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Abstract
The plasticity of neural stem/progenitor cells allows a variety of different responses to many
environmental cues. In the past decade, significant research has gone into understanding the
regulation of neural stem/progenitor cell properties, because of their promise for cell replacement
therapies in adult neurological diseases. Both endogenous and grafted neural stem/progenitor cells
are known to have the ability to migrate long distances to lesioned sites after brain injury and
differentiate into new neurons. Several chemokines and growth factors, including stromal cell-
derived factor-1 and vascular endothelial growth factor, have been shown to stimulate the
proliferation, differentiation, and migration of neural stem/progenitor cells, and investigators have
now begun to identify the critical downstream effectors and signaling mechanisms that regulate
these processes. Both our own lab and others have shown that the extracellular matrix and matrix
remodeling factors play a critical role in directing cell differentiation and migration of adult neural
stem/progenitor cells within injured sites. Identification of these and other molecular pathways
involved in stem cell homing into ischemic areas is vital for the development of new treatments.
To ensure the best functional recovery, regenerative therapy may require the application of a
combination approach that includes cell replacement, trophic support, and neural protection. Here
we review the current state of our knowledge about endogenous adult and exogenous neural stem/
progenitor cells as potential therapeutic agents for central nervous system injuries.
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ADULT NEURAL STEM CELLS
Stem cells are defined by two key abilities: to self-renew and to differentiate into multiple
cell types. The adult central nervous system (CNS) contains neural stem cells (NSCs) that
can undergo either symmetric division that yields two daughter NSCs, which have identical
stem cell properties as the parental cell, or asymmetric division, which gives rise to one
identical daughter NSC and one lineage-committed cell. This lineage-committed cell is the
precursor of one of the three major cell types in the adult brain: neurons, oligodendrocytes,
or astrocytes.
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Two regions of the adult CNS are confirmed to have ongoing neurogenesis, a process
defined by the production of new neurons. These neurogenic areas include the subgranular
zone (SGZ) of the dentate gyrus (DG) in the hippocampus and the subventricular zone
(SVZ) bordering the lateral ventricles. Recent publications have shown that the process of
neurogenesis in the SGZ originate with slowly dividing or quiescent neural stem cells
(qNSCs), which can be identified by a combination of several makers, such as brain lipid
binding protein-positive (BLBP), Nestin, and glial fibrillary acidic protein (GFAP) [1].
These qNSCs give rise to the transient and rapidly amplifying neural progenitor cells (NPCs,
defined by Nestin and Sox2 expression). The majority of these NPCs differentiate into
immature doublecortin-positive (DCX+) neurons (or neuroblasts), which migrate a short
distance into the granule cell layer [2, 3]. These neuroblasts mature into NeuN+ neurons and
have been shown to integrate into the hippocampal network as fully functional neurons [4].
These new neurons extend their axonal projections along the mossy fiber pathways to form
synapses with the CA3 pyramidal neurons of the hippocampus and protrude their dendrites
toward the molecular layer to form synapses with neurons in the perforant pathway of the
entorhinal cortex [5, 6]. Adult neurogenesis in the hippocampus is suggested to play an
important role in adult learning and memory [5–7]; however, most experimental evidence to
support this notion has been correlational, and further research is in progress. In the SVZ,
the cellular composition and architecture have been illustrated as a three-dimensional
interconnected niche consisting of three major cell types [8]. Neuroblasts (type A cells,
DCX+) are organized in a network that are ensheathed by the processes of qNSCs (type B
cells, Nestin+ and GFAP+) and give rise to rapid amplifying NPCs (type C cells, Nestin+,
and GFAP−) [9, 10]. Many of the neuroblasts merge in the anterior and dorsal SVZ, then
migrate to the olfactory bulb in a chain configuration through an enclosed path called the
rostral migratory stream (RMS) formed by a tunnel of astrocytes [11, 12]. In the olfactory
bulb, these neuroblasts develop into functionally mature interneurons that are likely
important for processing new information in the olfactory system [13]. Adult qNSCs (type B
cells) in the SVZ and the SGZ share basic properties with embryonic radial glia (RG) cells
share basic properties, among them are gene expression profiles and long basal processes
with elongated/polarized morphology (reviewed by [9, 14]). Adult SVZ NSCs are derived
from RG and are believed to retain progenitor function throughout life [15]. Adult SGZ
NSCs, on the other hand, may originate from RG, but more experimental evidence is
needed. Understanding the origin and the properties of adult NSCs will help to identify the
optimal potential of these cells in cell-based therapy.

