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Abstract

No effective therapy is currently available to promote recovery following ischemic stroke. Stem
cells have been proposed as a potential source of new cells to replace those lost due to central
nervous system injury, as well as a source of trophic molecules to minimize damage and promote
recovery. We undertook a detailed review of data from recent basic science and preclinical studies
to investigate the potential application of endogenous and exogenous stem cell therapies for
treatment of cerebral ischemia. To date, spontaneous endogenous neurogenesis has been observed
in response to ischemic injury, and can be enhanced via infusion of appropriate cytokines.
Exogenous stem cells from multiple sources can generate neural cells that survive and form
synaptic connections after transplantation in the stroke-injured brain. Stem cells from multiple
sources cells also exhibit neuroprotective properties that may ameliorate stroke deficits. In many
cases, functional benefits observed are likely independent of neural differentiation, though exact
mechanisms remain poorly understood. Future studies of neuroregeneration will require the
demonstration of function in endogenously born neurons following focal ischemia. Further,
methods are currently lacking to definitively demonstrate the therapeutic effect of newly
introduced neural cells. Increased plasticity following stroke may facilitate the functional
integration of new neurons, but the loss of appropriate guidance cues and supporting architecture
in the infarct cavity will likely impede the restoration of lost circuitry. As such careful
investigation of the mechanisms underlying trophic benefits will be essential. Evidence to date
suggest that continued development of stem cell therapies may ultimately lead to viable treatment
options for ischemic brain injury.
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Introduction

Cerebral Ischemia: The Clinical Challenge

With an incidence of over 700,000 each year in the United States, stroke is the leading cause
of disability, and the third leading cause of death in the western world behind heart disease
and cancer (Kissela et al., 2001). The number of individuals over the age of sixty-five is
expected to double between 2005 and 2030 (American Association on Aging, 2005).
Further, the risk of stroke more than doubles for each decade of life over age fifty-five
(American Heart Association, 2007). As such, substantial advances in the prevention and
treatment of stroke are of paramount importance.

While surgical decompression can reduce mortality in severe cases (Vahedi et al., 2007), the
only currently available intervention to reduce the size of the infarct is recombinant tissue
plaminogen activator (t-PA) (NINDS Stroke Study Group, 1995). T-PA is approved for use
only if administered within 3 hours of the onset of ischemia, though optimal results are
observed if given within 90 minutes (Hacke et al., 2004). Unfortunately due to this narrow
time window as well as a number of contraindications, t-PA therapy is only available to
about 5% of stroke victims evaluated in the emergency room. Of these, t-PA may be
expected to yield a ~30% increase in the number of patients avoiding long-term neurologic
deficits (Ropper and Brown, 2005). Advances in endovascular techniques may improve
recanalization sufficiently to improve survival, but has yet to be substantiated by
randomized clinical trials (Burns, 2008). Unfortunately, although a plethora of
neuroprotective compounds have shown promise in animal models, no other treatment to
date has shown efficacy in clinical trials (Dirnagl, 2006).

In the background of this imperative clinical need, hundreds of studies have recently been
published to investigate the therapeutic potential of either endogenous or transplanted stem
cells in laboratory models of stroke. To their advantage, stem cells have the capacity to
respond actively to their environment, migrate to areas of injury and secrete neuroprotective
compounds, in addition to their potential to generate a variety of new functional cell types.
Such properties may afford them therapeutic potential both in the acute phase as well as at
later time points after conventional medical therapies would no longer be effective. We here
critically review this body of literature, and conclude that although reconstructing normal
brain circuitry following stroke via stem cells is not likely in the foreseeable future, and
although great care must be taken to ensure safety before considering clinical trials,
prelimniary evidence supports the therapeutic potential of certain stem cells for treatment of
ischemic brain injury in animal models.

Stem Cells: Substrate for regeneration

Definitions and types of stem cells—Strictly defined, stem cells possess the cardinal
features of multipotency and self-renewal. Multipotency is the ability to differentiate into
multiple functional cell types. As such, stem cells should be able to functionally reconstitute
appropriate tissues in vivo. Self-renewal describes the ability of stem cells to make identical
copies of themselves via cell division. At least one daughter cell of a self-renewing cell
division must possess the same differentiation and self-renewal potential as the parent cell.
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As such, stem cells exhibit extensive proliferation and are often presumed to be able to
divide indefinitely, yielding a virtually unlimited supply of cells.

A variety of stem cells can be identified that differ in their potency, or the diversity of cell
types they can generate. The ultimate example of “potency” is the zygote, a “totipotent” cell
that can therefore give rise to both embryonic and extraembryonic tissues (Hyslop et al.,
2005). However, given that the zygote is transient and does not self-renew, it is not
generally regarded as a stem cell. Embryonic stem cells (ESCs) have the broadest potential
of any true stem cell. These cells, isolated from the inner cell mass of the blastocyst, are
“pluripotent,” meaning that they can give rise to all cell types within the developing embryo.
Remarkably, the adult mammal also contains a large number of stem cells. These more
restricted “tissue-specific” stem cells are capable of generating certain local cell types but
not those from unrelated tissues. The best studied tissue-specific stem cell is the
hematopoietic stem cell, which is capable of generating all blood cell types. Other tissue-
specific stem cells have been identified in numerous organs including muscle, skin, gut,
liver, pancreas and brain. A recent paper described the derivation of ESC-like cells from
mouse testes, perhaps suggesting the possibility of obtaining pluripotent cells from the adult
organism (Guan et al., 2006).

