECs ensheathe the axons of olfactory neu-
rons by the extension of cytoplasmic processes (Chuah and Zheng 1992; Tennent 
and Chuah 1996) followed by the fasciculation of the axons into larger bundles 
which ultimately join to form the olfactory nerve (Whitesides and LaMantia 1996). 

Fig. 13.2  Anatomical organisation of the olfactory system. Primary olfactory sensory neurons lie 
within the olfactory epithelium ( OE). Their axons project through the cribriform plate ( CP) and 
enter the olfactory bulb where they terminate in their target glomeruli. OECs within the lamina 
propria ( LP) encase the bundles of numerous different axons as they project to the olfactory bulb. 
In the outer nerve fibre layer ( NFL) of the olfactory bulb, the OECs ( red) aid the defasciculation 
and sorting of the different axons. In the inner layer of the nerve fibre layer the OECs ( blue) assist 
with the refasciculation and targeting of similar axons to their targets. Astrocytes form a barrier 
around the glomeruli ( dashed circles). The olfactory sensory neurons within the OE are subjected 
to toxic molecules within the inhaled air and pathogens such as bacteria and viruses which can 
result in the death of the neurons (spotted neurons). OECs phagocytose the debris from the degen-
erated axons. Stem cells lining the basal layer of the OE replenish the neuron population which 
project axons through channels maintained by the OECs
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In contrast to Schwann cells, which in the process of myelination enwrap one single 
axon (Fig. 13.3), OECs ensheathe bundles of multiple axons by projecting exten-
sive thin cytoplasmic processes around and between the numerous axons within the 
fascicles (Fig. 13.2; 13.3).

OECs also have a role in promoting axon growth and are known to secrete nu-
merous axon growth promoting factors, such as nerve growth factor, brain derived 
neurotrophic factor and neuregulins (Boruch et al. 2001). During development, 
OECs proliferate and migrate ahead of axons or surround the growth cones of axons 
(Tennent and Chuah 1996; Chehrehasa et al. 2010). Loss of OECs from the olfac-
tory nerve during development results in poor axon growth and targeting (Barraud 
et al. 2013) which demonstrates that OECs are crucial to the growth and mainte-
nance of axons.

OECs are also thought to be crucial for regeneration during normal turnover of 
olfactory sensory neurons or after large-scale infection by bacteria and viruses, or 
major injury. Bacterial infection can lead to the death of olfactory sensory neurons 
and subsequently their axons (Fig. 13.2; St John et al. 2014), or injury can directly 
lead to the destruction of the axons (Graziadei et al. 1978; Chehrehasa et al. 2010). 
The debris from the degenerated axons must be removed but unlike other areas 
of the body where cells of the immune system usually clear away debris, in the 
olfactory system this function primarily relies on the OECs (Su et al. 2013). OECs 
have been shown to continuously phagocytose debris arising from the degenerat-
ing axons that occurs during normal turnover of neurons or after widespread injury 
(Wewetzer et al. 2005; Su et al. 2013). OECs are also able to phagocytose bacteria 
and thereby protect the olfactory pathway from infection (Wewetzer et al. 2005; 
Leung et al. 2008; Panni et al. 2013).

OECs form a three-dimensional structure resembling a tunnel through which the 
axons extend (Fig. 13.3; Li et al. 2005). These structures remain intact even after 
olfactory axons have degenerated completely following large-scale injury to the 
olfactory epithelium (Li et al. 2005). However, after large scale injury, OECs can 
proliferate not only locally around the injury but also from precursors that are pres-
ent in the olfactory mucosa after which they then migrate along the olfactory nerve 
(Chehrehasa et al. 2012). By maintaining open channels through which regenerat-
ing axons can extend and by responding to injury by proliferating and migrating to 
the region of need, the OECs with their axon growth-promoting properties provide 
the structure and support needed for the continuous successful regeneration of the 
olfactory system.

OECs produce numerous growth factors such as fibroblast growth factor 
(FGF), insulin-like growth factor (IGF), vascular endothelial growth factor 
(VEGF), as well as neurotrophic factors such as nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor 
(GDNF), neurotrophin 4 (NT4) and NT5; as well as extracellular matrix and cell 
adhesion molecules including laminin, collagen, galectin-1, heparin sulfate pro-
teoglycans, glial-derived nexin and N-cadherin (Doucette 1990; Doucette and 
Devon 1993; Chuah and Teague 1999; Kafitz and Greer 1999; Tisay and Key 
1999; Boruch et al. 2001; Woodhall et al. 2001; Woodhall et al. 2003; Chuah 
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Fig. 13.3  The different populations of glia in the olfactory system. Panels a-f show coronal sec-
tions through the olfactory system of a transgenic reporter mouse (OMP-ZsGreen X S100ß-DsRed; 
Windus et al. 2007; Ekberg et al. 2011) that expresses ZsGreen fluorescent protein in olfactory 
neurons and DsRed fluorescent protein in glia. a The primary olfactory neurons ( green) within 
the olfactory epithelium ( OE) project axons into the lamina propria ( LP) where they coalesce 
into fascicles wrapped up by OECs ( red). Nuclei ( blue) are stained with DAPI. b Along parts 
of the septum in the nasal cavity, the axon fascicles of the main olfactory system are adjacent to 
axon fascicles of the accessory (pheromone) olfactory system. c Branches of the trigeminal nerve 
also innervate the nasal cavity; the trigeminal nerve axons are encased by Schwann cells with 
the trigeminal nerves running adjacent to the main olfactory nerve fascicles that are encased by 
OECs ( double-headed arrows). d The cell bodies of the olfactory glia are mainly restricted to the 
periphery of the axon fascicles with their processes permeating the central regions of the axon 
fascicle. e Schwann cells of the trigeminal nerve form tube-like encasing of individual axons. f In 
the olfactory bulb, OECs ( red) in the nerve fibre layer ( NFL) form a barrier with the astrocytes 
( green; GFAP immunostaining) in the glomerular layer ( GL). g Schematic of the ensheathment of 
olfactory axons by OECs. The cell bodies of OECs are largely restricted to the exterior and the pro-
cesses of the OECs penetrate the internal areas of the nerve bundle where they surround numerous 
olfactory axons. h Schematic of Schwann cell ensheathment of other peripheral nerves in which 
individual axons are myelinated and encased by Schwann cells. Scale bar is 65 μm in a; 50 μm in 
b; 30 μm in c; 20 μm in d; 15 μm in e; 40 μm in f
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et al. 2004; Chung et al. 2004; Vincent et al. 2005b; Mackay-Sim and St John 
2011). These OEC-derived factors are likely to play an important role in nerve 
repair and regeneration processes as well as neutralization of toxic cell environ-
ments due to the excess of free radicals and neurotransmitters such as glutamate 
(Doucette 1995; Ramon-Cueto 2000; Woodhall et al. 2001; Woodhall et al. 2003; 
Ramon-Cueto 2011).

13.3.2  Differences Between Olfactory Ensheathing Cells  
and Schwann Cells

Originally, OECs were referred to as Schwann cells of the olfactory system 
(Doucette 1984), but their distinctive characteristics separated them from other glial 
cell types to such an extent that they were classified as an individual glial type. 
OECs possess features of both CNS and PNS glia in terms of morphology and mo-
lecular profile, consistent with their location to both the central and peripheral part 
of the olfactory nervous system and their ability to cross the PNS-CNS interface. 
Developmentally, OECs and Schwann cells are of neural crest origin (Barraud et al. 
2010), in contrast to astrocytes, which arise from radial glia of neuroepithelial ori-
gin (Kriegstein and Gotz 2003). OECs are known to express a number of different 
proteins found in either Schwann cells or astrocytes. For example non-myelinating 
Schwann cells and OECs (except those in the inner nerve fibre layer of the olfac-
tory bulb) present immunoreactivity for the p75 low-affinity neurotrophin receptor 
(p75NTR) (Ramon-Cueto 2000).

Whilst similarities between Schwann cells and OECs are evident, one particu-
larly important difference exists in the ability to interact with astrocytes. In contrast 
to Schwann cells, OECs interact freely with astrocytes, without causing detrimental 
effect on the astrocyte population (Lakatos et al. 2000). This specific feature is of 
great interest for nerve regeneration therapies where both populations (OECs and 
astrocytes) interact at an injury site (Chuah et al. 2011). When OECs are confronted 
with astrocytes in spinal cord injury sites, astrocyte processes, which form the glial 
scar, alter their morphology to create a bridging pathway with OECs that allow sev-
ered axons to extend across the lesion establishing functional connections (Ramer 
et al. 2004; Li et al. 2012).

In contrast to Schwann cells, OECs migrate ahead of the regenerating axons, ex-
tending their processes to provide a cellular pathway that facilitate axonal extension 
and adhesion (Tennent and Chuah 1996; Chehrehasa et al. 2010). OECs increase 
their migration ability by the formation of bigger and thicker processes (Valverde 
et al. 1992), maintaining a continuous ensheathment of the axons during the regen-
eration process and leading to enhanced axon growth (Chehrehasa et al. 2010). The 
capacity of OECs to promote olfactory system renewal and regeneration, as well 
as their capacity to bridge, enter, and interact with cells of injured host tissue, con-
stitute key factors contributing to the increasing interest in the use of transplanted 
OECs as therapeutic candidates in spinal cord injury treatments.
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13.4  Use of Glial Cells in the Treatment of Spinal  
Cord Injuries

Re-establishment of nerve connections after spinal cord injury depends of the abil-
ity of axons to extend along a pathway to reach their targets. This living pathway 
consists of glial cells, which provide a dynamic channel through which axons can 
extend towards their targets (Ramer et al. 2004; Li et al. 2012). After spinal cord 
injury, the severed nerves are able to survive and sprout locally. However, they 
are unable to elongate and re-establish the connections, primarily because the glial 
pathway is altered, blocked and sometimes completely lost. Consequently, a pri-
mary objective in the treatment of spinal cord injury is re-establishment of the glial 
pathway. Transplantation of glial cells into the injury site is therefore a promising 
therapeutic approach for repair spinal cord injury (Oudega and Xu 2006).

Glial cell transplantation addresses many of the challenges that must be over-
come for successful functional improvement, including (1) re-establishment of a 
growth-promoting environment, (2) replacement of lost cell populations (neurons 
and glia), and (3) facilitation and promotion of axonal regeneration and extension. 
Pioneering studies have established that transplantation of glial cells can improve 
axonal repair, enhance re-growth of damaged nerve cells and improve functional 
recovery (Yan et al. 2001; Santos-Benito and Ramon-Cueto 2003). Additionally, 
glial cells have the potential to produce neurotrophic molecules that activate axon 
regeneration and extension (Jones et al. 2003; Feron et al. 2005).