Despite restricted in vivo neurogenesis, multipotent neural stem/progenitor cells (NSPCs)
have been isolated from many regions throughout the adult mammalian brain and utilized
for in vitro studies [16]. NSPCs isolated from the rodent fetal brain or adult SVZ, DG, or
forebrain can be maintained as multipotent progenitor cells in serum-free media with
defined supplemental factors and the presence of the mitogens basic fibroblast growth factor
(bFGF or FGF2) and epithelial growth factor (EGF) [6]. Clonal analyses have demonstrated
that these NSPCs can be instructed to differentiate into all three major cell lineages of the
brain (neurons, astrocytes, and oligodendrocytes) by responding specifically to the
exogenous signals administered to the culture [7]. Therefore, the in vitro culture of NSPCs
makes not only a good system for studying neurogenesis, but also an excellent source of
cells for potential cell-based therapies [17]. Upon transplantation into neurogenic regions of
the adult brain, such as the hippocampus and the olfactory bulb, or damaged regions in the
CNS, these NSPCs have the ability to differentiate into new neurons based on signals
located within the local environment [18–20]. Therefore, the regenerative capacity of not
only endogenous NSCs, but also exogenous transplanted NSPCs (described in the later
section, Therapeutic Application of Stem Cells), holds great potential for repairing the
CNS damaged as a result of stroke, trauma, or neurodegenerative diseases, such as
Parkinson’s, Alzheimer’s, and amyotrophic lateral sclerosis.
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STROKE
Stroke is one of the leading causes of death and a major cause of disabilities in adults. More
than half of stroke victims suffer some type of disability, ranging from different levels of
minor weakness in a limb, to a complete loss of mobility in one side of the body. Stroke may
also lead to a complete inability to speak [21]. Currently, treatment for stroke requires a
stringent rehabilitation program that includes both medical and physical therapy.
Nevertheless, two thirds of all survivors will still have some type of difficulty with regular
daily activities, including eating, walking, and using their limbs. In this review, we will
discuss the effects of stroke-induced damage on the brain, outline the potential mechanisms
by which stroke induces neurogenesis, and summarize the current state of stem cell therapies
for stroke.

Acute ischemic stroke is caused by cerebral artery occlusion through the loss or the
reduction of cerebral blood flow, leading to an infarction of brain tissue. This event triggers
two cascades of damage that result in cell death of neurons, astrocytes, and oligodendrocytes
in the ischemic region [22]. First, during the initial phase of the infarct, the loss of oxygen or
glucose to the brain region results in the failure of cells to conduct their normal
physiological cellular functions through mechanisms such as the depletion of intracellular
ATP levels, causing these cells to undergo apoptosis. A major cause of neuronal death by
oxygen and glucose depletion is through glutamate excitotoxicity, which can result from
impaired ion exchange pumps, triggering the reversed extracellular release of glutamate by
neurotransmitter transporters [22]. High concentrations of extracellular glutamate act on
receptors on the post-synaptic neuron and can lead to calcium influx, failure of the
mitochondria, energy depletion, and eventually further neuronal death through apoptosis
[22]. Second, some of the damage done to the brain following stroke comes from delayed
effects, including the release of nitric oxide, oxygen free radicals, and other reactive oxygen
species, which leads to further damage to neurons and the surrounding environment [23].
Besides the harmful effects on neurons, ischemia can damage the integrity of the
neurvascular network via release of matrix metalloproteinases (MMPs) and other proteases
secreted by endothelial cells that comprise the protective blood-brain barrier (BBB) [23].
The loss of neurovascular structural integrity results in a breakdown of the tight junctions
between astrocytes of the brain and endothelial cells of the vascular system, which
contributes to cerebral edema in the secondary stage of brain injury. The events described
above are important factors to consider not only when treating stroke patients, but also
critical issues to be dealt with for cell-based therapies using either endogenous or
transplanted stem cells.

A second characteristic of stroke injury is brain inflammation driven by the involvement of
peripherally derived cytokines. After brain injury, the BBB is permeable to cells of the
immune system, such as mononuclear phagocytes, T-lymphocytes, natural killer cells, and
polymorphonuclear leukocytes [24, 25]. All these cells produce and secrete cytokines that
contribute to CNS inflammation and gliosis after brain injury. In support of this notion,
microvessels in ischemic brain regions are filled with leukocytes, unlike microvessels in the
healthy brain, which are clear of inflammatory cells [25]. Ameboid microglia, a form of
reactive microglia, can be identified within several hours of ischemia [26]. This form of
brain injury is linked with the expression of inflammatory factors, including cytokines (e.g.,
interluekin (IL)-1 and tumor necrosis factor (TNF)-α) and chemokines (e.g., IL-8, monocyte
chemotactic protein (MCP)-1, chemokine (C-C motif) ligand 5, leukotriene B4 (LTB4), and
CXCL10). The upregulation of cell adhesion receptors, such as intercellular adhesion
molecule (ICAM)-1 and selectins, supports leukocyte adherence to the endothelium [27].
TNF-α and IL-1β predispose or "prime" endothelium for cellular adherence [28].
Additionally, adhesion molecules, such as CD11/CD18 integrins, are also thought to be
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pivotal in this inflammatory process [29]. The exact nature of the signaling mechanisms in
brain inflammation remains unanswered but undoubtedly involves chemotactic cytokines
(e.g., chemokines such as TNF-α, IL-1β, and IL-8), as well as adhesion molecules and
proteinases, which together promote cell adherence and infiltration and enhance the
permeability of brain endothelium [27]. The enhanced SVZ neurogenesis into the damaged
region, as well as neurogenic-supporting angiogenesis, is triggered by these cytokines and
growth factors secreted into the surrounding environment of the adult neural stem cells
(discussed in further detail in the section Stroke-Induced Neurogenesis).