Recent studies have demonstrated the induction of pluripotent stem (iPS) cells from
terminally differentiated somatic cells via nuclear reprogramming. Takahashi and Yamanaka
(2006) systematically transduced mouse fibroblasts with retroviral vectors containing cDNA
that encoded one of 24 genes known to be associated with the ESC state. Among these 24
genes they found that transduction with only 4 genes: Oct3/4, Sox2, c-Myc, and KlIf4 was
sufficient to induce mouse fibroblasts to develop into ES-like cells. Subsequent to this
report, Takahashi et al., (2007) were able to extend this finding to human fibroblasts.
Thomson and colleagues (Yu et al., 2007) likewise using human fibroblasts, employed a
slightly different combination: Oct4, Sox 2, NANOG, and LIN28 to generate iPS cells,
importantly avoiding the proto-oncogene c-myc. Although the effects of using iPS cells have
yet to be examined in ischemic brain injury, a recent report by Jaenisch and colleagues
(Wernig et al., 2008) demonstrates the ability of murine fibroblasts that were reprogrammed
to become iPS cells could be induced to differentiate into dopamine neurons and correct
neurologic deficits in a rat model of Parkinson's disease. All other indications likewise
suggest that iPS cells behave identically to embryo-derived ESCs.

Stem cell behavior—In vivo, “true” self-renewing stem cells generally divide
infrequently (Morshead et al., 1994). This feature may help protect the integrity of the
genetic material carried by stem cells, as continuous proliferation is associated with
increased risk of mutations and possible subsequent tumorgenesis (Miura et al., 2006).
Nevertheless, certain adult tumors are now hypothesized to arise from resident stem cells
(Dalerba et al., 2007; Nicolis, 2007). In order to generate the number of cells required for in
vivo regeneration while minimizing stem cell proliferation, adult stem cells undergo
asymmetric self-renewing divisions, giving rise to one stem cell and one committed
progenitor cell that can proliferate rapidly and thereby give rise to a large number of more
differentiated progeny. Progenitor cells are often unipotent, differentiating into only a single

J Comp Neurol. Author manuscript; available in PMC 2014 July 28.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Burns et al.

Page 4

differentiated cell type. In spite of their limited self-renewal capacity, progenitor cells have
also been implicated in possible tumorgenesis (Doetsch et al., 2002).

The longstanding dogma of stem cell biology posits that stem and progenitor cells can either
self-renew or give rise to more restricted daughter cells, but cannot to move backwards
along this developmental sequence or “dedifferentiate.” However, several recent reports
have suggested that under specific conditions, certain adult stem cells have the potential to
generate cell types from unrelated organs, a phenomenon termed transdifferentiation
(Verfaillie, 2002). At present, it is unclear if this phenomenon represents an artifact of in
vitro culture conditions (Morshead et al., 2002), or if rare cells with greater potency may in
fact exist in vivo. Alternatively, some have suggested that specified stem cells may have the
capacity to dedifferentiate (Kondo and Raff, 2000). Many studies describing
transdifferentiation have proven difficult to replicate, leading to widespread uncertainty
regarding the phenomenon (Giles, 2006). Further, in some cases, initial reports of in vivo
transdifferentiation were later challenged by demonstration that certain cell types may fuse
with mature cells from unrelated organs (Terada et al., 2002; Wagers et al., 2002; Ying et
al., 2002). As such, embryonic stem cells currently remain the gold standard for
pluripotency.

Stem Cell Applications—The most commonly discussed role for stem cells involves
replacement of cell types lost due to disease or injury, i.e., “cell replacement therapy”
(Lindvall and Kokaia, 2006). Such replacement may be achieved either by in vitro
differentiation of stem cells into the desired cell type followed by transplantation of the
predifferentiated cells into the affected region (Kim et al., 2002), or by direct transplantation
of stem cells followed by spontaneous in vivo differentiation of the stem cells into the
needed cell types (Bjorklund et al., 2002). The former strategy may be of particular value in
situations where a specific cell type is selectively lost and function may be restored by
replacement of cells with similar properties, such as diabetes mellitus type 1, ALS or
Parkinson's disease. The use of undifferentiated cells however, may be of value when
multiple cell types are needed to restore function to a broadly damaged area. For example,
undifferentiated multipotent adult progenitor cells (MAPCSs) appear to be capable of
differentiation into endothelium, smooth muscle and skeletal muscle after delivery in a
mouse model of limb ischemia (Aranguren et al., 2008). Likewise, neural stem cells
generate glial as well as neural cell types. An alternate cell replacement strategy involves the
mobilization of resident tissue specific stem cells to provide the substrate for cell
replacement (Chmielnicki et al., 2004; Kolb et al., 2007). In many tissues such as skin, gut
and bone marrow, resident stem cells provide a continual source of new cells to replace
those lost due to normal wear and tear. Further, resident stem cells in many parts of the body
contribute to regeneration after injury. Spontaneous neurogenesis in response to brain injury,
though it may occur in some brain regions, is inadequate to allow functional recovery. Thus
strategies are being sought to amplify this endogenous regenerative response (Androutsellis-
Theotokis et al., 2006), as will be discussed further below.

In addition to cell replacement therapy, it is becoming increasingly understood that stem
cells also serve supportive roles. For example, certain stem cells appear to exhibit robust
tropism for injury. While most resident cells may die in an injured area, stem cells appear to
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be attracted to the area of injury and may secrete molecules that promote survival and
regeneration (Ourednik et al., 2002). Stem cells may also be recruitment to neoplasms where
they are associated with decreased tumor growth via secretion of antiangiogenic and
proinflammatory compounds (Yip et al., 2006). Several groups are now looking into
harnessing stem cells' tropism for injured areas by delivery of stem cells genetically
engineered to deliver therapeutic compounds specifically to the area of injury (Muller et al.,
2006). Such an approach may prove particularly relevant for ischemic injuries, in which
compromised blood flow may make delivery of such drugs to the affected region more
challenging after systemic administration.