Different types of glial cells have been investigated as treatment for spinal cord 
injury including Schwann cells from peripheral nerves and OECs. Schwann cells 
have been trialled for transplantation due to the important role they play in axon re-
generation and myelination. Schwann cells transplanted to the damaged spinal cord 
can stimulate regeneration of damaged neurons, presumably due to the production 
of neurotrophic factors (Park et al. 2010), and can also enhance axon remyelination 
and extension (Lavdas et al. 2010; Flora et al. 2013). However, the axonal regenera-
tion has thus far been limited to restricted areas because Schwann cells have failed 
to migrate considerable distances into the injured tissue (Lankford et al. 2008). The 
limited migration is most likely due to unfavorable interaction between the trans-
planted Schwann cells and host astrocytes (Li et al. 2012). Additionally, Schwann 
cells have been reported to inhibit myelination by the secretion of connective tissue 
growth factor, whereas OECs do not (Lamond and Barnett 2013). Thus, Schwann 
cells may not be the optimal cell type for transplantation therapies due to their poor 
migration properties, inability to freely interact with endogenous glia and expres-
sion of inhibitory molecules.

13.4.1  Transplanted OECs in Spinal Injury Models

Implantation of OECs to promote repair after spinal cord injury have been per-
formed in a variety of spinal cord injury animal models (Table 13.2). Most of these 
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studies have shown that in rodents with spinal cord injury, OEC transplantation 
promotes the regeneration of axons (Bartolomei and Greer 2000; Gudino-Cabrera 
et al. 2000; Ramer et al. 2004) and improves functional restoration of breathing and 
climbing ability (Li et al. 2003; Su and He 2010; Stamegna et al. 2011). In a study of 
spinal-injured dogs, the transplantation of OECs and fibroblasts restored significant 
movement in some dogs probably through the restoration of local circuitry, which 
clearly demonstrates that the procedure has high potential (Granger et al. 2012). 
Some studies, however, concluded that transplantation of OECs into injured spinal 
tract did not lead to any detectable difference in axonal extension and functional 
outcomes (Collazos-Castro et al. 2005; Lu et al. 2006; Chhabra et al. 2009). Dis-
crepancies between results may be attributed to different variables such as the exact 
nature of spinal cord injury, OEC isolation and culture protocols, transplantation 
procedure (site of the OECS transplantation and the time after injury that the trans-
plantation is performed) and methodology used to assess outcome.

Numerous studies have reported significant functional improvements following 
transplantation of OECs. In rodents, OEC transplantation improved or preserved lo-
cal circuitry as detected electrophysiologically (Toft et al. 2007), and has improved 
fore-paw movement (Yamamoto et al. 2009), motor function (Munoz-Quiles et al. 
2009; Centenaro et al. 2011; Stamegna et al. 2011), hindlimb function (Salehi et al. 
2009; Amemori et al. 2010; Aoki et al. 2010; Ziegler et al. 2011), plantar function 
(Amemori et al. 2010), locomotor function (Ma et al. 2010) and diaphragm activity 
(Tharion et al. 2011). Thus depending on the type of injury and the assessment of 
particular functional tests, OEC transplantation can improve functional outcomes.

Corresponding anatomical outcomes after OEC transplantation have also been 
detected with the majority of studies focusing on axon growth and reduction in cav-
ity formation and astrocytic scarring (Amemori et al. 2010; Centenaro et al. 2011; 
Tharion et al. 2011; Zhang et al. 2011; Toft et al. 2013; Torres-Espin et al. 2014). 
The reduction in cavity formation and astrocytic scarring are considered important 
features as they preserve the axonal circuitry and reduce the formation of physical 
barriers that prevent axonal growth. In these situations, OECs could be considered 
to indirectly promoting axon growth as they are enhancing the local environment to 
make it subsequently amenable to axon growth across the injury site.

However, anatomical improvements are not always detected despite functional 
recovery being observed. Significant restoration of fore-paw retrieval but not axon 
regeneration (Yamamoto et al. 2009) may indicate local circuitry changes outside 
of the immediate injury site as has been suggested for restoration of function in 
dogs (Granger et al. 2012) or may indicate improved preservation of function of the 
spared axons.

The timing of transplantation of OECs may also be important for anatomical 
and functional outcomes. Acute transplantation of OECs may be preferable as the 
potential ability of OECs to reduce cavity formation and reduce the creation of 
an inhibitory environment would likely promote axon regeneration. Indeed, acute 
transplantation of OECs has shown higher functional and anatomical outcomes 
compared to delayed transplant (Lopez-Vales et al. 2006). However, other studies 
have not detected significant differences in outcomes for acute versus delayed trans-
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plantation of OECs (Munoz-Quiles et al. 2009; Centenaro et al. 2011; Torres-Espin 
et al. 2014). Despite this, it would seem reasonable that differences in efficacy and 
outcomes of acute versus delayed treatment may be revealed if improvements in 
the experimental conditions were made and the purity of the cell preparations and 
co-transplanted cells was optimized (as discussed below).

What are the mechanisms by which OECs promote regeneration of the spinal 
cord? OECs transplanted into spinal cord lesions promote regeneration of axons 
across the lesion, remyelination of axons (although the mechanism remains un-
known) and resumption of numerous cellular functions (Ramon-Cueto 2000; San-
tos-Benito and Ramon-Cueto 2003; Ramer et al. 2004; Li et al. 2012). In particular, 
OECs provide a physical “bridge” which assists directional regeneration of severed 
axons across injury sites (Ramon-Cueto and Nieto-Sampedro 1994; Boruch et al. 
2001; Resnick et al. 2003) which is consistent with the role of OECs within the in-
jured olfactory system where it has been shown that OECs migrate ahead of axons 
and that superior axon regeneration occurs when a substantial OEC environment 
has been created (Chehrehasa et al. 2010). Different factors such as GDNF and 
NGF have been identified to regulate migration of OECs (Cao et al. 2004; Windus 
et al. 2007). For example, when OECS are genetically modified to express higher 
levels of GDNF they display a superior ability to promote axonal growth (Cao et al. 
2004). On a cellular level, GDNF acts by stimulating the behaviour of the peripheral 
lamellipodial waves, increasing cell-cell contact and contact-dependent migration 
(Windus et al. 2007). Indeed, it has been demonstrated that the motility of OECs in 
vitro is directly responsible for the apparent motility of axons due to the preference 
for axons to adhere to OECs (Windus et al. 2011). Thus the migration of OECs 
across the spinal cord injury site creates a physical glial bridge rich in axon growth 
promoting factors which together is likely to enhance axon regeneration.

OECs are also thought to be superior to other glial cell types in their interac-
tions with astrocytes. OECs do not tend to form barriers with astrocytes but instead 
intermix with the astrocytes and thereby reduce the formation of the astrocytic scar 
(Ramon-Cueto and Avila 1998; Lakatos et al. 2000; Fairless and Barnett 2005; San-
tos-Silva et al. 2007). Again, this is consistent with their in vivo role in the olfac-
tory system where OECs of the inner nerve fibre layer interact extensively with the 
astrocytes that populate the more internal layers of the olfactory bulb (Fig. 13.3f; 
Lakatos et al. 2000).

The phagocytic activity of OECs (Wewetzer et al. 2005; Su et al. 2013) may also 
improve the local environment of the injury site by removing cellular debris and 
thereby reducing the inhibitory factors that prevent axon regeneration. It has been 
clearly shown that OECs phagocytose axon debris within the olfactory system and 
in vitro (Wewetzer et al. 2005; Su et al. 2013), as well as within the injured spinal 
cord (Lankford et al. 2008).

In summary, the likely benefits of transplantation of OECs are that they migrate 
across the injury site to form a glial bridge rich in axon growth promoting factors, 
they reduce cavity formation, they interact with astrocytes to reduce scar formation, 
and they likely phagocytose axon debris from the damaged cells to rapidly create an 
environment favourable for axon regeneration (Fig. 13.4).



294 J. T. Velasquez et al.

13.4.2  Human Trials of OEC Transplantation  
into the Injured Spinal Cord

Several human clinical trials have demonstrated that transplantation of OECs, of 
both autologous and of embryonic origin, is a safe and feasible treatment (Yan et al. 

Fig. 13.4  The potential therapeutic use of OECs for spinal cord repair. OECs ( red) can be trans-
planted with fibroblasts ( grey) into the injury site. Strategies that enhance the integration, prolifera-
tion and migration of OECs are likely to result in improved axon growth. Targets for improvement 
can include increasing proliferation of transplanted cells; using fibroblasts to organise alignment 
and migration of OECs; enhancing how OECs phagocytose cellular debris; optimising the interac-
tion between OECs and activated astrocytes to reduce glial scar formation
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2001; Feron et al. 2005; Lima et al. 2006; Tabakow et al. 2013), even after 3 years 
post-implantation (Mackay-Sim et al. 2008; Huang et al. 2012). A Phase I clinical 
trial used autologous transplantation of OECs purified from nasal biopsies of spinal 
cord injury patients and showed that patients with chronic spinal cord injury did not 
show any adverse medical or surgical complications from the procedure, such as 
neuropathic pain or neurological deterioration (Feron et al. 2005; Mackay-Sim et al. 
2008). In a more recent Phase I study, the transplantation of OECs together with 
fibroblasts was shown to be safe and feasible after 1 year (Tabakow et al. 2013). An-
other study showed partial recovery of bladder sensation and improvement of motor 
function scores in SCI patients transplanted with autologous non-purified OECs 
(whole olfactory mucosa grafts) (Lima et al. 2006) although this study was not con-
ducted in accordance with Phase I or II standards and thus limited conclusions can 
be drawn from this study. Huang et al. (2003) reported improvement in both motor 
function scores and sensory perception in spinal cord injury patients aged 2–64 that 
received transplantation of human embryonic OECs cells, however, these results 
have been questioned for failing to meet safety standards for scientific protocols 
(Lim and Tow 2007). Encouraging results have indicated that OEC transplantation 
is a promising and safe option to improve recovery in human spinal cord injury 
patients. However, a more accurate, standardised experimental design, including 
appropriate controls as well as a larger number of patients, is needed in further 
clinical trials to confirm the feasibility and effectiveness of OEC therapy. The num-
ber of human trials conducted to date is not sufficient to conclude which degree of 
OEC purity is optimal. In the Phase I trial conducted by Feron et al. (2005) purified 
lamina propria-derived OECs from nasal biopsies were transplanted and shown to 
be safe, albeit no dramatic functional improvement was achieved (Feron et al. 2005; 
Mackay-Sim et al. 2008). Other groups (Lima et al. 2006; Chhabra et al. 2009; 
Aoki et al. 2010) used whole olfactory mucosa grafts (a mix of neural stem cells, 
OECs, fibroblasts and other associated cells) to fill the lesion cavity. In these studies 
some patients were reported to show improvement on motor functional and sensory 
neurological scores; however some adverse effects such as neuropathic pain were 
reported, and appropriate controls for strict comparisons were not included. The 
large expense and ethical concerns of conducting human trials, particularly those 
with large numbers of patients, confers the need to determine the optimal cell purity 
and cell mix to maximise the likelihood of successful outcomes. Therefore prior to 
conducting future human trials, it is important that the methods for purifying and 
identifying OECs and whether the inclusion of additional cell types is favourable 
should be addressed.