Although some of the molecular targets leading to cell death have been identified, with
clinical therapies developed to block these targets, current therapeutics are inefficient, and
there is no effective treatment for stroke-induced brain damage. Recombinant tissue
plasminogen activator (TPA), a thrombolytic drug agent, is now the only approved agent for
treating stroke patients. TPA can break up blood clots during the initial phase of an ischemic
stroke, but it also raises the risk of intracranial bleeding [30], perhaps mediated by the
increased expression of MMPs; therefore, its success varies in individual patients [30–32].
Currently, clinical trials for the treatment of the acute stages of stroke are focused on a
combination of introducing TPA and regulating the neurovascular proteases [32]. However,
administration of TPA is time-sensitive, and there can be other complications, such as
increased infarct size and brain hemorrhage, which limit the success rate [33]. Therefore,
other methods like stem cell therapy for stroke injury are being avidly pursued by
researchers.

STROKE-INDUCED NEUROGENESIS
Recent experimental findings raise the possibility that functional improvement after stroke
may be achieved through neural replacement by endogenous NSCs residing in the adult
brain, such as in the SVZ. Using an embolic middle cerebral artery occlusion (MCAO)
model in adult rodents, many studies have shown that, within the first week after focal
ischemic insult and pronounced loss of striatal and cortical neurons, there is a major increase
in NSC proliferation within the SVZ. Increased NSC proliferation has also been seen in both
the hippocampus and the SVZ after trauma, seizures, and global ischemia during the first
week after injury, but the rates of proliferation return to normal after several weeks [34, 35].
At two weeks after the injury, newly generated neuroblasts re-route from the SVZ and RMS
into the damaged area (up to 2 mm in distance), where some of these cells are found to
express mature neuronal markers at later time points [36, 37]. In addition, SVZ-derived
neuroblasts can replace damaged neurons after brain injury within the hippocampus,
striatum, neocortex, and other damaged regions of the CNS [38–40]. Ultimately, though, the
increased number of migrating neuroblasts in the hippocampus seems to remain in the
dentate granule layer, where the majority of these cells and other neuroblasts migrated to
other regions will not survive [41, 42]. Therefore, injury-induced neurogenesis is suspected
of being regulated by extrinsic factors secreted from reactive cells within the infract regions
[36, 43]. However, the number of neurons generated from endogenous NSPCs is extremely
low (∼0.2% of the striatal cells lost), and the survival of these new neurons in the lesioned
area is minimal [44].

Therefore, modulating endogenous NSPCs for brain repair is a critical issue facing stem cell
therapy. Comprehending this knowledge will require more research into NSPCs interaction
with the surrounding microenvironment, called the stem cell niche. In the next sections of
this review, we will discuss some of the key elements in the environment surrounding
NSPCs that regulate NSPC properties in the normal and injured brain.
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NEURAL STEM CELL NICHE IN THE NORMAL AND INJURED BRAIN
Cell Migration

In recent years, interest in understanding the physiological and pathological processes of
stem cell migration has flourished, due largely to the discovery of neural progenitor cell
migration in the adult brain under both normal and injured conditions. In both embryonic
and adult brains, neural cells demonstrate two unique types of mobility: radial migration and
tangential migration (for more details, see Barkho and Zhao, Book Chapter 2010 [45]). In
radial migration, newly born neurons in the neocortex migrate along radial glial processes,
whereas tangential migration is defined as a non-radial, glia-guided neuronal translocation.
Radial migration is seen mainly during embryonic cortical development, as well as in
restricted areas of the cerebellum and the olfactory bulb. Also, although tangential migration
is found throughout developing brains, it only persists in the RMS of adult brains, where
migrating neuroblasts travel long distances through a glial tunnel formed by astrocytes from
the SVZ to the olfactory bulb. Upon arrival at the olfactory bulb, neuroblasts switch to radial
migration to reach their final destination. Interestingly, such a change of migration pattern
from tangential to radial migration also happens in response to cortical injury [46];
therefore, these cells have the capacity to adapt migration patterns in response to changes in
their surrounding environment.