Technical considerations for studying neuroregeneration

Neuroregeneration is relatively new science, and with it have come new insights into
techniques initially used in its study (Breunig et al, 2007). In some cases, original results
obtained using the best methodologies available at the time were subsequently called into
question when these methodologies proved capable of yielding misleading results (Priller et
al., 2001, Svendsen et al., 2001). Thus, before launching into a discussion of endogenous
and exogenous stem cells applications for stroke, we briefly highlight major potential
methodological pitfalls, which if not considered may confound the accurate identification of
new neurons. Where possible, alternative strategies are suggested that currently appear
reliable.

Identification of endogenous neurogenesis—One of the most important techniques
used in the study of adult neurogenesis involves the labeling of endogenous dividing cells by
systemic administration of thymidine analogs such as bromodeoxyuridine (BrdU) and
tritiated thymidine. These incorporate into DNA during S-phase of cell division, and can
subsequently be identified in the nucleus of any cell born within a few hours after
administration. Co-localization of such markers with neuronal proteins such as NeuN is
routinely used to identify newly born neurons. A number of considerations apply to the use
of thymidine analogs, including dilution of label with continued cell proliferation, toxicity at
high doses, and care to ensure unambiguous co-localization via 3D confocal microscopy
(Taupin, 2007). It is also known that normal cells also undergo continual DNA repair, and
may thereby take up the label without dividing, though current evidence argues against a
detectable level of labeling accumulating through normal DNA repair with short-term
administration (Cooper-Kuhn and Kuhn, 2002). Rather, more concerning is that damaged
neurons in ischemic brain regions may reenter the cell cycle in a process of abortive DNA
synthesis prior to dying via apoptosis (Kuan et al., 2004). As such, BrdU+ neurons in
ischemic brain regions cannot simply be assumed to be newly born. Appropriate controls
may enable detection of such “false” labeling. For example, expression of mature neuronal
markers such as NeuN does not occur until some time after neural cell birth. Thus, analysis
within the first 24 hours of BrdU administration will readily reveal such aberrantly labeled
neurons, if present. It has previously been thought that such damaged cells always die within
28 days (Kuan et al., 2004), so analysis at longer time-points should eliminate such
concerns. However, recent data suggest that some post-mitotic neurons may survive long
term after taking up BrdU by DNA synthesis (Burns et al., 2007).
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Retroviruses encoding transgenes such as fluorescent proteins have also proven useful for
the study of endogenous neurogenesis, and can have the advantage of providing a
cytoplasmic label in viable cells that can be used for functional studies in viable tissues (van
Praag et al., 2002). Low transduction efficiency, transgene silencing, and the requirement for
surgical delivery, however, have made retroviruses less attractive for quantitative studies.
Additional strategies currently under development for labeling endogenous neural stem cells
include lentiviral systems (Consiglio et al., 2004; Geraerts et al., 2006), as well as mice
expressing inducible transgenes under neural stem cell promoters, such as nestin or Sox2
(Imayoshi et al., 2006; Kuo et al., 2006; Legace et al., 2007). The specificity of such
techniques, however, remains to be fully investigated.

Identification of transplanted Cells—Similarly problematic has been the accurate
identification of transplanted cells. Many cytoplasmic or membrane-permeable labels are
easy and convenient to apply prior to transplantation, but can leak out of cells once in the
brain, leading to misidentification of host cells as transplanted cells. As such, recommended
labels for transplanted cells have included stable transgenic labels, species-specific markers,
where available, and “nondiffusible” nuclear markers such as BrdU (Cao et al., 2002).
Problems with transgene silencing have led to the popularization of thymidine analog
prelabeling of transplanted cells. Thymidine analogs, in theory, should not leak out of
grafted cells due to their sequestration within the genetic material of the cell. It is well
documented, however, that a high percentage of donor cells die after intracranial
transplantation (Sortwell, 2003; Bakshi et al., 2005) We have found that thymidine analogs
released from cells that die post-transplantation become incorporated into dividing host cells
(Burns et al., 2006). Thus, endogenous neural stem cells and their progeny often contain
graft-derived BrdU and are indistinguishable from transplanted cells. As such, thymidine
analogs cannot be considered appropriate markers for transplanted cells, and prior studies
based on such strategies will need to be re-examined using less fallible techniques (Breunig
et al., 2007). Finally, once reliable markers are employed, meaningful assessment of survival
and engraftment requires rigorous quantitative techniques such as unbiased stereology.
These allow interpretation of differences between experimental groups and individual
studies to be made with confidence (Peterson, 1999; Gardi et al., 2008). The development of
transgenic MRI-detectable markers may allow rigorous longitudinal quantification and
localization of transplanted cells (Deans et al., 2006).

Fusion—Finally, it is now apparent that even transgenic markers are not unequivocal
evidence for transdifferentiation. Evidence in the past few years has clearly demonstrated
that fusion of two cells can result in the appearance of mature cell types carrying transgenes
from unrelated cells (Terada et al., 2002; Wurmser and Gage, 2002; Ying et al., 2002;
Alvarez-Dolado et al., 2003; Chen et al., 2006; Jessberger et al., 2007). For example, bone
marrow cells were briefly believed to differentiate into Purkinje cells in vivo (Priller et al.,
2001), until it was demonstrated that spontaneous fusion between bone marrow cells and
Purkinje cells accounted for the results (Alvarez-Dolada et al., 2003; Weimann et al., 2003a,
2003b; Bae et al., 2005). Further, it was reported that neural stem cells may be pluripotent,
after injection of neural stem cells into the developing mouse blastocyst yielded mice
expressing a NSC-derived transgene in diverse tissues throughout the body (Clarke et al.,
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2000). Such conclusions, however, had to be abandoned after it was shown that neural stem
cells may fuse with host cells of the inner cell mass (Ying et al., 2002). Thus, the burden of
proof now requires demonstration of donor transgenes and the absence of host genetic
material in order to unambiguously prove the identity of a transplanted or transdifferentiated
cell.