13.4.3  OECs are a Heterogeneous Population—Which Source 
Should be Used?

Within the olfactory system in vivo, OECs are not all the same, but have different 
characteristics and roles depending on their location in the olfactory nerve pathway. 
Are these different characteristics relevant for spinal repair therapies and are the 



296 J. T. Velasquez et al.

differences in the OEC subpopulations maintained after culturing and after trans-
plantation? If so, then the source of OECs that are selected for transplantation is 
likely to affect the outcomes of spinal repair therapies.

OECs express a range of different molecules depending on their location in the 
olfactory nerve. OECs within the lamina propria express p75NTR and S100β which 
are typically used to confirm the identity and purity of OECs that have been cul-
tured (Table 13.2). OECs within the nerve fibre layer of the olfactory bulb are not 
homogeneous and two OEC subpopulations are present (Fig. 13.2) which each ex-
press distinct markers. The nerve fibre layer of the olfactory bulb can be further 
subdivided into outer and inner layers that contain different populations of OECs 
with different roles in vivo. OECs of the outer nerve fibre layer are responsible for 
the defasciculation and sorting of axons, and inner nerve fibre layer OECs, refas-
ciculate and target axons to glomeruli (Fig. 13.2). Expression of OEC markers also 
differs between the subpopulations with OECs in the outer nerve fibre layer highly 
expressing S100β protein and p75NTR (Gong et al. 1994; Au et al. 2002), whereas, 
OECs in the inner nerve fibre layer express low levels of S100β and p75NTR, but do 
express high levels of TROY (Hisaoka et al. 2004) and NPY (Ubink and Hokfelt 
2000). Therefore, based simply upon the differential expression of these markers, 
OECs can be considered to be a heterogeneous population of cells each with distinct 
characteristics that may confer different benefits for regenerating axons.

What are the proposed roles of OECs for the guidance and targeting of olfactory 
axons? Within the lamina propria, OECs (green in Fig. 13.2) ensheathe fascicles of 
axons that arise from neurons expressing different odorant receptor types. When 
the axon fascicles reach the outer layer of the nerve fibre layer, the OECs (red in 
Fig. 13.2) contribute to the defasciculation and sorting of the axons as they search 
for their target glomeruli. Within the inner nerve fibre layer, the OECs (blue in 
Fig. 13.2) contribute to the refasciculation and targeting of axons according to their 
odorant receptor type. Thus the OECs play different roles in these three different 
regions: (i) fasciculation within the lamina propria; (ii) defasciculation and sorting 
within the outer layer of the nerve fibre layer; (iii) refasciculation and targeting 
within the inner layer of the nerve fibre layer.

Consistent with their in vivo roles, in vitro studies have shown that OECs that 
have been purified from different regions of the olfactory system have distinctly 
different behaviours during cell-cell contact (Windus et al. 2007, 2010; Roloff et al. 
2013). Canine OECs from the olfactory bulb have been shown to migrate faster than 
OECs from the lamina propria (Roloff et al. 2013). In other studies, mouse OECs 
from the lamina propria tend to adhere to each other, consistent with their need to 
promote fasciculation (Windus et al. 2007). In contrast, OECs from the nerve fibre 
layer of the olfactory bulb exhibit various reactions to cell-cell contact including 
adhesion and repulsion consistent with their roles in mediating defasciculation of 
axons, refasciculation and targeting (Windus et al. 2010). When olfactory sensory 
neurons were co-cultured with different sources of OECs, axons formed fascicle-
like structures with OECs from the lamina propria whereas they tended to disperse 
when grown with OECs from the olfactory bulb (Windus et al. 2010). In addition, 
OECs derived from different regions of the nerve fibre layer (rostral, dorsal, caudal, 
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ventral) also exhibit varying responses (Windus et al. 2010). A lack of consistency 
in the purification of OECs from the olfactory bulb may account for the variation 
in results that are observed in the spinal transplant models. Some protocols purify 
OECs from the entire nerve fibre layer of the olfactory bulb (Li et al. 1997, 2007; 
Ramon-Cueto 2000; Lopez-Vales et al. 2006), while other protocols specify a more 
restricted region of the nerve fibre layer such as the rostral region (Lankford et al. 
2008) or the ventral region (Guest et al. 2008). In other protocols, the region of 
the nerve fibre layer has not been specified (Teng et al. 2008; Torres-Espin et al. 
2014) although it may be that the entire nerve fibre layer was used. Thus selecting 
the source of OECs could have crucial influences on the efficacy of these cells for 
repair of the injured spinal cord. Consistent with this, in vivo transplantation has 
demonstrated variable outcomes depending on the source of OECs that have been 
used. After transplantation into a crush injury model, OECs from the lamina propria 
migrated more extensively and reduced the size of the lesion cavity which resulted 
in more extensive axon sprouting compared to the results obtained after transplan-
tation of OECs derived from the olfactory bulb (Richter et al. 2005). However, 
olfactory bulb derived OECs promoted greater angiogenesis and reduced autotomy 
(Richter et al. 2005). In other studies, however, the variation in outcomes depending 
on the source of OECs is less clear. High purity cultures of OECs from the lamina 
propria and from the olfactory bulb have both been shown to give similar results 
in reducing scar formation and promoting axon extension in comparison to control 
groups (Mayeur et al. 2013). If the OECs derived from the lamina propria give simi-
lar therapeutic outcomes compared to OECs derived from the olfactory bulb, then 
the use of the lamina propria OECs would be preferred for human therapies due to 
the ease of accessing the source of OECs from the olfactory mucosa.

OECs derived from the olfactory bulb offer other advantages that may make 
their use preferable. Typically, due to the amount of tissue that can be obtained 
from the nerve fibre layer, OECs from the olfactory bulb are easier to purify, result 
in large cell numbers, and have fewer contaminating cells such as fibroblasts (dis-
cussed below) which makes their use for animal trials attractive. Certainly, numer-
ous studies have demonstrated improvements in anatomical or functional outcomes 
using OECs derived from the olfactory bulb (Table 13.2). In humans, the use of 
olfactory bulb derived OECs is feasible although much more invasive and primate 
studies have demonstrated that OECs can be successfully grown from olfactory 
bulbs (Rubio et al. 2008).

13.4.4  Purification of OECs and Contaminating Cells

One of the advantages of using OECs from the lamina propria for spinal repair 
therapies is that they can be easily harvested from the patient’s own nasal mucosa. A 
small biopsy from the dorsal/caudal region of the nasal cavity can be obtained using 
local anaesthetic with minimal risk of complication. The OECs are then cultured in 
vitro to undergo population expansion and transplanted back into the same patient 
in the spinal injury site. This autologous transplantation avoids host recognition 
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problems however it necessitates a window of several weeks while sufficient cells 
are expanded in culture. Therefore early intervention to treat the spinal injury can-
not occur with this method. An alternative approach is to generate a bank of purified 
non-autologous OECs that is stored and ready for immediate transplantation for 
newly injured patients. To this end, extensive work has been conducted using rodent 
and canine models to identify protocols that result in purification of OECs and to 
enhance the proliferation of the cells in vitro.

In animal models, OECs can be purified from either the olfactory mucosa lining 
the nasal cavity or from the nerve fibre layer of the olfactory bulb. Both of these 
different sources have advantages and disadvantages. Within the olfactory mucosa, 
the axons of the olfactory sensory neurons form large fascicles surrounded by the 
OECs (Fig. 13.3a). By dissecting out the mucosa, or separating the lamina propria 
from the overlying olfactory epithelium, the OECs can be isolated from the explant 
tissue. However, other cell types are also present within the lamina propria which 
can potentially contaminate the cultures. The accessory olfactory nerve (part of the 
pheromone detection system in non-human mammals) projects along the septum 
and is often adjacent to the fascicles of the main olfactory system (Fig. 13.3b). To 
date, there has been no systemic comparison of the potential contamination of OEC 
cultures with accessory olfactory OECs and the possible differences in their contri-
bution to spinal cord repair.

The branches of the trigeminal nerve in which the Schwann cells are present 
can be in close proximity to the olfactory nerve fascicles (Fig. 13.3c). In trans-
genic S100ß-DsRed reporter mice (Windus et al. 2007) the different morphologies 
and structures of the olfactory versus the trigeminal nerves are clearly distinguish-
able (Fig. 13.3d–e), but the close proximity of the trigeminal nerves means that 
cultures of cells obtained from olfactory mucosa are likely to contain both OECs 
and Schwann cells unless purification techniques to remove the Schwann cells are 
employed. For example, in dogs, HNK-1 is a marker of Schwann cells that is not 
expressed by OECs and the use of magnet-activated cell sorting based on HNK-1 
is effective in removing the Schwann cells to obtain populations of OECs that are 
free of Schwann cells (Ziege et al. 2013). However, in mice there are no such suit-
able differential cell surface markers that have been identified to date that can be 
used to separate OECs and Schwann cells effectively. Comparisons have been made 
between the efficacy of Schwann cells versus OECs for repair of the injured spi-
nal cord with the results typically showing that both OECs and Schwann cells can 
enhance the anatomical or functional outcomes although with differences between 
the cell types depending on the assay (Lankford et al. 2008; Li et al. 2012; Barbour 
et al. 2013). While the proportion of contaminating Schwann cells is likely to be 
low in OEC cultures, it should still be considered that Schwann cells could be con-
tributing to the results of spinal repair transplantation studies and may be a source 
of the variation in outcomes that are observed.

Fibroblasts are also present in the olfactory nerve and often contaminate OEC 
cultures. To date, most research efforts have attempted to purify the OECs using 
sedimentation techniques and complement- or antibody-mediated purification tech-
niques with the purpose to eliminate fibroblasts. However, in many cases, partially 
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purified or unpurified mucosal tissues have been used with variable outcomes (Ta-
ble 13.2). It has been proposed that the inclusion of fibroblasts with the OECs is 
essential for the functional improvements (Raisman and Li 2007) and transplanta-
tion of mixed olfactory cell populations (OECs + olfactory nerve fibroblasts) has 
resulted in enhanced recovery of motor function in rats when compared to OECs or 
fibroblasts alone, and suggested that the presence of the two cell types is necessary 
for optimal repair (Li et al. 2003). Recently, transplantation of semi-purified olfac-
tory mucosa-derived cells (around 50 % OECs; the remainder being fibroblasts) in 
dogs with spinal cord injury demonstrated that functional recovery can be achieved 
(Granger et al. 2012). Dogs that received the autologous cells reported a significant 
gain of fore-hind limb coordination as well as an improvement in the communica-
tion across the damaged segments of the spinal cord. In contrast, it has been re-
ported that the presence of fibroblasts on olfactory mucosa cultures used for trans-
plantation results in higher numbers of activated astrocytes, as well as an increase in 
inhibitory extracellular molecules that reduce axonal regeneration when compared 
with transplantation of pure glial cells populations (Toft et al. 2013).