Cytokines are a group of signaling molecules that stimulate cellular function through
autocrine, paracrine, or endocrine mechanisms [47–49]; chemokines (chemotactic
cytokines) are a family of small secreted cytokines defined by the arrangement of the
conserved cysteine residues that are known to induce directed chemotaxis of responsive
cells [50, 51]. Some chemokines are considered proinflammatory and can be induced during
an immune response, whereas others are present to establish homeostasis. Several of these
chemokines, such as stromal cell-derived factor 1 (SDF-1α), are known to mediate cell
migration during normal angiogenesis, as well as cancer cell metastasis. In the normal CNS,
chemokines are typically known for their role in cell migration during brain development.
For example, SDF-1α has an obligate role in neuronal migration during the formation of the
granule-cell layer of the cerebellum [52]. Just recently, SDF-1α signaling was found to play
a role in directing the migration of neuroblast within the RMS [53]. However, upon
neuroinflammatory injury, as occurs in multiple sclerosis and stroke, chemokines are
produced by reactive cells, such as astrocytes and immune cells within the lesioned area. For
instance, in the mouse ischemic model, astrocytes and endothelial cells express higher levels
of chemokines, such as SDF-1α [54] and VEGF [55]. These injury-induced chemokines are
reported to attract inflammatory cells and cause cell death in diseased or injured regions;
however, chemokines can also direct NSCs and neuroblasts to re-route toward an injured
region [56]. We and others have shown that NSPCs express the SDF-1α receptor, CXCR4
[53, 57, 58], which regulates the migration of these cells toward a stroke-induced injury (for
more details, see section Stroke-Induced Neurogenesis). Several other factors, such as
monocyte chemoattractant protein (MCP)-1 and macrophage inflammatory protein (MIP)-1
[59, 60], are also upregulated in injured brains and are believed to play a role in stimulating
neurogenesis after stroke [61]. CNS injuries drastically change the types and concentrations
of cytokines and chemokines in the brain, thereby significantly altering the environment that
NSCs encounter (for more details about cell migration, the role of cytokines and
chemokines, and the function of MMPs in normal and damaged brains, see Barkho and Zhao
2010 [45]). The brief summary on cell migration here aims to give a better understanding of
the plasticity of adult neural stem cells. For the remainder of the discussion, we will focus
on the mechanisms underlying cell fate and the migration of these cells in response to
environmental cues.
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Extracellular Matrix
The extracellular matrix (ECM) contains a complex set of molecules that are tightly
regulated. In the nervous system, the ECM plays a pivotal role in neural development,
including cell survival, migration, differentiation, axon growth, and synapse formation [62].
Some of these molecules are transiently expressed at particular time points during
development and downregulated during adulthood. The major ECM molecules of the CNS
are fibrous matrix proteins (e.g., collagens, fibronectin, and vitronectin), basement
membrane proteins (e.g., laminin), tenascins, and proteoglycans. The interactions between
cells and ECM molecules are dynamic and mediated via cellular receptors and molecules.
These interactions promote cell adhesion, activate the intracellular signaling pathways, and
modulate the activity of several growth factors [62]. The cell surface receptors for the ECM
are the integrins, a large family of α- and β-subunits that can form over 20 different
receptors [63]. These receptors can interact with many ligands and cell surface molecules,
such as tyrosine kinases (RTKs), G-protein coupled receptors (GPCRs), growth factor
receptors, L1-CAM, or members of the tetraspanin family of proteins. When integrin
receptors are directly or indirectly activated, they transduce signals through several
pathways, including focal adhesion kinase (FAK), the Src family kinase Fyn, MAP kinase,
protein phosphatases, SH2-SH3 adaptors, Rho-family GTPases, and phospholipid mediators.
The activation of these signaling cascades ultimately results in a number of changes in the
characteristics of integrins, such as plasma membrane localization, internalization, ligand
affinity, intracellular protein effectors, interaction with the cytoskeleton [64]. These changes
can also directly affect the dynamics of cell-cell and cell-ECM interactions. For example,
after ischemic injury, DCX+ neuroblasts are in close proximity to the endothelial cells of
vasculature [65], suggesting a possible mechanism by which the neuroblasts migrate along
the endothelial cells trail to reach the lesioned area. Since the basal membrane of the
vasculature consists of laminin, it has been shown that MMPs secreted in the environment of
migrating neuroblasts degrade laminin to mediate cell migration [66, 67]. Consistent with
this notion, migrating neuroblasts within the RMS are found to express the laminin receptor,
β1 integrin, and deficiency in this integrin inhibits the interaction among neighboring
neuroblasts and abolishes their migration towards the olfactory bulb [68]. Furthermore, our
laboratory and other investigators have found that laminin is the most effective ECM
component for mediating the cell migration of NSPCs in in vitro migration assays [58, 69].

Chemokine-induced cell migration requires the remodeling of the ECM. The chemotaxic
functions of stromal cell-derived factor-1 (SDF-1) and vascular endothelial growth factor
(VEGF) are known to be mediated by the activation of MMPs [70] [Fig. (1)]. MMPs are a
family of enzymes that collectively are able to degrade all the components of the ECM [71,
72]. MMPs participate in a host of important physiological processes, including CNS
development, embryological remodeling, wound healing, and angiogenesis, and their role in
cancer cell metastasis has been studied extensively [73, 74]. Although MMPs have been
investigated for their involvement in ischemic brain injuries, such as neuronal death and
blood-brain barrier breakdown [75], their role in the neurogenic response of adult NSPCs
after ischemic insults has only recently been considered. Neuroblast migration is known to
require ECM remodeling [76], and MMP-9 immunoreactivity is colocalized with migrating
neuroblasts [67]. Furthermore, MMP-2 and MMP-9 expressed by endothelial cells promote
neuroblast migration [66]. This notion has been suggested to be regulated through the
degradation of the ECM via extrinsic activation of MMPs [Fig. (1)]. Furthermore, we have
found that MMP-3 and MMP-9 not only play a role in the migration of the neuroblasts, but
are also involved in NSPC differentiation. Acute knockdown of MMP-3 or MMP-9 in
NSPCs using siRNAs results in reduced neuronal differentiation in response to chemokines,
such as SDF-1 and VEGF [58]. However, the functions of these endogenous MMPs in
regulating adult NSPC differentiation, proliferation, survival, and migration are still unclear.
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It has been suggested that MMPs, with their ability to cleave the interaction between
integrins expressed on the cell surface and the ECM, can regulate the differentiation of adult
NSPCs [77] [Fig. (1)]. Therefore, future studies in this area will greatly enhance our
understanding of the roles the ECM and proteases play in brain injuries and repair.