As methodology improves, so does the value of forthcoming conclusions. Thus, while
research on regenerative medicine is being subjected to ever-increasing scrutiny, the
foundation upon which to build regenerative therapies is becoming increasingly solid.

Endogenous Stem Cells and Stroke

Neural Stem Cells

In spite of decades of dogma proclaiming that no new neurons are born in the adult
mammalian brain (Ramon y Cajal, 1928), an avalanche of data in the past 15 years has
confirmed unequivocally that neural stem cells are in fact present throughout life, and that
thousands of new neurons are born daily in the subventricular zone (SVZ) and hippocampus.
Neural stem cells can be isolated from the adult brain and cultured in vitro as cellular
clusters termed neurospheres in the presence of bFGF and EGF (Reynolds and Weiss, 1992;
Reynolds et al., 1996). Upon cytokine withdrawal, these cells give rise to the three neural
cell types: neurons, astrocytes and oligodendrocytes (Weiss et al., 1996). Recent in vivo
investigations have revealed that neural stem cells possess features of astrocytes and exist at
the end of a developmental continuum starting in the neural tube with neuroepithelial cells,
followed by radial glia that serve as both parent and radial migratory guide for newly born
neurons in the embryonic brain (Alvarez-Buylla et al., 2001). While radial glia in most parts
of the brain disappear toward the end of development, some persist as multipotent astrocytes
in restricted adult brain regions including the subventricular zone and the subgranular zone
of the dentate gyrus, where they are known thereafter as neural stem cells (Doetsch et al.,
1999).

Adult Neurogenesis

Self-renewing NSCs in the SVZ are slowly dividing GFAP-expressing cells termed “type B
cells” (Quinones-Hinojosa et al., 2006). These give rise to rapidly proliferating “transit
amplifying” cells termed “type C cells,” which serve to increase the number of progeny. C
cells in turn give rise to migrating neuroblasts, “type A cells,” that travel great distances
along the rostral migratory stream to the olfactory bulb (Doetsch et al., 1997), where they
preferentially differentiate into granular interneurons and functionally integrate into local
circuitry (Carleton et al., 2003) (Fig 1a, b). Subsequent evidence has also suggested that
resident neural stem cells in the rostral migratory stream give rise to olfactory bulb neurons,
preferentially becoming DA+ periglomerular cells (Hack et al., 2005). Although olfactory
bulb neurogenesis has been best studied in rodents, there is now evidence that humans
likewise harbor NSCs in the SVZ, which migrate along an analogous RMS to a
comparatively small olfactory bulb (Curtis et al., 2007). Nevertheless, the true extent of
human adult neurogenesis remains controversial (Sanai, et al., 2007). Moreover, the role of
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olfactory bulb neurogenesis itself remains to be fully elucidated, though correlative evidence
in rodents points toward a role in olfactory memory and discrimination.

Although there is some debate as to whether or not neural stem cells in the hippocampus
meet the full criteria of “stem cells” (Morshead and van der Kooy, 2004), it is clear that cells
with neurogenic capacity give rise to new neurons throughout life in the dentate gyrus
(Eriksson et al., 1998) (Fig 1a, ¢). Intensive investigations have sought to elucidate a
possible connection between hippocampal neurogenesis and certain hippocampal-dependent
tasks such as learning and memory. Much correlative evidence has been obtained that
supports such a role (Kempermann et al., 1998; Shors et al., 2001; Bendel et al., 2005),
however, experiments aimed to investigate causality have been difficult to design.
Interventions such as growth factor administration or anti-proliferative treatments to
increase or decrease hippocampal neurogenesis respectively, may also have effects on the
remainder of the hippocampus (Rola et al., 2004). As such, subsequent changes in learning
or memory performance could be attributable to indirect effects of the treatment on
hippocampal synaptic plasticity rather than neurogenesis. Thus, perhaps not surprisingly,
results of studies to establish a causal role of adult neurogenesis in learning and memory
have been conflicting (Meshi et al., 2006), though the idea of such a role has gained
popularity (Leuner et al., 2006). The development of new transgenic animal models that, for
example, allow selective ablation of newly born neurons may be necessary to more
definitively address these questions. Such models will also be critical for the assessment of
functional gains observed after induction of neurogenesis in the injured brain.

Ischemia-induced neurogenesis

The finding that the adult brain is home to stem cells with neurogenic potential raises the
exciting possibility that such cells may be harnessed to restore neurons and glia to areas
damaged by CNS disease or injury. In this section, we begin with a discussion of the effects
of brain injury on SVZ and SGZ NSCs in situ, then critically review current evidence
regarding the presence of newly born neurons in regions of injury. This discussion provides
a baseline for subsequent evaluation of techniques to expand and mobilize the neural stem
cell pool and thereby augment the endogenous neurogenic response. For the purposes of this
discussion, neurogenesis will be defined as the generation of new neurons. Increased
proliferation of neural stem cells, while it often leads to increased neurogenesis, is not a
direct measure of neurogenesis, as differentiation of the newly born cells toward a neural
lineage is also required. Similarly, increased neurogenesis is not a guarantee that an increase
in the net number of functional neurons will be observed, as newly born neurons must first
be shown to survive—something that is often tied closely to successful synaptic integration
into brain circuitry.