To date, the roles of fibroblasts in neuronal regeneration remain relatively un-
characterised, but emerging data suggest that these cells do have crucial and active 
roles significantly beyond those of inactive connective tissue cells. When fibro-
blasts are transplanted with neural progenitor cells, they provide a scaffold that fa-
cilitates axonal re-growth after spinal cord injury (Pfeifer et al. 2004). Furthermore, 
fibroblasts are able to populate the lesion cavity in damaged spinal cord (Vroemen 
et al. 2007) and cause neural progenitor cells to differentiate into glial lineage cells 
(Wu et al. 2013). Thus, it is evident that a characterisation of how OECs interact 
with fibroblasts and regenerating neurons in a multi-cellular environment is crucial, 
and the optimal ratio of cells needs to be determined. For example, in peripheral 
nerve repair it has been shown that fibroblasts organise and promote the migra-
tion of Schwann cells (Parrinello et al. 2010), but the effect of fibroblasts on the 
organization and growth of OECs has not been studied extensively. There is also a 
question of the method used to identify OECs and fibroblasts in vitro. The marker 
p75NTR is the principal one used to identify OECs in vitro, however cultured human 
fibroblasts have been shown to also express p75NTR (Garcia-Escudero et al. 2012). 
This raises the question of whether the cultures of reported high purity OECs in fact 
contain fibroblasts and whether the therapeutic outcomes in the spinal injury mod-
els are due solely to the OECs or rather to the combination of OECs and fibroblasts.

The inclusion of fibroblasts and other cells within the “purified” OEC prepara-
tions means that the purity of the cultures varies considerably. For those experi-
ments which have sought to use pure OEC preparations, the majority have reported 
the percentage of cells that express p75NTR as being over 90 % (Table 13.2), while 
others have used preparations of OECs with less purity (e.g. Amemori et al. 2010; 
Table 13.2), but still achieve functional outcomes. Other studies have deliberately 
included other cells such as fibroblasts within preparations with reported purities 
such as 50 % p75NTR positive cells (OECs) and 50 % fibroblasts (Table 13.2). How-
ever, in a Phase I trial for humans in which the autologous purification strategies 
aimed to transplant high purity OECs, a lower purity was reached (76–88 %; Feron 
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et al. 2005). In other autologous transplantation trials in which fibroblasts were 
deliberately included, the variation in purity of the separate cell preparations was 
high, with 20–50 % S100 positive cells (OECs) for a human trial (Tabakow et al. 
2013) and 30–70 % for dogs (Granger et al. 2012). This indicates that the purifica-
tion protocols do not result in predictable purities of cells or that the verification 
techniques (usually immunocytochemistry staining using antibodies against p75NTR 
and/or S100) are insufficiently accurate. For OEC transplantation to become a re-
alistic therapy for treating the injured spinal cord, it is crucial that protocols are de-
veloped to improve the reliability of purifying, expanding and verifying the identity 
of cultures of OECs and/or fibroblasts.

13.5  Limitations of the Use of OECs

One of the disadvantages of using OECs for transplantation is the limited sur-
vival and low proliferation rates observed over time in culture (Doucette 2002), 
making large-scale expansion of OECs a main challenge. Moreover, changes in 
the local environment may induce changes in the morphology of OECs, affecting 
their behaviour (Vincent et al. 2005a) and causing cells to exhibit characteristics 
associated with specific roles in nerve regeneration (Doucette 1995; Woodhall 
et al. 2003).

OECs display a range of phenotypes in vitro and in vivo, and they are able to 
transform from one morphology type to another in response to modifications in the 
culture conditions (Doucette 1995; Windus et al. 2007, 2010; Huang et al. 2008a; 
Radtke et al. 2010). In culture, OECs display different morphologies, including 
a flattened sheet-like morphology (astrocyte-like), bipolar fusiform morphology 
(Schwann cell-like) and multipolar morphology (Chuah and Au 1994; Huang et al. 
2008b). Morphology of OECs is known to be affected by variables as the method 
of isolation and purification, cell culture conditions as well as presence of extracel-
lular and intracellular molecules such as cAMP, dBcAMP endothelin-1 and fibu-
lin-3 (Vincent et al. 2003; Huang et al. 2008b; Vukovic et al. 2009). For example, 
expression of fibulin-3 in OECs results in a predominant bipolar morphology with 
extremely long processes (Vukovic et al. 2009), whereas local changes in cAMP 
levels lead to dynamic morphology alterations dramatically affecting OECs migra-
tion rate (Huang et al. 2008b).

Studies have shown that OEC plasticity is more evident after cells have been 
exposed to activated astrocytes and inflammatory mediators within a neuronal le-
sion site (Woodhall et al. 2003). This extreme plasticity in morphology and physi-
ological changes in populations of OECs before and after transplantation may be a 
further cause for the discrepancy of results between studies. Thus, it is necessary to 
develop an optimal standard method by which OECs can be effectively propagated 
whilst maintaining a consistent or predictable phenotype. At the very least, a thor-
ough characterisation of the mechanisms involved in regulating OEC morphology 
and behaviour is critical to guarantee better outcomes for OEC transplantation trials.
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Another concern presented in transplantation of glial cells as a therapy for spi-
nal cord injury is the inability of transplanted cells to integrate in the host spinal 
cord. This is due to the over-expression of proteins that inhibit migration, such 
as Nogo, known to alter the morphology of lamellipodial membrane protrusions 
in OECs to favor focal adhesion rather than migration (Xu et al. 2009). Some 
molecules such as proteoglycans, can block the production of these inhibitory 
proteins, thus promoting the migration of transplanted cells into injured spinal 
tracts (Huang et al. 2008a). In an olfactory injury model, it has been demonstrated 
that OECs migrate more extensively without the presence of axons, but that sub-
sequent axon growth is then superior (Chehrehasa et al. 2010). After transplan-
tation, OECs migrate ahead of regenerating axons through unfavorable growth 
environments increasing the potential of damaged axons to extend through the 
damaged site (Ramon-Cueto and Santos-Benito 2001; Chehrehasa et al. 2010; 
Ramon-Cueto 2011). Identification of factors or small molecules that enhance 
OEC migration properties could offer new alternatives for develop further strat-
egies with emphasis in combinations of cell transplantation and drug therapy 
that could increase the efficacy of actual OECs transplantation treatments. For 
example, as described above and has been tested in vivo, OECs could be ge-
netically engineered to express growth factors that would promote their function 
(Cao et al. 2004; Wu et al. 2008).

13.6  Future Outlook and Opportunities

The use of combination therapies involving OEC transplantation and neural growth 
factors or molecules that mimic their neurotrophic effect are likely to achieve better 
results than conventional therapies, and provide a more efficient solution for neural 
repair in humans (Doucette 1995). Neuregulins and other neurotrophic factors are 
involved in the survival, proliferation and migration of OECs, as well as Schwann 
cells, oligodendrocytes and astrocytes. All different types of glial cells present re-
ceptors for neuregulins, molecules that promote glial growth and regulate the role of 
glial cells on nerve regeneration. OECs express various neuregulins including Neu 
differentiation factor, glial growth factor and motor-neuron derived factor, as well 
as many receptors for these molecules, supporting the theory that OECs play an 
important role in the survival, growth-promotion and regeneration of severed nerve 
cells (Woodhall et al. 2001, 2003; Vincent et al. 2005a). An increased understanding 
of how glial cells respond to neurotrophic molecules as well as the identification of 
novel compounds that enhance the migratory and integrative properties of OECs is 
therefore highly warranted in the field.

Another approach is the use of biomaterials and tissue engineering strategies 
that facilitate axon growth in the spinal cord, as well as to enhance the survival 
and integration of OECs or other cells transplanted to the injury site. Extracellular 
matrix motifs and bio-scaffolds can provide the transplanted cells with an enriched 
substrate that may increase cell proliferation and migration. For example, matrix 
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proteins such as fibronectin and laminin, used on matrix-based scaffold have anti-
apoptotic properties that may lead to an improvement on cell survival and migration 
(Friedman et al. 2002b, a).

To date, experimental and clinical studies suggest that OEC transplantation is 
safe and effective and may provide real benefits in the treatment of spinal cord in-
juries. However, it is important that a better understanding of the biology of OECs 
be pursued to enable new strategies to be developed, perhaps with a more multi-
faceted approach, to achieve an effective use of OECs in the treatment of spinal 
cord injury in humans.
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Abstract The Wharton’s jelly (WJ) of the umbilical cord has been identified as a 
rich source of mesenchymal stromal cells (MSCs), which are considered as promis-
ing candidates for stem cell-based therapy to treat several diseases. In particular, 
MSCs harvested from the “young” WJ are believed to be more proliferative, immu-
nosuppressive and therapeutically active stem cells than those derived from adult 
tissues, such as the bone marrow or adipose. MSCs derived from WJ also exhibit 
transplantable features such as ease of sourcing, in vitro expandability, differentia-
tion capacities, immune-evasion and immune-regulation profiles. Indeed, the poten-
tiality of WJ-derived stem cells to treat cancer, cardiovascular and liver diseases, 
and nerve and cartilage tendon injuries has been suggested. In this paper, we present 
an overview of the phenotypic characteristics, immune-modulatory properties and 
therapeutic potentials of WJ-derived stem cells, and suggest optimization protocols 
for successful advancement of WJ-derived stem cells into clinical use.

Abbreviations

AFP Alpha-fetoprotein
BDNF Brain-derived neurotrophic factor
bFGF Basic fibroblast growth factor
BM-MSCs Bone marrow-derived mesenchymal stromal/stem cells
cAMP Cyclic adenosine monophosphate
CD Cluster differentiation
CDKN Cyclin-dependent kinase inhibitor
CFU-F Colony-forming unit-fibroblast
CL-MSCs Cord lining mesenchymal stem cells
COMP Cartilage oligomeric protein
CXCR C-X-C chemokine receptor
DCs Dendritic precursors
ESCs Embryonic stem cells
HIE Hypoxic-ischemic encephalopathy
HIFs hypoxia inducible factors
hiPSCs human induced pluripotent stem cells
HLA Human leukocyte antigen
HSCs Hematopoietic stem cells
HUCPVCs Human umbilical cord perivascular cells
HUVECs Human umbilical vein endothelial cells
IFN-γ Interferon gamma
IL Interleukin
iPSC Induced pluripotent stem cell
IV Intravenous
IVF In vitro fertilization
KDR Kinase insert domain receptor
MHC Major histocompatibility complex
MI Myocardial infaction
MSCs Mesenchymal stromal/stem cells
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NGF Nerve growth factor
NMII Non-muscle myosin II
NP Nucleus pulposus
PDGF Platelet-derived growth factor
PHA Phytohemagglutinin
PLLA Poly-L-lactic-acid
SCID Severe combined immunodeficiency
SMA Smooth muscle actin
SPIO Superparamagnetic iron oxide particles
SSEA4 Stage-specific embryonic antigen 4
TERT Telomerase reverse transcriptase
TGF- β Transforming growth factor- beta
UC Umbilical cord
UCMSCs Umbilical cord matrix stem cells
VEGF Vascular endothelial growth factor
WJ Wharton’s jelly