Cell-Cell Contact and Communication
The gap junction proteins and cadherins (members of the adherens junction proteins) are
also known to play a role in NSPC proliferation and differentiation [78, 79]; however, the
function of these proteins in the neurogenic response to ischemic injury has not been
investigated. Gap junctions play critical roles during embryogenesis, such as providing cell-
cell communication for signaling pathways and allowing the intercellular transfer of ions,
second messengers, and morphogens. Impairment or alteration of gap junctions may lead to
changes in the stem cell niche and push NSPCs to leave the proliferative state and initiate
differentiation [80, 81]. For example, Connexin 43 (Cx43), a gap junction protein, is
expressed by embryonic NSPCs to form contact between the stem cells and astrocytes, and
Cx43 phosphorylation regulates the differentiation of NSPCs [82]. The expression switch of
Cx43 to Cx33 or Cx40 on the cell surface of embryonic hippocampal progenitor cells is also
suggested to promote neuronal differentiation [83]. Recently, the first evidence of gap
junctions in adult neurogenesis has been uncovered. The Cx43 protein was found to be
expressed in the radial glial-like cells in the adult hippocampus, and the ablation of Cx43 in
these cells led to reduced adult neurogenesis [84]. In addition, Gap junctions have been
shown to mediate cell-cell communication through the expression of α1 connexins, and
either gain or loss of function of this protein results in altered neural crest cell migration
during embryonic development [85]. Therefore, cell-cell communication through gap
junctions is crucial for stem cell migration and differentiation, and although no evidence has
been found to connect gap junctions with stroke-induced neurogenesis, grasping the
mechanisms will be significant to understand cell damage after injury and the potential of
repair.

Cadherins form cell-cell interactions through homotypic bonds across the extracellular
space, and the cleavage of cadherin interaction between cells through β-catenin signaling
pathway activation is clearly one of the molecular mechanisms behind cell differentiation
[86, 87]. For example, cadherins are known to be expressed by cultured adult NSPCs and
are suspected of regulating the properties of the adult NSPC niche [88]. This process
involves cleavage by MMPs and the ADAMs (A Disintegrin And Metalloprotease) of
cadherin bonds, which causes a conformational change in these molecules and the release of
intracellular β-catenin, which is known to play a role in maintaining adult NSPCs within
their niche [79]. A recent report shows that proliferative NSPCs in the hippocampus are
clustered together and are associated with each other via a cell adhesion molecule, N-
cadherin. As these cells differentiate and migrate out of the cluster, the N-cadherin
expression/β-catenin signaling is reduced, and the expression of E-cadherin is upregulated
[89]. These experiments suggest that the NSPCs have a specific cellular arrangement and
intercellular communication with neighboring cells, allowing these cells to either stay in the
stem cell state within the cluster or to differentiate and migrate as they move out of the stem
cell cluster. As described earlier, stroke-induced chemokines promote adult NSPCs to
express MMPs, and these MMPs are secreted into the microenvironment of the stem cell
niche. Gap junctions and cadherins are direct targets of cleavage by these MMPs, leading to
activation of cell surface proteins and downstream signaling events that promote the
migration and differentiation of adult NSPCs. Further investigation is underway to
determine the role of both gap junctions and cadherins in the NSPC niche, results of which
will help understand the mechanisms that regulate adult NSPCs and their surroundings in
response to injury.
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THERAPEUTIC APPLICATION OF STEM CELLS
Since short-term pharmaceutical treatments for brain injury has had limited success, stem
cell-based therapies are now the subject of intense investigation. The discovery of injury-
induced neurogenesis holds the opportunity for neuronal replacement by endogenous NSPCs
residing in the adult brain for functional improvement after stroke [54]. This is supported by
recent findings of increased neurogenesis in rodent models after brain injury, as described
above (see section, Stroke-Induced Neurogenesis; [6]). Although NSPC-based therapies
for brain disorders, such as stroke, Parkinson's disease, Huntington’s disease, multiple
sclerosis, and spinal cord injury, have been vigorously pursued, most have been tested only
in experimental animal models. There are important issues that must be resolved before such
promising therapies can be used in humans. Here we will discuss the optimal cell sources for
transplantation (embryonic vs. adult; endogenous vs. exogenous cells), as well as the best
route for cell administration (local vs. systemic transplantations); see Fig. (2). Early in stem
cell therapy studies, researchers tried several experimental strategies for brain repair, such as
promoting endogenous NSPCs to home into a damaged region and instructing them to
differentiate into the desired cell types using growth factors or signaling molecules. Several
key methods have even investigated cell delivery routes and directed cell differentiation
using gene manipulation of stem cells or modification of the local stem cell niche (refer to
reviews [90–92] for more details). More recently, studies have aimed to transplant NSPCs
obtained from patient-derived adult NSPCs, induced pluripotent stem (iPS) cells, or
embryonic stem (ES) cells [93] [Fig. (2)]. Although we have gained valuable knowledge
from recent experiments, these attempts have had limited success at actually improving
function and have yielded insufficient evidence for a definitive stem cell-based procedure
[94]. Therefore, in this section, we will discuss different potential applications of different
types of stem cells for stroke-induced injury repair.