Rodent models of brain ischemia—Several rodent models exist for brain ischemia.
Transient bilateral carotid artery stenosis leads to “global ischemia” which selectively
destroys specific cell types such as CA1 pyramidal cells in the hippocampus. The more
common ischemic models, however, are focal, most often involving occlusion of the middle
cerebral artery which leads to infarction of the striatum and overlying cortex. Occlusion
distal to the striatal branches can be used to generate a selective cortical lesion. Permanent
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occlusion is accomplished via ligation, cauterization, or laser-induced photothrombosis.
Ischemia-reperfusion injury can be modeled via transient occlusion, accomplished by
feeding an intraluminal filament through the carotid artery into the proximal MCA.
Transient occlusion for a shorter time-period (~30 min) induces preferential damage to
striatal tissue, while occlusion for 90-120 minutes affects both striatum and cortex
(Arvidsson et al., 2001).

Increased neurogenesis in ischemic neurogenic regions—L.iu et al. first reported
increased hippocampal neurogenesis following global ischemia in 1998.(Liu et al., 1998) A
12-fold increase in DG cell birth was observed 1-2 weeks after 10 min of global ischemia. In
this case, neurogenesis represented an amplification of normal neurogenesis rather than
induction of neurogenesis in a normally non-neurogenic area. Further, such neurogenesis did
not serve to replace the CA1 pyramidal cells lost in global ischemia. Interestingly,
neurogenesis in this case was not dependent upon actual neuronal cell loss, as ischemic
preconditioning, which protects CA1 neurons from subsequent ischemic damage, did not
alter the level of increased neurogenesis. Increased NSC proliferation has also been reported
in the SVZ following global ischemia (Tonchev et al., 2005). The level of neurogenesis in
the DG and SVZ likewise increases in response to focal ischemic injury, again with a peak
level of proliferation at around 1-2 weeks after injury (Doetsch et al., 2002; Ardvisson et al.,
2002; Parent et al., 2002).

Neurogenesis in ischemic non-neurogenic brain regions—To date, no evidence
has been presented to indicate that neural stem cells from the SGZ ever migrate out of the
dentate gyrus to replace cells lost in other regions of the brain (Jin et al., 2003b). However,
in 2002, two independent groups described that neuroblasts from an expanded ipsilateral
SVZ deviate from their normal route toward the olfactory bulb and migrate in chains toward
the ischemic penumbra in a rat model of transient MACO (Ardvisson et al., 2002; Parent et
al., 2002). Some of these cells persisted and with time developed markers of mature striatal
medium spiny neurons of the type lost by infarction. Although a few isolated neuroblasts
reached the more distant ischemic cortex, none were shown to generate mature cortical
neurons. This contrasted with previous findings that BrdU+ neurons are present in the cortex
after ischemia, although failure to demonstrate absence of NeuN/BrdU colocalization
immediately after BrdU labeling leaves open questions regarding possible uptake by
apoptotic neurons (Gu et al., 2000; Jiang et al., 2001). One subsequent study demonstrated
robust migration of DCX+ neuroblasts from the SVZ and RMS into the ischemic cortical
penumbra, though survival and maturation of these cells at later time points was not
investigated (Jin et al., 2003b). It is now recognized that changes in the SVZ leading to
striatal neurogenesis following ischemic injury persist long term, and new neurons continue
to be added to the striatum for at least a number of months (Thored et al., 2006; Leker et al.,
2007), or even a year (Kokaia et al., 2006) after stroke.

Global ischemia, resulting from events such as myocardial infarction, carbon monoxide
inhalation or drowning, is a less common condition in humans. Nevertheless, it is of interest
to note that spontaneous regeneration of hippocampal CA1 neurons has also been reported
after global ischemia. Using both BrdU administration and retroviral injections into the
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posterior periventricular region, Nakatomi et al. demonstrated spontaneous regeneration of
CAL neurons lost after global ischemia (2002). The new cells appeared to originate from a
ventricular area caudal to the SVZ. This area may correspond to the recently characterized
subcallosal zone (SCZ), which contains self-renewing multipotent neural stem cells. SCZ
NSCs normally give rise only to oligodendrocytes in vivo, though readily self-renew and
generate neurons in vitro (Seri et al., 2006). Bendel et al. subsequently showed that the
spontaneous replacement of CA1 neurons correlates with the time course of recovered
learning and memory (2005). Given the selective nature of the loss to CA1 neurons in global
ischemia, it is likely that the migration and integration of newly born neurons is more
readily accomplished in this relatively preserved environment than in the infarct cavity
resulting from focal ischemia. Nevertheless, it remains untested to what extent function
would improve following global ischemia if CA1 neuron regeneration were inhibited.

The migration of endogenous SVZ-derived cells toward damaged brain regions is not
restricted to stroke, and has also been described in Huntington's disease (Curtis et al., 2003),
demyelination (Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002), and chromophore-
activated synchronous apopotosis (Magavi et al., 2002; Chen et al., 2004). In other cases,
however, such as in the 6-OHDA model of Parkinson's disease, no mobilization is observed
without concurrent cytokine treatment (Fallon et al., 2000). In perhaps the most provocative
example of injury-induced neuroregeneration described to date, selective ablation of specific
cortical projection neurons via retrograde uptake of a toxic laser-activated chromophore
resulted in robust replacement of the specific neural subtypes ablated. DCX+ cells appeared
to migrate from the SVZ and RMS to the cortex via the corpus callosum into appropriate
cortical layers before differentiating into projection neurons that could extend axons to
appropriate targets in the thalamus or spinal cord. Although over half of the newly born
neurons died within 12 weeks, consistent with normal neural development, some survived
and maintained long distance connections for over a year (Magavi et al., 2002; Chen et al.,
2004). In this model, cells die via apoptosis without inflammation, suggesting that cell death
itself must be the initiating signal for neuronal replacement. This is in contrast to other
injury models in which neurogenesis may be observed even in the absence of neuronal loss.
It remains to be determined if the remarkable fidelity of this regenerative process may
reflect the preservation of surrounding parenchyma, but if so, it may suggest that similar
results may be more challenging to attain in the cavitating lesions following focal ischemia.
Further, these results have so far only been obtained by a single lab, and thus await
independent confirmation.