14.1  Introduction

The area of stem cell research offers an avenue for an in-depth study of cell biol-
ogy, as well as in the discovery of new strategies to treat diseases. There are vari-
ous sources of stem cells and perhaps one of the most important is the Wharton’s 
jelly (WJ), first described by Thomas Wharton in 1656 (Wharton 1996), which is 
a gelatinous layer in the umbilical cord that hosts different populations of stem 
cells (La Rocca 2011). Mesenchymal stromal cells (MSCs) constitute one of these 
populations, which display a specific group of surface markers including CD90, 
CD73 and CD105. Accordingly, these markers contribute to plastic adherence of 
WJ-MSCs, which is the prototypic feature of these cells. Aside from WJ, MSCs can 
also be derived from other sources such as adult bone marrow and adipose tissues. 
However, MSCs derived from different sources display different degrees of stem-
ness and immune properties. For instance, WJ-MSCs have more potent prolifera-
tive, immunosuppressive and therapeutic properties than MSCs isolated from adult 
bone marrow or adipose tissue. McElreavey et al. (1991) first isolated and cultured 
WJ-MSCs. Thereafter, there have been several attempts to identify optimum isola-
tion and differentiation of WJ-MSCs (Chacko and Reynolds 1954, Takechi et al. 
1993; Naughton et al. 1997; Purchio et al. 1999; Kadner et al. 2002; Mitchell et al. 
2003; Romanov et al. 2003; Kadner et al. 2004). The milestone discoveries on  
WJ-MSCs should encourage further research on stem cell biology and pave the way 
for advancing stem cells and stem cell-derived products to clinical applications.
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14.2  Sources of Stem Cells for Transplantation

Stem cells can be classified into three major groups based on their biochemical and 
genomic markers: embryonic stem cells (ESCs), MSCs and hematopoietic stem 
cells (HSCs). Various types of stem cells have been isolated from human tissues 
including pre-implantation embryos, fetal sources such as aborted fetuses and birth-
associated tissues, and adult organs. ESCs are pluripotent cells, which in theory, 
have the capacity to differentiate into any type of tissue in the human body. None-
theless, there has been a moral debate about the use of ESCs in research. ESCs are 
isolated during the first 8 weeks of embryonic development from the inner cell mass 
of the blastocyst (Thomson et al. 1998) necessitating the destruction of the embryo. 
As there is no consensus as to whether a human life at the embryonic stage should 
be granted the moral status of a human being (Baldwin 2009), the use of ESCs 
remain controversial although blastocysts are usually obtained from discarded ma-
terials in in vitro fertilization (IVF) clinics. Moreover, the safety of ESCs for use 
in cell-based therapy has not been established, and there have been concerns with 
immunorejection and tumorigenic potentials of these cells. In 2006, a new method 
was introduced to derive pluripotent stem cells from adult tissues. Through induced 
pluripotent stem cell (iPSC) technology, autologous tissues from patients are trans-
fected with pluripotency-inducing genetic factors to produce human induced plu-
ripotent stem cells (hiPSCs) which when transplanted into the same patient will 
not cause an immune response. However, there have been reports of chromosomal 
duplications and deletions due to epigenetic changes in ensuing hiPSCs (Takahashi 
and Yamanaka 2006; Laurent et al. 2011). A previous study reported higher inci-
dence of teratoma formation in immunocompromised mice transplanted with hiP-
SCs than in subjects that received ESCs (Gutierrez-Aranda et al. 2010). The risk 
of tumorigenesis is of particular importance when using pluripotent cells due to 
the propensity of these cells to induce teratomas in animal models (Thomson et al. 
1998; Takahashi and Yamanaka 2006). Therefore, it is necessary to characterize 
exhaustively the differentiation status of transplanted cells to avoid delivery of re-
sidual pluripotent cells that may differentiate abruptly in vivo.

HSCs are isolated from the adult bone marrow and from the umbilical cord (UC). 
They are multipotent cells that give rise to a limited number of cell types namely, 
blood and blood related lineages. However, Ogawa et al. (2013) reported pluripo-
tent characteristics of HSCs and their ability to differentiate into almost all cell 
types in the body. With regard to their clinical application in cell-based therapy, 
ex-vivo expansion prior to transplantation may be required due to the difficulty in 
harvesting sufficient amount of HSCs from the bone marrow or the UC.

MSCs can be derived from various sources, and the bone marrow has been con-
sidered as the primary source of MSCs (Pittenger et al. 1999). Similar to HSCs, 
however, there is an issue with obtaining ample amount of MSCs from the bone 
marrow such that in vitro expansion may be required to increase the number of cells 
for transplantation. However, in vitro expansion may promote some degree of cell 
differentiation, epigenetic modifications and contamination (Pittenger et al. 1999; 
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Bongso and Fong 2013). As a favorable alternative source for MSCs, extraembry-
onic tissues have been considered, which include the placenta, fetal membrane 
(amnion and chorion), UC, UC blood, and amniotic fluid (Strakova et al. 2008; 
Ilancheran et al. 2009; Pappa and Anagnou 2009; Semenov et al. 2010). Since these 
tissues are normally discarded after birth, MSCs derived from this source raise no 
ethical controversies (Marcus and Woodbury 2008). Moreover, these cells exhibit 
partial pluripotent properties due to their ontogenic proximity from ESCs (Strakova 
et al. 2008; Ilancheran et al. 2009; Pappa and Anagnou 2009; Semenov et al. 2010). 
They have also been shown to display more preferable immunogenic and prolifera-
tive properties, as well as wider multipotent plasticity (Marcus and Woodbury 2008; 
Pappa and Anagnou 2009). In addition to the previously mentioned sources, MSCs 
can also be obtained from fetal tissues, which are controversial sources as they are 
derived from human abortuses, and from adipose tissues necessitating invasive pro-
cedures for isolation (Bunnell et al. 2008).

14.3  MSCs Isolated from the WJ and Other Anatomical 
Compartments of the UC

The umbilical cord functions to enclose two umbilical arteries and one umbilical 
vein that connect the fetus and the placenta enabling transfer of nutrients and waste 
products. These blood vessels are embedded in a mucous proteoglycan-rich matrix 
known as the Wharton’s jelly (WJ), which is covered by the amniotic epithelium 
(Fig. 14.1). The WJ confers some elasticity to the UC, which helps prevent the ves-
sels from bending and compressing. More than 10 years ago, the first fibroblast-like 

Fig. 14.1  Diagram of a cross-section of the human umbilical cord showing anatomical compart-
ments including Wharton’s jelly, a rich source of stem cells
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MSC populations from the WJ have been isolated (Kobayashi et al. 1998). In litera-
ture, WJ-MSCs have been called “umbilical cord matrix stem cells (UCMSCs)” to 
make them distinguishable from endothelial cells isolated from the umbilical vein 
(HUVEC), and MSCs isolated from UC blood (UCB-MSCs) (Baudin et al. 2007; 
Markov et al. 2007). There are two possible theories accounting for the origins of 
stem cells in the WJ. The first theory assumes that there were two waves of fetal 
stem cell migration, which resulted in the entrapment of some of the MSCs in the 
WJ of the UC (Wang et al. 2008). The second theory argues that MSCs in the WJ 
evolved from the mesenchyme of the umbilical cord, and these cells function to 
secrete glycoproteins, mucopolysaccharides, glycosaminoglycans and extracellular 
matrix proteins that form gelatinous ground substance, which prevent the strangula-
tion of UC blood vessels during gestation (Bongso and Fong 2013).

There are different compartments within the UC that are considered as hosts 
for stem cell populations. These compartments are described as distinct regions 
(Jeschke et al. 2011) and include the amniotic compartment (outer epithelial layer 
and inner subamniotic mesenchymal layer), the WJ compartment, the perivascular 
compartment surrounding the vessels, the media and adventitia compartment of the 
walls of UC blood vessels, the endothelial compartment (inner lining of the vein), 
and the vascular compartment (blood lying within the UC blood vessels) (Bongso 
and Fong 2013). There has been no standardized nomenclature for these structures 
although terms such as “subamnion”, “cord lining (sub-amnion)”, “intervascular”, 
“perivascular” and “HUVEC” have been frequently used. Since there is no defined 
histological demarcation among these compartments, it is difficult to determine 
whether isolated populations from different compartments have the same identity. 
Also, the absence of a defined consensus on the region of interest, and differences in 
isolation methods and derivation protocols contribute to the difficulty in identifying 
cell population of interest (Bongso and Fong 2013). WJ-MSCs can be isolated from 
two regions: the perivascular zone and inter-vascular zone (Prasanna and Jahnavi 
2011), although they can also be obtained from these three regions, namely the 
intervascular, subamnion, and the perivascular regions (Troyer and Weiss 2008). In 
vitro structural, immunohistochemical and functional analyses revealed significant 
differences in the number, nature and properties of cells isolated from the above-
mentioned regions (Nanaev et al. 1997; Karahuseyinoglu et al. 2007). Moreover, 
it has been assumed that they originate from different pre-existing structures (Can 
and Karahuseyinoglu 2007). Human umbilical cord perivascular cells (HUCPVCs) 
are one of the cell populations isolated from around the umbilical cord vessels  
(Sarugaser et al. 2005; Baksh et al. 2007). Moreover, other groups isolated other 
equipotent stem-like cells from the subamnion (cord lining; CL) (Kita et al. 2010; 
Jeschke et al. 2011). Of note, previous studies have found that WJ-MSCs popula-
tions isolated in close proximity to the amniotic surface display higher proliferative 
and less differentiation properties than those isolated in proximity to umbilical ves-
sels (Nanaev et al. 1997; Karahuseyinoglu et al. 2007).
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14.4  Characteristic Properties of WJ-MSCs for Cell-
Based Therapy

14.4.1  Phenotypic Characterization of WJ-MSCs

A groundwork on the characterization of WJ has been provided through an over-
view of the human UC (Conconi et al. 2011). In this paper, we review the pheno-
typic characteristics of human UC cells derived from various parts of the UC. There 
has been difficultly in determining the precise identity of UC stromal cells because 
of lack of standardized extraction, culture, and analysis methods. However, it was 
demonstrated that cells from WJ carry the mesenchymal phenotypic characteristics 
including the expression of specific lineage cytoskeletal markers, such as smooth 
muscle actin (SMA) and vimentin. Moreover, ESC markers Oct-4, stage-specific 
embryonic antigen 4 (SSEA4), nucleostemin, SOX-2 and Nanog are expressed 
by some populations, although HUCPV cells do not express Oct-4 and SSEA4. 
Moreover, HUCPV cells do not express cell surface molecules such as CD59, pu-
tatively involved in the regulation of the complement system and in preventing cell 
lysis, and CD146, an endothelial specific cell molecule also expressed on MSCs 
(Conconi et al. 2011). It has been hypothesized that HUCPV cells are more differ-
entiated than WJ-MSCs. In a previous study, pan-cytokeratin staining was found to 
be stronger in HUCPV than in WJ-MSCs (Karahuseyinoglu et al. 2007), supporting 
the observation on the failure of HUCPV to differentiate into neuronal cells. Re-
cently, another group characterized the role of the ESC marker SSEA4 in preserving 
the multipotency of WJ-MSCs. This group found that the stemness of WJ-MSC ex-
plants and their capacity to differentiate into osteocytes and adipocytes depended on 
the expression of SSEA4. Non-muscle myosin II (NMII), a protein that participates 
in cell division, migration and differentiation, is crucial in the promotion of the pro-
liferative activity of WJ-MSCs. Accordingly, it has been found that inhibiting NMII 
leads toG0/G1  arrest of WJ-MSCs, thereby attenuating the proliferative property of 
WJ-MSCs. Consequentially, this leads to activation of cell cycle inhibitory genes, 
such as CDKN1A, CDKN2A and CDKN2B, and attenuation of the expression of 
genes that promote S/M phase transition (Sharma et al. 2013). A recent study com-
pared WJ-MSCs transcriptomes after 4 and 12 passages to investigate the effect of 
prolonged cell culture on gene expression of WJ-MSCs (Gatta et al. 2013). Among 
the differentially expressed genes found after the 12th passage but not in the 4th 
passage are those involved in inflammatory and cell stress response, cell prolifera-
tion and maturation, and apoptosis. These findings suggest that WJ-MSCs develop 
characteristics common in aging cells such as decreased proliferative capacity and 
apoptosis resistance after multiple cycles of cell expansion (Gatta et al. 2013).