Endogenous Stem Cell Therapy
Endogenous adult NSPCs residing in the neurogenic niche may be beneficial for brain
repair, as a result of their ability to support neurogenesis and gliogenesis during adulthood.
However, after a variety of brain injuries as described above, the microenvironment
surrounding the NSPCs changes drastically due to the reactivity of neighboring cells, such
as astrocytes, endothelial cells, and microglia. The release of cytokines and chemokines
from these cells changes the microenvironment and therefore the niche for endogenous adult
NSPCs. For example, as mentioned above, adult NSPCs in the SVZ initially experience a
massive proliferative response within the first week of ischemic stroke in response to an
increase of TNF-α [95]. However, the majority of these cells either fail to survive or
differentiate into glial cells stimulated by the high concentrations of inflammatory cytokines
secreted by neighboring cells.

Even though endogenous adult NSPCs have the capacity to replace lost neurons in animal
models of cerebral ischemia [44, 96, 97], the potential for functional recovery in humans
remains uncertain. In the rodent stroke model, the efficiency of endogenous adult NSPCs at
generating new neurons that will survive and repair the damaged area is extremely low [36];
therefore, one current strategy focuses on promoting NSPC recruitment to the injured area
using chemokines and growth factors within the lesioned area [Fig (2)]. These factors can
attract large numbers of endogenous NSPCs to the injured region, and some of these may
participate in brain regeneration. Growth factors or cytokines, such as BDNF [98] and
VEGF, [99] have been used, with some promise of success; however, the functional
recovery of animals was limited. More recently, it has been suggested that a combination of
these factors might have a beneficial outcome in promoting endogenous stem cell therapy
and improve brain function [100, 101]. For example, simultaneous promotion of
neurogenesis and angiogenesis could result in a better therapeutic outcome. In the penumbra

Barkho and Zhao Page 8

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



area of stroke brains, an increase of microvessel density has been observed, and an increase
in angiogenesis has been correlated with longer patient survival rates. In rodent, endothelial
cell proliferation triggered by elevated expression of VEGF from astrocytes and neurons is
seen as early as one day after brain injury and is suggested to enhance angiogenesis and
decrease the infarct region [102–104]. Results have also shown that treatment with
erythropoietin (EPO) leads to a significant increase in VEGF and BDNF levels in the brain
in a rodent stroke model, enhancing neurogenesis and angiogenesis, as well as improving
neurological function after stroke [105]. Additional studies have found that the coupling of
these processes promotes endogenous NSPC neurogenesis in brain injury, indicating that
both angiogenesis and neurogenesis might have to work simultaneously to support the
integration of endogenous NSPCs [106, 107]. Nevertheless, VEGF treatment and increased
angiogenesis can also lead to greater permeability of the BBB after the acute stages of stroke
insult [104], making it important to define an optimal time period and specific dosage for
any cytokine treatment. Thus, the most recent course pursued by researchers is to define the
molecular mechanisms underlying the beneficial effects of angiogenesis on endogenous
adult NSPCs and neurogenesis to repair brain injury. From a better understanding of the
basic biology of these adult NSPCs, we will be able to develop more effective therapeutic
strategies using these cells.

Exogenous Embryonic and Adult Neural Stem Cell Therapy
As described above, in brain injuries, either acute or chronic effects of cytokines and
chemokines may alter the NSPC niche, perturb stem cell properties, and interfere with the
capability of endogenous NSPCs to repair the brain. Currently, the use of endogenous adult
NSPCs has led to only limited recovery for patients after stroke injury. Therefore,
exogenous stem cell transplantation is now being intensely investigated. Isolated embryonic
or adult NSPCs are known to be capable of brain repair because of their abilities to
proliferate, migrate, and differentiate after grafting into the adult brain [108]. Recent
experiments have shown NSPCs can also be derived from embryonic stem (ES) cells,
induced pluripotent stem (iPS) cells, and adult stem cells isolated from different tissue, such
as skin and blood [109, 110]. Therefore, in this review we will briefly discuss all these stem
cell types, because of their significance to the field and their advantages and disadvantages
in therapeutics.