Effect of Age on neuroregeneration—One critique of many rodent studies of stroke is
that studies are most frequently performed in young adult animals, while human stroke
pathology most frequently occurs in the aged brain environment. It is well established that
both SVZ and DG neurogenesis drop precipitously with age. Thus, one may speculate that a
less robust neurogenic response to stroke may be observed in old age. However, several
lines of evidence suggest that decreased neurogenesis with age may reflect changes in the
brain microenvironment rather than alterations in the numbers or properties of neural stem
cells themselves. Basal levels of corticosteroids increase with age (Sapolsky, 1992) and have
been shown to decrease neural stem cell proliferation (Gould et al., 1998; Montaron et al.,
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2006). Reversal of this increase by adrenalectomy substantially increases neurogenesis in
the dentate gyrus (Cameron et al., 1999; Montaron et al., 1999). The levels of several
cytokines, including, FGF2, IGF-1 and VEGF (Shetty et al., 2005) as well as the level of
EGF signaling (Enwere et al., 2004) have been shown to decline with age, and infusion of
such cytokines in aged brains reverses age-related declines (Lichtenwalner et al., 2001; Jin
et al., 2003a). Additionally, similar numbers of neurosphere are obtained upon isolation of
NSCs from young and old rodent brains (Tropepe et al., 1997; Seaberg and van der Kooy,
2002). These data suggest that a similar neurogenic potential may in fact be present in the
aged brain, available for response to injury. Indeed, when subjected to middle cerebral artery
occlusion, 3 and 15 month old rats revealed a similar magnitude of striatal neurogenesis.
(Darsalia et al, 2005) urthermore, stroke-induced neurogenesis has recently been observed in
the human brain in patients up to 84 years old (Jin et al., 2006; Minger et al., 2007). Cells
expressing immature neuronal markers such as DCX and BllI-tubulin as well as ki67, a
marker of proliferation, were observed near blood vessels in the penumbra of cortical
infarcts. This is in sharp contrast to the normal human cortex in which it has been clearly
demonstrated that neurogenesis does not occur in the absence of injury (Bhardwaj et al.,
2006).

Regulation and augmentation of ischemia-induced neurogenesis—Although
there is now little question that neurogenesis occurs in response to ischemic lesions, it seems
evident that this endogenous response would need to be bolstered in order for a meaningful
level of regeneration to be achieved (figure 2). Indeed, it remains unclear whether baseline
levels of stroke-induced neuroregeneration in mammals is of any functional value at all.
Such is not the case in all vertebrates. Amphibians and reptiles exhibit robust regeneration of
CNSS tissue after injury, leading to a brain post-injury that is structurally and functionally
comparable to the pre-injured state. It has been speculated that a paucity of regenerative
capacity may be the price paid for increased complexity in the mammalian brain.
Nevertheless, detailed understanding of endogenous neurogenic mechanisms may yield
insights into possible methods to enhance neurogenesis following injury. A growing list of
physiological stimuli, endogenous molecules, and exogenous agents has been shown to
regulate adult neurogenesis. (Abrous et al., 2005; Hagg, 2005; and Lichtenwalner et al.,
2006). A subset of these has been implicated in the spontaneous endogenous neurogenic
response to stroke, while others have been suggested to promote regeneration.

Molecules that expand the stem cell pool such as bFGF may be useful for providing
adequate cellular substrate for a neuroregenerative response. Indeed, bFGF has been shown
to promote cortical cell replacement and functional recovery after cortical injury in neonatal
(Monfils et al., 2006) and adult (Leker et al., 2007) rats. In contrast to bFGF, which
increases normal neurogenesis in neurogenic regions, EGF also expands the neural stem cell
pool, but decreases olfactory bulb neurogenesis (Kuhn et al., 1997). Instead, the generation
of astrocytes in the olfactory bulb was increased (Kuhn et al., 1997) and the number of SVZ-
derived cells found in adjacent striatal tissue dramatically increased (Craig et al., 1996;
Kuhn et al., 1997; Doetsch et al., 2002; Gregg and Weiss, 2003). Similar results have been
observed using TGF-alpha, the primary endogenous ligand for the EGF receptor, in a rodent
model of Parkinson's disease (Fallon et al., 2000; Chen et al., 2004). BDNF promotes
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neurogenesis, leading to increased numbers of neurons in the olfactory bulb, in addition to
promoting the appearance of new neurons in the striatum (Benraiss et al., 2001; Pencea et
al., 2001). The effects of BDNF are enhanced by administration of noggin, which inhibits
Whnt signaling — a negative regulator of neurogenesis (Chmielnicki et al., 2004).
Erythropoietin (EPO), in addition to regulating RBC production, is upregulated in the SVZ
following ischemia and also promotes neurogenesis (Shingo et al., 2001). EPO favors
neurogenesis at the expense of NSC self-renewal leading to a decrease in the number of
NSCs in the SVZ (Shingo et al., 2001). IGF-1 is another factor upregulated in response to
ischemia, and infusion of antibodies to IGF-1 attenuate ischemia-induced proliferation in the
SVZ and DG (Dempsey et al., 2003; Yan et al., 2006). Other factors, including VEGF,
notch, NO, SCF and G-CSF as well as certain neurotransmitters and chemokines may
additionally be implicated in the neurogenic response to ischemia, (Abrous et al., 2005,
Lichtenwalner et al., 2006, Chen et al., 2006b), while BDNF, bFGF, and EPO may serve as
neurotrophic factors that may promote survival of both injured and newly born neurons
(Abrous et al., 2005; Hagg, 2005).