It has also been found that the macrophage marker CD14 is expressed only by 
cord lining mesenchymal stem cells (CL-MSCs) and not by WJ-MSCs (Kita et al. 
2010). Furthermore, soluble CD14 has been shown to downregulate T-cell activa-
tion (Rey Nores et al. 1999). In addition, WJ-MSCs express HLA-G6 isoform, an 
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immune-modulation protein, suggesting the suitability of WJ-MSCs for cell-based 
therapy. It was found that cell populations with different phenotypic profiles are 
not only present in various parts of the UC but also inside the same UC regions, 
indicating that UCMSCs are a unique cell family showing varying levels of stem-
ness. Moreover, WJ CD105(+)/CD31(−)/KDR(−) cell populations have also been 
observed to differentiate in vivo into myogenic lineage and assist in muscle regen-
eration. This was also confirmed by in vitro assays which showed myogenic dif-
ferentiation potential of CD105(+) cells (Conconi et al 2006).

Specific regions of the UC lining (sub-amnion) and WJ enriched with stem cell 
niches have been defined (Jeschke et al. 2011). A previous study reported MSCs 
isolation from sub-amnion (cord lining) of the UC and that sub-amnionic MSCs 
from ESCs do not show tumorigenicity in vitro (Kita et al. 2010).Moreover, isolated 
CL-MSCs expressed mesenchymal features in vitro but also showed several distinct 
features (Kita et al. 2010). As stated previously, UC-isolated multipotent cells show 
heterogeneity due to anatomically distinct zones in the UC from which they are ob-
tained, and also differences in isolation techniques. However, although CL-MSCs 
have promising therapeutic potentials due to their multipotent and proliferative ca-
pacities, harvesting these cells is an extremely time-consuming process, and this 
limits their utility for cell-based therapy (Jeschke et al. 2011). Nevertheless, WJ is a 
good source for MSCs although WJ-MSCs show variation in cell quality. Therefore, 
it is important to consider both the quality and quantity of the stem cells for each 
specific application.

It is believed that the biological characteristics of MSCs can be affected by the 
perinatal environment. Studies have shown that the intrauterine metabolic distur-
bances occurring during pregnancy, such as those caused by maternal hyperglyce-
mia, increase the odds of the offspring to develop diabetes and obesity (Dabelea 
and Pettitt 2001; Gillman et al. 2003; Clausen et al. 2008). Results from animal 
studies have shown that MSC commitment to pre-adipocytes and mature adipocytes 
begins during fetal development and the perinatal life (Tang et al. 2008). Further, it 
was found that obese subjects showed lower amounts of pre-adipocytes and mature 
adipocytes than normal subjects (Tchoukalova et al. 2007). However, more stud-
ies need to be conducted to examine the impact of the perinatal environment on 
differentiation of fetal MSCs, especially in unregulated gestational diabetes. The 
underlying mechanism causing metabolic diseases in offsprings of diabetic mothers 
has been investigated (Pierdomenico et al. 2001). One study found similarities in 
the types of markers expressed on isolated WJ-MSCs from the UC of healthy and 
diabetic mothers, but differences in the expression levels of these markers. This 
phenomenon can be explained by the differences in the functional features between 
the two groups (i.e., healthy and diabetic mothers). Accordingly, cells from the dia-
betic mother showed limited plasticity as exemplified by lower expression levels 
of CD90. However, these cells also showed proliferative features, attributable to 
high expressions of CD44, CD29, CD73, CD166, SSEA4 and telomerase reverse 
transcriptase (TERT) in isolated WJ-MSCs. Also, isolated WJ-MSCs from the di-
abetic group showed higher capacity to differentiate into adipocytes indicating a 
possible pre-commitment to adipocyte lineage. In summary, many studies suggest 
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“pre-commitment” of MSCs to the adipocyte lineage due to a diabetic uterine en-
vironment. This causes higher adipocyte production and when coupled with an un-
healthy diet lifestyle, will lead to diabetes and obesity.

14.4.2  Immunomodulatory Properties of WJ-MSCs

WJ-MSCs are characterized by low immunogenicity and high proliferative capac-
ity, which make them favorable for allogenic and xenogenic transplants. In addi-
tion, WJ-MSCs possess immunosuppressive characteristics (Prasanna and Jahnavi 
2011). Specifically, it was found that WJ-MSCs lack the cell surface expression of 
major histocompatibility complex (MHC) class II (HLA-DR) and the co-stimula-
tory antigens CD80 and CD86, which are involved in the activation of T and B cell 
responses (Rachakatla et al. 2008; Weiss et al. 2008; La Rocca et al. 2009; Prasanna 
and Jahnavi 2011). Moreover, MHC class I antigens (HLA-ABC) are less expressed 
in WJ-MSCs, which may protect them from natural killer cell-mediated lysis  
(Rachakatla et al. 2008; Weiss et al. 2008; La Rocca et al. 2009; Prasanna and 
Jahnavi 2011). Moreover, there appears to be differences in the induction of pro-
inflammatory cytokines between bone marrow-derived MSCs (BM-MSCs) and 
WJ-MSCs, although both cell types display similarities in the expression of im-
mune-stimulatory ligands. WJ-MSCs secrete immunosuppressive proteins includ-
ing interleukin (IL)-6 and vascular endothelial growth factor (VEGF), which are 
key players in the immunosuppressive capability of MSCs (Djouad et al. 2007; 
Weiss et al. 2008). They also express HLA-G, a protein which suppresses the 
immune response against the fetus, induces the expansion of regulatory T cells  
(Djouad et al. 2007; Selmani et al. 2008; Weiss et al. 2008; La Rocca et al. 2009; 
Griffin et al. 2010; Prasanna et al. 2010; Deuse et al. 2011) and plays pivotal role 
in the activation of the regulatory T-cells during pregnancy. Some studies showed 
low rejection rate associated with expression of HLA-G and other antigens (e.g. 
IL-10, transforming growth factor [TGF]-β) in the blood, heart and liver/kidney 
grafts (Zarkhin et al. 2010). When compared to BM-MSCs, WJ-MSCs were found 
to exhibit higher immuno-modulating responses as exemplified by higher amounts 
of the anti-inflammatory molecules IL-10 and TGF-β (Selmani et al. 2008; Weiss 
et al. 2008; La Rocca et al. 2009; Prasanna et al. 2010). Also, another study com-
pared the responses to the pro-inflammatory cytokine interferon (IFN)-γ between 
these two cell populations. Due to the absence of HLA-DR in WJ-MSCs, WJ-MSCs 
showed negligible induction by IFN-γ while BMSCs exerted substantial responses 
(Prasanna et al. 2010; Deuse et al. 2011). The immuno-modulatory capabilities of 
WJ-MSCs in diabetic rat models have also been suggested and some studies found 
suppressive effect of WJ-MSCs on the proliferation of allogenic T-cell response 
(Wang et al. 2014). Furthermore, these studies also demonstrated the absence of 
CD40, CD40L, CD80 and CD86 expression by WJ-MSCs. When co-cultured with 
peripheral blood lymphocytes, WJ-MSCs caused a remarkable decrease in the lev-
els of IFN-γ secreted by these cells. Additionally, WJ-MSCs also exerted thera-
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peutic benefits in type-1 diabetic rats by reducing pancreatic cell destruction and 
hyperglycemia, most likely by decreasing the inflammatory response against β-cells 
of the pancreas (Wang et al. 2014).

Nevertheless, UCMSCs can also elicit an immune response. Accordingly, al-
though single injection of MHC-mismatched inactivated UCMSCs did not induce 
a detectable immune response, repeated injection in an inflamed region or upon 
stimulation with IFN-γ prior to injection unmasked immunogenic properties of UC-
MSCs (Cho et al. 2008). These findings indicate that caution must be exercised 
when injecting UCMSCs repeatedly into inflamed or damaged regions. Generally, 
all MSCs have immunosuppressive properties as they inhibit CD4(+), CD8(+), 
CD2(+) and CD3(+) subsets (Aggarwal and Pittenger 2005). However, relative to 
BM-MSCs, WJ-MSCs have been found to display more robust immuno-modulating 
activity as evidenced by more remarkable mitogen-driven alloantigens and specific 
antigen-driven T cell responses. Some studies also revealed that WJ-MSCs caused 
dose-dependent attenuation of the T-cell immune response in vitro (Di Nicola et al. 
2002). Moreover, WJ-MSCs also caused significant suppression of mitogen induced 
CD3(+) T cell activity even when administered at low doses, compared to their bone 
marrow-derived counterparts (Najar et al. 2009; Prasanna et al. 2010). Another 
study asserted that WJ-MSCs have more potent suppressive properties compared to 
BM-MSCs or adipose-derived MSCs when co-cultured with allogenic-stimulated 
T-cells (Prasanna and Jahnavi 2011). When compared to WJ-MSCs, the immuno-
modulating activity of fetal liver-derived MSCs is limited only to the attenuation of 
mitogen-driven lympho-proliferative activity, although they have no effect on allo-
proliferative responses (Gotherstrom et al. 2003). In this regard, perinatal MSCs not 
only seem to attenuate lymphoproliferation more robustly that BM-MSCs similar 
to WJ-MSCs, but also operate in a stimuli-independent fashion, unlike fetal MSCs 
(Prasanna and Jahnavi 2011). Another mechanism may be consequential to the 
influence of WJ-MSCs on the maturation and activation of dendritic precursors 
(DCs), as shown by experiments involving co-culture of WJ-MSCs with CD14(+) 
monocytes. Accordingly, WJ-MSCs inhibited differentiation of DCs in a contact-
dependent manner when these cells were co-cultured with CD14(+) monocytes. 
Moreover, WJ-MSCs co-cultured monocytes appeared to be locked in an immature 
dendritic cell-stage and did not show upregulation of the co-stimulatory ligands 
essential for their maturation (Tipnis et al. 2010). Previous studies have focused on 
the kinetic patterns of pro-inflammatory cytokine secretion by phytohemagglutinin 
(PHA)-activated lymphocytes when co-cultured with WJ-MSCs and BM-MSCs 
(Prasanna et al. 2010). A change in the threshold and kinetics of the activating cy-
tokine IL-2 was only observed in BM-MSC co-cultures. Moreover, results showed 
that activation of negative co-stimulatory ligands on peripheral blood lymphocytes 
was higher in WJ-MSCs co-cultures compared to BM-MSCs co-cultures (Prasanna 
et al. 2010). The secretion profiles of WJ-MSCs are similar to those of other MSC 
populations, except for the release of IL-12, IL-15 and platelet-derived growth fac-
tor (PDGF), which are secreted only by WJ-MSCs and cord blood MSCs. In sum-
mary, WJ-MSCs display robust immunomodulatory properties via several mecha-
nisms including secretion of immunosuppressive soluble factors, upregulation of 
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negative co-stimulatory ligands, production of memory cells, cell fusion to escape 
recognition, immune fetal-maternal specific immune avoidance mechanisms, at-
tenuation of antigen-presenting cell functions, altered migration of immune cells, 
and T cell energy apoptosis tolerance (Prasanna and Jahnavi 2011).