Embryonic Stem (ES) Cells—ES cells are pluripotent cells because they can
differentiate into all cell types found in the organs of the human body. Adult stem cells, in
contrast, are generally limited to differentiation into the cell types of their tissue of origin.
For decades, mixed fetal brain cells have been evaluated as a means to treat Parkinson's and
Huntington’s disease [111, 112] and have been transplanted into human patients [113];
however, results in clinical trials were disappointing. The advantage of ES cells is that large
numbers of them can be expanded in culture and specific neuronal types can be produced for
transplantation, whereas adult stem cells are rare in mature tissues, and methods for
expanding them in cell culture remain somewhat primitive [114–116]. This is an important
issue, because large numbers of cells are needed for stem cell replacement therapies. The
pluripotency of ES cells in generating any type of adult neurons is also an advantage over
adult NSPCs. However, despite their great characteristics for therapeutics, ES cells have
only recently been approved by the FDA for their first clinical trial, for spinal cord injury.
The delay in using these cell lines arises mainly from the ethical considerations, but there
are still several key issues to resolve before applying these cells as a complex therapy to the
brain. Transplantation studies of ES cells in animal models have shown promising results;
however, further knowledge is required before translating these studies to human therapy
[117]. The major disadvantages of grafting exogenous ES cells are that introducing these

Barkho and Zhao Page 9

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



foreign cells into a patient could cause transplantation rejection or the formation of tumors,
but whether recipients would reject donor ES cells has not been determined in humans.

Recently, human ES cell differentiation into retinal pigment epithelium (RPE) cells has been
a major success and is regarded as a promising therapeutic application for retinal disease
[118, 119]. These human ES cell-derived RPE cells have been transplanted into many
animal models, resulting in repair of retinal structure and subsequent vision recovery [119,
120]. This has led to a possibility of clinical trials of ES cell therapy for Stargardt's disease,
a leading cause of juvenile blindness [121]. ES cells, with their ability to self-renew
indefinitely in vitro, maintain the ability to differentiate into all three germ layers, are used
not only to differentiate specific cell types for transplantation studies, but are also held as the
gold standard for any alternative pluripotent stem cells under study [122]. Thus, the study of
ES cells is a critical component of the stem cell field. As discussed below, even though
induced pluripotent cells (iPSCs) derived from terminally differentiated somatic cells
express genes that are typical of ES cells, iPSCs have not been completely reversed to the
state of embryonic development. In the field of regenerative medicine, the development of
other stem cell types may be necessary for different diseases and injuries based on clinical
needs, but further studies of any such stem cells compared with ES cells are necessary to
determine the optimal stem cells for specific diseases.

Induced Pluripotent Stem (iPS) Cells—Within the last four years, a new discovery has
led to optimism about the potential of stem cell therapy. Several groups found that the
ectopic expression of only four transcription factors (Oct4, Sox2, Myc, and Klf4) was
sufficient to reprogram the differentiation state of somatic cells into the pluripotent state of
ES cells [123]. In this study, murine embryonic and adult fibroblasts were infected with
virus expressing candidate pluripotency genes, followed by selection for the expression of a
pluripotent stem cell marker. After a few weeks, ES cell-like pluripotent stem cells, so-
called induced pluripotent stem (iPS) cells, were obtained. Other studies have shown that
transduction of different sets of pluripotency factors (e.g., Oct4, Sox2, Nanog, and LIN28)
[124, 125], as well as certain small molecules [126, 127], could have similar reprogramming
effects in both mouse and human cell lines. In all these cases, the iPS cells generated have
properties similar to ES cells, in that they can be maintained to self-renew and can be
differentiated into every cell type of the organism. This discovery has given fresh impetus to
stem cell therapy, because iPS cells can be generated from individual patients. Recently, iPS
cells were derived from an 82-year-old patient with the familial form of amyotrophic lateral
sclerosis, and were shown to differentiate in vitro into all major cell types of the body, but
more specifically into motor neurons expressing HB9 and Islet 1/2 [128]. Therefore, iPS
cells represent not only a way to avoid the use of ES cells, but also have the advantage of
being patient-derived cells, which can be grafted without immunological rejection,
regardless of the age or the origin of the tissue. Nonetheless, the derivation and analyses of
iPS cells are in the early stages. Some of the major problems include the extremely low
efficiency of reprogramming and the risks of using viral infections to produce iPS cells;
tumor formation after transplantation also remains as a major concern. Further knowledge of
iPS cells, especially how they compare with ES cells, has become a prerequisite for iPS cell-
based stem cell therapy.

Exogenous Adult Stem Cells—As for adult stem cells, hematopoietic stem cells
(HSCs) are the only type that have been used to successfully treat human diseases, where
they have proved their clinical potential in the treatment of diabetes [129], amyloidosis
[130], and some cancers, including renal cell carcinoma [131]. This means they have great
potential for stroke treatment. For example, delivery of circulating CD34+ subpopulations
from human umbilical cord blood cells into a rodent stroke model can enhance angiogenesis
and neurogenesis, with some restoration of cortical tissue, as well as functional recovery
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[132, 133]. Cells obtained from placental or cord blood possess an additional advantage, in
that they require less strict human leukocyte antigen (HLA) matching criteria and improve
the likelihood of cell graft reception in patients with donor mismatch [134–136]. Placental
or cord blood also contains mesenchymal stem cells (MSCs), which are currently under
study for their ability to promote angiogenesis [137–140]. There are also more human
clinical stem cells trials underway now for treating other human diseases, including CNS
tumors, mastocytosis, and chronic granulomatous disease, to name but a few
(www.clinicaltrails.gov).