Successful therapeutic strategies will likely require activation of multiple pathways to
amplify the progenitor pool, promote neural differentiation, mobilize cells to the site of
injury, and enhance the survival of newly born neurons. In recent examples of such multi-
pronged approaches, Androuteselli-Theotokis et al. administered a combination of bFGF
and notch ligand following MCAO and observed progressive functional recovery over 45
days, which greatly surpassed that observed when either one of the factors was administered
independently (2006). Zhao and colleagues have demonstrated that the administration of
SCF in combination with GCSF during the acute (Zhao et al., 2007a) or chronic (Zhao et al.,
2007b) post stroke periods can enhance neurogenesis and improve limb placement function.
In another study, Kolb et al. administered EGF for 7 days followed by EPO for 7 days,
resulting in robust replacement of infarcted cortical tissue with neural cells, which, though
they lacked normal laminar organization, appeared to facilitate functional recovery on an
extensive battery of behavioral measurements (2007). Significant behavioral improvement
was also observed if the treatment regimen was not started until 7 days following stroke — a
therapeutic window far more generous than the current 3 hours for t-PA. To directly assess
the contribution of the newly generated cortical tissue to functional recovery, the authors
surgically removed the regenerated cortical area, and interestingly saw loss of behavioral
gains at day 7 but not day 1 after removal, suggesting that the new neural tissue may act in a
regulatory capacity to promote plasticity or maintain homeostasis of surrounding cortical
tissue rather than via direct involvement in motor circuits. Although evidence for
mobilization of adult rodent NSCs continues to accumulate, the human brain is much larger
and would thus require a far greater number of new neurons, each of which would need to
traverse a much greater distance to replace lost cortical tissue (Figure 2).

Perhaps the most impressive example of cytokine-mediated neuroregeneration following
stroke was provided by Nakatomi et al., who used combined bFGF and EGF in a global
ischemia model of CA1 neuron degeneration to dramatically augment CA1 neuron
regeneration, resulting in behavioral performance comparable to the prelesioned state
(2002). Here again, robust regeneration may have been facilitated by the relative
preservation of other local cell types.
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Functional evidence for neuroregeneration—Unlike studies to date of
neuroregeneration in focal ischemia models, the overwhelming level of neuroregeneration in
Nakatomi et al. permitted prospective labeling of periventricular neural stem cells with a
GFP lentivirus, allowing direct demonstration of the functionality of the new neurons via
electrophysiological studies (2002). Demonstration of electrophysiological function in
neurons born in response to focal ischemia must, by contrast, await further studies, and may
require improved techniques to more efficiently label neural stem cells with fluorescent
proteins for lineage tracing. Isacson's group (de Chevigny, 2008) recently employed the new
Nes-creERT2 mice from Legace et al, (2007) to achieve robust labeling of neuroblasts
mobilized in response to TGF-a, suggesting the feasibility ot this approach. Definitively
assessing the role of neurogenesis in observed functional recovery will also remain an
ongoing challenge. As noted above, compounds employed in the induction of neurogenesis
may have multiple functions that may act indirectly of neurogenesis to promote functional
recovery. Further, methods employed to prevent neurogenesis such as irradiation and
chemotherapy are associated with confounding side-effects. One study to date has employed
irradiation to attenuate neurogenesis prior to induction of ischemia. Ischemia-induced
cognitive deficits were exacerbated by irradiation, which the authors interpreted as evidence
that the inhibition of stroke-induced neurogenesis inhibits normal neurogenesis-dependent
functional recovery (Raber et al., 2004). Unfortunately, however, it is difficult to exclude
other effects of irradiation, such as contribution to inflammation that may contribute to the
behavioral findings in this experiment. As such, direct evidence for the role of neurogenesis
in functional recovery must await the development of transgenic methods to specifically
inhibit neurogenesis in parallel-treated animals or to selectively induce apoptosis of new
neurons born in response to injury.

Safety considerations in endogenous neurogenesis—Although the beneficial
effects of various factors for mobilizing neural stem cells is cause for great enthusiasm, the
potential for unanticipated adverse effects should be investigated with equal rigor. For
example, of the three first cytokines discussed above for the mobilization of neural stem
cells, bFGF, EGF and BDNF, each may be associated with additional effects that would
warrant careful consideration before proceeding to clinical trials. First, bFGF is known to
inhibit the differentiation of oligodendrocyte progenitor cells during development. Direct
intraventricular infusion of high concentrations of bFGF in the adult brain has been shown
to promote microglial and glial reactivity concurrent with disruption of oligodendrocyte
function and myelin production leading to the appearance of demyelinating lesions
(Goddard et al., 2001, 2002; Butt and Dinsdale, 2005; Assanah et al., 2006). Second,
excessive proliferation of stem cells is well known to increase the risk of genetic alteration
and potential tumorgenic transformation. Gliomas are the most common, but also the most
aggressive primary brain malignancy, and increasing evidence suggests that gliomas may be
derived from endogenous stem or progenitor cells (Singh et al., 2003; Wu et al., 2007; Wu et
al., 2008). Thus interventions to actively promote NSC proliferation in vivo should not be
undertaken lightly. EGF receptor expression has been proposed as a possible contributor to
glioma formation by SVZ progenitors (Doetsch et al., 2002) and infusion of BDNF has been
shown to result in highly invasive glioma-like growths (Assanah et al., 2006; Jackson et al.,
2006). Finally, infusion of BDNF into the hippocampus has also been shown to lead to
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spontaneous seizure activity in approximately 25% of treated animals (Scharfman et al.,
2002). As such, careful evaluation of the range of possible side effects for any given
compound will become an increasingly important aspect of neuroregenerative
investigations.

cells in non-neurogenic regions?