14.5  Clinical Applications of WJ-Derived Stem Cells

14.5.1  Cancer Therapy

Stem cells can also be utilized for primary and metastatic cancers. Previous stud-
ies have demonstrated the capacity of un-engineered human and rat UCMSCs to 
attenuate amplification of multiple cancer cells in vivo and in vitro (Ayuzawa et al. 
2009; Ganta et al. 2009). Tamura et al. (2011) also reported intrinsic stem cell-
dependent regulation of cancer growth, probable mechanisms underlying the ob-
served biological function, delivery of exogenous anti-cancer agents, and potential 
clinical applications. By showing intrinsic ability to secrete factors that can inhibit 
cancer cell growth and/or apoptosis in vitro and in vivo, UCMSC may have sev-
eral advantages for cell-directed cancer therapy. Two potential mechanisms have 
been suggested to explain the manner by which naïve UCMSCs attenuate tumor 
growth. First, UCMSCs may produce multiple secretory proteins that induce death 
of cancer cells and cell cycle arrest. Caspases are activated by the secretion of many 
secretory proteins that lead to cell cycle arrest and eventually cell death (Deuse 
et al. 2011; Ganta et al. 2009; Nakamizo et al. 2005). Some evidence reported  
UCMSCs may stimulate caspase activities and arrest cell cyle even in the absence of 
direct contact with cancer cells. Microarray analysis of rat UCMSCs also revealed 
over-expression of multiple tumor suppressor genes (Tamura et al. 2011). The sec-
ond mechanism may involve enhancement of an immune reaction to cancer cells. 
Immunohistochemistry analysis revealed CD8(+) T cell infiltration of the tumor 
tissues which is not in line with low immunogenicity profiles of UCMSCs (Ganta 
et al. 2009). Therefore, the immunogenicity of UCMSC in tumor-bearing animals 
may be dependent on the microenvironment of UCMSC and the tumor cells.

The interaction between cytokines/growth factors and their receptors mediate 
the homing ability of stem cells. Accordingly, tumor cells secrete large amount of 
cytokines and growth factors which are detected by their corresponding receptors 
expressed on the surface of the UCMSC and other MSCs (Tamura et al. 2011). 
Nevertheless, UCMSCs show greater migration capacity towards the tumor tissue 
than BM-MSCs due to overexpression of IL-8 receptor and C-X-C chemokine re-
ceptor (CXCR) in UMSCs. Furthermore, UMSCs can also be engineered to express 
cytotoxic cytokines before being delivered to the tumor, and can be preloaded with 
nanoparticle payloads which could attenuate tumors after they reach the tumor site 
(Rachakatla et al. 2007; Matsuzuka et al. 2010). Using these manipulations, human 
UCMSC expressing IFN–β produced sufficient amounts of IFN–β which induced 
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death of human breast adenocarcinoma and bronchioalveolar carcinoma cells in 
vitro and in vivo (Rachakatla et al. 2008; Matsuzuka et al. 2010). Altogether, these 
studies suggest therapeutic potential of UCMSCs for the treatment of various can-
cers. Furthermore, UCMSCs are also suitable for allogenic transplantation due to 
their abundance, low immunogenicity, lack of CD34 and CD45 expression, and less 
complex methods involved in harvesting these cells and during in vitro cell expan-
sion. Importantly, the homing ability of UCMSCs to inflammatory tissues including 
cancer tissues, and the tumoricidal ability of these cells make them ideal stem cell-
based intervention for cancer therapy.

14.5.2  Liver Disease

Based on the potentiality of UCMSCs to differentiate into an endodermal lineage 
including hepatocyte-like cells, WJ-MSCs can also be considered for the treatment 
of liver disease, furthermore, as an alternative to orthotopic liver transplantations. 
The in vitro and in vivo use of UCMSCs for rescuing injured hepatocytes has 
been described previously (Scheers et al 2011). UCMSCs have also been shown 
to display several hepatic markers that characterize the sequential steps of liver 
development. In vivo studies showed the capacity of transplanted undifferentiated  
UCMSCs to express human hepatic markers such as albumin and alpha- fetoprotein 
(AFP) in the liver of severe combined immunodeficiency (SCID) mice with par-
tial hepatectomy at 2, 4, and 6 weeks after in vivo transplantation (Campard et al. 
2008). Furthermore, there is some evidence which showed decreased rate of hepatic 
cell fibrosis due to compensatory effects of transplanted undifferentiated UCMSCs. 
This finding thus indicates supporting role of UCMSCs in enhancing functional 
recovery of recipient livers, probably via stimulation of the differentiation of en-
dogenous parenchymal cells and promoting degradation of fibrous matrix, even in 
the absence of a transdifferentiation process (Anzalone et al. 2010). Meanwhile, the 
capacity of UCMSCs to differentiate into a hepatic lineage can be enhanced in vitro 
and in vitro via co-culture with hepatogenic factors. A previous study also found 
relationship between anti-inflammatory and anti-fibrotic actions of UCMSCs due to 
secreted metalloproteinases (Anzalone et al. 2010). Nevertheless, further research is 
required to clarify the ability of UCMSCs to differentiate into hepatocyte-like cells 
and their capacity to repopulate and rescue liver functions.

14.5.3  Cardiovascular Diseases

The therapeutic value of WJ may also be explored for cardiovascular diseases 
(Semenov and Breymann 2011). Due to disadvantages of surgical treatment using 
non-autologous valves or conduits (Mayer 1995; Schoen and Levy 1999), cardio-
vascular tissue engineering focused on in vitro fabrication of autologous, living 
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tissues with the potential for regenerating heart muscles (Shinoka et al. 1996). A 
number of animal studies have validated WJ-MSC-based cardiovascular tissue 
engineering. In one study, autologous trileaflet heart valves derived from human  
WJ-MSCs were successfully implanted in sheep models for up to 20 weeks. The 
functional, biochemical and structural features of these valves were comparable 
with those of the native semilunar heart valves. The feasibility of obtaining stem 
cells from UC for cardiovascular tissue engineering in contrast with obtaining cells 
from other sources has also been demonstrated (Kadner et al. 2004). Another study 
was conducted to develop a myocardial patch to repair myocardial infarction tissue 
or slow down tissue damage, and enhance long-term function of the heart (Kenar 
et al. 2011). This study used a 3D aligned microfibrous myocardial tissue construct 
cultured under transient perfusion. Accordingly, 3D constructs from static and per-
fused cultures increased cell viability, provided uniform cell distribution and align-
ment due to supply of nutrients from the 3D structure.

Indeed, WJ-MSCs have great potential in cardiovascular tissue engineering. 
Nevertheless, we need to understand deeply the clinical limitations of these cells 
and establish realistic clinical protocols for their application. For instance, the use 
of natural, synthetic or hybrid polymers as scaffolds resulted in reduced growth 
and remodeling of cells, and increased risk for infection and formation of thrombo-
embolus. Thus, it is necessary to develop materials that are biocompatible with car-
diovascular tissue for them not to negatively affect the regenerative and immune-
modulatory characteristics of WJ-MSCs in engineered scaffolds (Semenov and 
Breymann 2011). Furthermore, despite advanced knowledge on the characteristics 
of WJ-MSCs and their successful preclinical and clinical applications, standard-
ized criteria for isolation, characterization, long-term cultivation and maintenance 
of human MSCs are required, as long-term survival of stem cells in the host tissue 
and establishment of treatment regimen are still critical issues which hamper broad 
clinical application of stem cells.

14.5.4  Cardiac Differentiation of Human WJ-Derived Stem Cells

Due to the capacity of undifferentiated MSCs to differentiate spontaneously into 
multiple lineages when transplanted in vivo, BM-MSCs may differentiate into mul-
tiple tissue types after transplantation, and its developmental fate may not be re-
stricted by surrounding tissues after myocardial infarction. Undifferentiated cells 
are known to undergo maldifferentiation within the infarcted myocardium posing 
life-threatening consequences (Breitbach et al. 2007). Thus, cardiac differentiation 
must be initiated prior to transplantation of cells, which could be achieved by cul-
turing the cells in defined culture conditions. It has been hypothesized that cardiac 
differentiation prior to transplantation would result in enhanced myocardial differ-
entiation and recovery of heart functions (Bittira et al. 2002; Tomita et al. 2002). 
Accordingly, WJ-MSCs can be induced to differentiate into heart cells by treatment 
with 5-azacytidine for 3 weeks; thereafter these cells would express cardiocyte 
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markers such as cardiac troponin I, connexin 43, and desmin, and display cardiac 
myocyte morphology (Wang et al. 2004). Additionally, cells may also be co-cultured 
with oxytocin, whose levels are higher in the fetal but not adult cardiac tissues indi-
cating their involvement in cadiomyocyte differentiation (Fathi et al. 2009), or with 
embryo-like aggregates and other growth factors such as TGF-β1, PGDF and basic 
fibroblast growth factor (bFGF) to transform cells into myocytes (Maltsev et al. 
1993; Matsuura et al. 2004; Hollweck et al. 2011). It has been observed that the 
treatment of UCMSC with oxytocin and 5-azacytidine caused cardiac differentia-
tion and also the formation of “embryoid bodies” (Hollweck et al. 2011). A detailed 
morphological and immunocytochemical analyses showed that oxytocin is a more 
potent inducer of cardiac differentiation than 5-azacytindine in the formation of 
embryoid bodies.

The long-term therapeutic effects of MSCs derived from the BM-MSCs and  
WJ-MSCs were compared (Lopez et al. 2013) in a rat model of myocardial in-
faction (MI). Results showed significant improvement in groups which received 
MSCs at 25–31 weeks after treatment with MSCs. Moreover, cardiac differentia-
tion potential of WJ-MSC was enhanced when these cells were co-cultured with 
fetal MSCs, compared with those co-cultured with adult MSCs. Furthermore, 
combination treatment with WJ-MSC and fetal MSCs induced myotube formation 
in 2–3 days and spontaneous contractions (beating) after 5–7 days. Collectively, 
the above-mentioned studies indicate that MSCs administered 24–48 h after MI 
exerted strong beneficial effects which lasted longer than 25 weeks after MI, and 
that WJCs may be useful sources of off-the-shelf cellular therapy for MI. Due to 
the accessibility and differentiation capability of USMCs into cardiomyocyte-like 
cells, UCMSC are a favorable treatment intervention for cell-based therapies and 
cardiac engineering. However, in order to use UCMSCs, as well WJ-derived stem 
cells in cardiac repair, we need to determine whether these cells possess functional 
properties of cardiomyocytes.