Transplantation of adult NSPCs has been considered for a variety of human brain injuries,
particularly stroke. Though studies of other types of stem cells have generated considerable
excitement for exogenous stem cell-based therapy, as discussed above, the utility of these
cells will depend largely on our understanding of both endogenous and grafted NSPCs in
adult brains [Fig. (2)]. Initial studies have shown the regenerative capacities of both rodent
and human embryonic or fetal-derived NSPCs grafted into injured brains [141–143]. In
recent years, since isolation of NSPCs from the adult brain has become a standard technique
and adult NSPCs are the original precursors of neurons, astrocytes, and oligodendrocytes in
the adult brain, transplantation studies have shifted from fetal cells to adult NSPCs for
therapeutic applications. For example, one study investigated the effects of adult SVZ-
derived NSPCs transplanted into the brains of a rat stroke model at different time points
post-experimental MCAO. These grafted NSPCs were pre-labeled with magnetic particles,
allowing their migration to be tracked by magnetic resonance imaging. The results showed
that grafted adult NSPCs survived and migrated toward the ischemic area, and the treated
rats experienced better functional recovery [144]. More recently, researchers have found that
human NSPCs transplanted into the adult rodent brain can migrate to the perilesional zone
and can proliferate and differentiate into mature neurons after transient forebrain ischemia
[145]. Other rodent transplantation studies have also shown the remarkable potential of
human NSPCs in treating stroke [146, 147], as well as some other neurological diseases
[148, 149]. However, a major disadvantage of adult NSPCs is their limited self-renewal
ability in vitro, which challenges our ability to expand and maintain their multipotency in
culture for therapeutic applications. Furthermore, isolating adult NSPCs from human
patients at the present time is impracticable. Therefore, some transplantation studies have
focused on deriving progenitor cells with neuronal differentiation potentials from more
accessible patient tissues, such as blood, skin, and hair [109, 110, 150]. Although none of
these methods and experiments has yielded perfect results, these studies have brought us
closer to utilizing adult stem cell-based therapies to repair the brain.

CONCLUSION
As described above, the ability of both transplanted ES cells and adult endogenous
progenitor cells to differentiate into the major neural cell types holds out great promise for
the use of stem cells to repair injured adult brains. Understanding the molecular basis of
stem cell plasticity will help in the quest for more effective therapeutic treatments for neural
injuries, such as ischemic stroke, but first we need to resolve several critical issues before
cell-based therapies can be explored for human patients. Past research into stroke-induced
neurogenesis has left us with challenging questions, such as how to precisely control the
migration and differentiation of transplanted or endogenous stem cells. In addition, several
important issues remain to be decided, such as what should be the source of stem cells, the
administration route of stem cells, the combination of trophic factors, an
immunosuppression method to prevent graft rejection, and the prevention of tumor
formation. To further our knowledge in these areas, we must ensure that a wide range of cell
types, from ES cells to adult-derived cells, are well studied. Furthermore, translating studies
performed in animals into humans is a critical step in therapeutic development. For example,
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one challenge that remains is exactly how to administer NSPCs for stroke treatment;
therefore, investigators are currently analyzing many methods to determine both the
potentials and limitations of all stem cells. These methods include but are not limited to cell
delivery routes, gene manipulation of stem cells prior to grafting, and co-grafting with
growth factors. Better knowledge of stem cell behavior in both healthy and damaged brains
will be critical for optimizing stem cell-based therapies to repair the damaged CNS.
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Figure 1. Potential roles of MMPs in adult NSPC migration and differentiation
1) Extracellular chemokines, such as SDF-1, from either the surrounding niche within a
normal brain or an injured region, signal the activation of MMP-3 and MMP-9. 2) MMPs
can be secreted locally to promote the breakdown of the ECM and drive the migration and
differentiation of the NSPC toward the concentration gradient of chemokines. 3) MMP can
cleave cell surface proteins, such as integrins and cadherins, to stimulate a signaling cascade
to activate the pathways for migration and differentiation of NSPCs. 4) MMP-3 and MMP-9
have been suggested to cleave intracellular proteins that participate in the formation of
transcriptional complexes or degrading protein inhibitors, which will drive the expression of
specific genes involved in the migration and differentiation of NSPCs.
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Figure 2. Potential of stem cells for cell-based therapies for brain injuries
1) Growth factors and gene therapies can potentially be used to instruct either endogenous
adult NSPCs or transplanted stem cells to repair the injured brain. 2) Cells might be isolated
from patient tissues (e.g., biopsied from brain, skin, or blood), and these cells then
differentiated into either NSPCs or neurons that are used for autologously grafting into an
individual patients. 3) Both embryonic stem cells (ES cells, derived from fertilized embryos)
and induced pluripotent stem cells (iPS cells, reprogrammed from patient somatic cells to
prevent graft rejection) can be directed to generate NSPCs (dotted lines), which can then be
used for transplantation. 4) Like NSPCs, ES cells and iPS cells can be differentiated into
young neurons; however, how to direct differentiation into pure and specific types of new
neurons remains unknown. 5) Other studies have focused on grafting specific types of
neurons or an intermediate cell population (precursor to the desired cell type) to replace lost
neurons by directed differentiation of different types of stem cells (such as CD34+ or HSC).
Finally, it is important to determine whether a combination of gene therapy and cell
transplantation will further enhance brain repair and the recovery of function for patients.
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