14.5.5  Cartilage Regeneration

Exposure to traumatic injury or autoimmune diseases damages the cartilage, a tis-
sue which displays poor in vivo regeneration and self-repair capacity. Reports on 
the capacity of stem cells to differentiate into chondrocyte-like cells raised enthusi-
asm for the use of cell therapy to repair cartilage damage. In particular, WJ-MSCs 
have been shown to differentiate into chondrocyte-like cells in vivo and in vitro 
(Lo Iacono et al. 2011). Analysis of the chondrogenic potential of WJ-MSCs re-
vealed their multipotency and chondrogenic capacity (Arufe, et al. 2011), which 
are essential properties for cell therapy in articular diseases (Arufe et al. 2011). 
Moreover, WJ-MSCs are also capable of increasing the production of hyaluronic 
acid, glycosaminoglycans and key genes such as SOX9, cartilage oligomeric pro-
tein (COMP), collagen type II and fibromodulin (Fong et al. 2012). The beneficial 
effects of seeding density of WJ-MSCs in poly-glycolic acid (PGA) scaffolds, in 
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the presence of a chondrogenic medium, on chondrogenic potentials of WJ-MSCs 
have also been described (Wang et al. 2009). This study revealed the potential for 
chondrogenic differentiation of WJ-MSCs in three-dimensional tissue engineer-
ing; higher seeding densities promoted better biosynthesis and mechanical integ-
rity, and that a seeding density of at least 25 million cells/mL was sufficient for 
fibrocartilage tissue engineering with umbilical cord mesencyhmal stromal cells 
(Wang et al. 2009). Culturing WJ-MSCs on nanofibrous substrates with sequential 
two culture medium environments also promoted chondrogenic differentiation of  
WJ-MSCs (Fong et al. 2012). For successful osteochondral regeneration, cell sourc-
es and tissue integration between cartilage and bone regions must be considered 
because osteochondral tissue consists of cartilage and bone. A supportive structure, 
which mimics native osteochondral tissues, has been recently developed (Wang 
et al. 2011). In their study, investigators showed that embedding WJ-MSCs into two 
poly-L-lactic-acid (PLLA) scaffolds with chondrogenic and osteogenic media for 3 
weeks, followed by suturing of the chondrogenic and osteogenic constructs to form 
four different osteochondral assemblies resulted in enhanced integration and transi-
tion of the matrices between two layers in the composite group compared to other 
control composites (Wang et al. 2011). WJ-MSCs were also found to differentiate 
into intervertebral disc-like tissues exhibiting immature nucleus pulposus (NP) phe-
notype in a pseudo-three-dimensional culture system (Chon et al. 2013). Moreover, 
it has been shown that these NP-derived cells possess specific laminin isoforms and 
laminin binding receptors, which may lead to the formation of NP-like cells. As a 
result, WJ-MSCs are not only promising candidates in osteochondral regeneration 
but also in intervertebral disc repair. Also, their low immunogenicity suggests their 
ideal use in autoimmune disorders such as osteoarthritis and rheumatoid arthritis. In 
view of the high variability of cell sources, the need for scaffold and matrices, and 
the necessity of co-culture with growth factors, more research is required to opti-
mize this cellular therapy approach and translate the results obtained from bench to 
clinic for cartilage repair.

14.5.6  Peripheral Nerve Repair

Tissue engineering has been considered as another strategy to restore neural func-
tion of the peripheral nervous system after injury. Bioartificial nerve conduits have 
been developed and placed between neural gaps to guide axonal regrowth (Hall 
2001; Ishikawa et al. 2007). However, a limitation of these structures is their re-
stricted growth-promoting action when the nerve gap is wide. In order to yield 
better nerve growth, Schwan cells, which are essential in myelin formation, were 
added to the microenvironment of damaged nerves (Ohta et al. 2004). To secure a 
proper source of Schwan cells, MSCs from different tissues were utilized instead 
of isolating cells from other peripheral nerve tissues. The first report of induc-
tion system for differentiating Schwann cells from BM-MSCs appeared in 2001  
(Dezawa et al. 2001). Recent studies showed that UCMSCs differentiated into 
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Schwann cells capable of supporting neural regeneration and in constructing myelin 
(Matsuse et al. 2010; Kuroda et al. 2011). Some studies suggest that UC-Schwan 
cells are viable alternatives to native Schwann cells and may be used for cell-based 
therapy for nerve injuries. Accordingly, when human UC-Schwan cells were trans-
planted into a rat with transected sciatic nerve, these cells maintained their dif-
ferentiated phenotype after transplantation, and contributed to axonal regeneration 
and functional recovery. UC-Schwann cells differentiated from WJ also produced 
neurotrophic factors such as NGF and BDNF (Peng et al. 2011; Xu et al. 2011). 
Schwan cells play important roles in axonal regeneration and myelin construction 
in spinal cord injuries. As Schwann cells can be differentiated from various sources 
of MSCs and not only from WJ, a vis-à-vis comparison of various sources of MSCs 
will reveal the potential of WJ-derived MSCs for therapeutic application in spinal 
cord injury (Kuroda et al. 2011). Furthermore, human umbilical cord-derived MSCs 
(hUCMSCs) have been shown to ameliorate neonatal hypoxic-ischemic encepha-
lopathy (HIE) in rat models (Zhang et al. 2014). Differentiation of the UCMSCs 
into neurons, and better locomotor functions in 24 h-transplanted HIE rats com-
pared to rats transplanted after 72 h were also observed (Zhang et al. 2014). In ad-
dition, more efficient homing of UCMSCs to the ischemic frontal cortex after intra-
venous (IV) administration of cells compared to intraperitoneal administration were 
also demonstrated. These findings suggest that IV administration of UCMSCs at an 
early stage after HIE could be used as a therapeutic approach for hypoxic-ischemic 
encephalopathy. Due to the ability of WJ-MSCs to promote neural generation and 
neuroprotection, the potential of these cells for stroke treatment has been suggested 
(Hsieh et al. 2013). Secretome analysis of WJ-MSCs cultured in an oxygen-glucose 
deprived environment revealed secretion of proteins that promote neural differen-
tiation and cell migration, and a reduced rate of apoptosis in primary cortical cells. 
More recently, the capability of WJ-MSCs to differentiate into dopaminergic neu-
ral-like cells in the presence of forskolin, which influences intracellular levels of 
cAMP, has been reported (Paldino et al. 2014). Microarray analysis reported modu-
lation of 1,532 genes, with most of these differentially expressed genes involved 
in signaling pathways of neurons, and also in neuronal dopaminergic induction. 
Immunohistochemistry and western blot analysis revealed up-regulation of Nurr1, 
NeuroD1, and tyrosine hydroxylase proteins, which are specific dopaminergic phe-
notypic markers.

Effort has been made to maximize isolation and differentiation of stem cells 
derived from WJ, such as designing optimized cell harvest protocols via control-
ling oxygen concentration and plating density (Lopez et al. 2011), which has been 
known to allow the expansion and maintenance of colony-forming unit-fibroblast 
(CFU-F). Accordingly, adjusting oxygen concentration from 21 to 5 % during ex-
pansion increased cell yield and maintained CFU-F without affecting expression of 
surface markers or differentiation capacity of WJ-MSCs, whereas reducing plating 
density from 100 to 10 cells/cm2 increased CFU-F frequency. Reducing oxygen 
concentration in cultures may upregulate hypoxia inducible factors (HIFs) and in-
duce increased cell proliferation and maintenance of CFU-C via downstream effects 
of HIF activation and also by affecting telomerase activity (Lopez et al. 2011). 
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Thus, oxygen concentration and plating density are key factors to successfully 
expand the rate and frequency of CFU-F or WJ-MSCs. Moreover, these factors 
need to be considered to produce different input populations for tissue engineering 
or cell-based therapy.

14.6  New Directions for WJ Research

14.6.1  Clonal MSCs

Non-hematopoietic (CD45−, CD34−, SH2+, Thy-1, CD44+) HUCPVC cell popu-
lations were isolated and found to display non-hematopoietic myofibroblastic MSC 
phenotypic markers (CD45−, CD34−, CD105+, CD73+, CD90+, CD44+, CD106+, 
3G5+, CD146+) with similar immunological properties to BM-MSCs. Addition-
ally, HUCPVCs have robust quinti-potential differentiation capacity in vitro, and 
can contribute to musculo-skeletal and dermal wound healing in vivo (Sarugaser 
et al. 2009). Identification of the perivascular region of human UC as a rich source 
of HUCPVs led to the first single cell clonal confirmation of a theoretical hierarchy 
of MSC differentiation (Sarugaser et al. 2005; Schugar et al. 2009; Farias et al. 
2011; Sarugaser et al. 2009). High MHC−/− phenotype, high frequencies of CFU-F 
and CFU-osteogenic subpopulation, and their rapid doubling time are properties 
of HUCPVCs that allow them to be used for allogenic cell-based therapies. More 
research on the clonal expansion of stem cells derived from WJ is required in order 
to maximize their therapeutic potentials.

14.6.2  Magnetic Resonance Imaging as a Labeling Method  
for UC Stem Cells

Studies have been conducted to examine marker expression patterns and the prolif-
eration and differentiation capacities of stem cell populations isolated from the in-
terventricular and periventricular regions of the UCM (Lange-Consiglio et al. 2011). 
Compared to cells isolated from the perivascular regions, intervascular regions-
isolated cells are less differentiated and they exhibit faster doubling times. How-
ever, both isolates exhibited expression of MSC mRNA markers (CD29, CD105, 
CD44, CD166), and were negative for CD34 and MHC-II. Data from staining and 
gene expression profiling analysis confirmed osteogenic, adipogenic, chondrogenic 
and neurogenic differentiation of the isolated cells from both regions. Studies con-
ducted to assess the in vitro labeling efficiency of MSCs with magnetic resonance 
agents, mainly superparamagnetic iron oxide particles (SPIO) and magnetic chlo-
ride, showed greater sensitivity for SPIO, although both agents have been shown to 
be simple, effective and safe labeling methods. Thus, magnetic resonance labeling 
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by SPIO can be used to study migration of stem cells to injured and non-injured tis-
sues, and the mechanism of actions of cell therapy.

 Conclusions

While we have provided insights on the phenotypic markers and therapeutic poten-
tials of stem cells derived from the Wharton’s Jelly, we have also discussed knowl-
edge gap on the biological properties of these cells and the important issues that 
need to be addressed with regard to their translational application. In order to render 
WJ applicable for cell-based therapy, further investigations are warranted to deter-
mine their advantages and limitations, and also to design optimal transplantation 
regimens required for specific diseases.
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