Many of the above studies have shown convincing evidence of neuroblast migration from
the SVZ or RMS to areas of injury. However, in several studies, it has been difficult to
exclude the possibility that some newly generated neuronal cells may be born locally.
Although there is presently limited evidence for normal neurogenesis in most parts of the
brain, cells can be isolated from multiple regions of the brain (including cerebellum, cortex,
white matter and spinal cord) that possess NSC properties in vitro, being capable of
differentiation into neurons, astrocytes and oligodendrocytes. The exact identity of these
cells remains uncertain, and could include quiescent neural stem cells, or glial cells that
exhibit neural potential under certain conditions. Indeed, oligodendrocyte precursor cells
have been shown to generate neurons in vitro, and endogenous neural stem cells now appear
to belong to the astroglial lineage. Recent studies have suggested that genetic manipulation
of parenchymal progenitors may promote neurogenesis. Retroviral knock-down of olig2 or
overexpression of pax6 in proliferating cortical cells following injury has been shown to
induce their transformation into DCX+ cells with neuroblast morphology (Buffo et al.,
2005). Further, overexpression of NeuroD in cortical nestin+ cells has also been shown to
promote the generation of new GABAergic neurons (Hisatsune, 2006). Cells in the spinal
cord with characteristics of OPCs could also be induced to differentiate into immature
neurons in the presence of EGF and bFGF, though increased numbers of newly born mature
neurons and oligodendrocytes were observed with retroviral overexpression of ngn2 and
Mash1 respectively. Thus, although recent work has emphasized the mobilization of
endogenous neural stem cells from the subventricular zone, the in vivo reprogramming of
other parenchymal progenitors such as oligodendrocyte precursor cells may represent an
additional future avenue for neuroregeneration following ischemic injury (Ohori et al.,
2006).

A role for endogenous bone marrow in neuroregeneration after stroke?

At least four types of bone marrow-derived cells have interesting relationships with the
brain. First, as part of the innate immune system, microglia arise from the hematopoietic
lineage and serve roles of immune surveillance in the brain, analogous to macrophages in
other organs. These cells rapidly respond to injury in the brain and can demonstrate both pro
and anti-inflammatory properties. As discussed in section 1.1.2 above, appropriate
regulation of the inflammatory environment following stroke is of utmost importance to
minimize injury and promote recovery. Furthermore, the inflammatory environment impacts
neural stem cell behavior. While some aspects of the inflammatory response may be
involved in mobilization of stem cells to regions of injury, neurogenesis is generally
inhibited by inflammation (Monje et al., 2002, 2003), and inhibition of inflammation
following stroke has been shown to enhance endogenous neurogenesis (Hoehn et al., 2005).
A second group of bone marrow-derived cells are perivascular cells found just inside the
basal lamina of vessels which are thought to play an active role in vascular regulation and
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remodeling (Galimi et al., 2005). As such, these likely play an active role in responding to
ischemic injury. Given the robust ability of bone marrow-derived cells to cross the blood
brain barrier, especially in regions of injury, some have proposed that bone marrow-derived
cells may serve as effective vehicles for delivery of therapeutic genes into the injured brain
(Tanaka et al., 2004). Third, the number of circulating endothelial progenitor cells is seen to
increase after stroke, and appears to be associated with good prognosis, consistent with the
increasingly understood importance of early angiogeneisis following stroke (Sobrino et al.,
2007; Chu et al., 2008).

Finally, several controversial reports in recent years have suggested that bone marrow-
derived cells may contribute to endogenous neurogenesis. In 2001, Priller et al. reported that
donor-derived Purkinje cells could be identified after transplantation of transgene-labeled
bone marrow (2001). Additional studies using sex-mismatched bone marrow transplanted
(BMT) animals indicated widespread distribution of donor derived neurons (Mezey et al.,
2000) and glia (Eglitis and Mezey, 1997) throughout the brain by use of fluorescent in situ
hybridization (FISH) to detect the donor sex chromosome. The evidence for plasticity of
marrow-derived cells both in the brain and other organs came under heavy fire after multiple
groups independently demonstrated that bone marrow derived cells fuse with various
somatic cells including Purkinje cells (Terada et al., 2002; Alvarez-Dolada et al., 2003;
Weimann et al., 2003b). Furthermore, using transgenic labels, other investigators described
the absence of bone marrow-derived neurons and glia in the cerebrum after BMT and
various interventions including brain injury (Wehner et al., 2003).

At present, the field remains divided. Proponents of bone marrow plasticity rely heavily on
FISH claiming that transgenic labels are likely silenced in the brain and are not sufficiently
sensitive for detection of bone marrow-derived neural cells in the brain, while opponents
categorically report an absence of bone marrow-derived neurogenesis. A few reports using
GFP bone marrow have described that bone marrow-derived cells expressing certain
neuronal markers can be found in the brain after bone marrow mobilization or brain injury
(Corti et al., 2002; Kawada et al., 2006). However, careful confocal evidence for full
differentiation, maturation and integration, along with electrophysiological studies of such
cells, all remain to be reported. Furthermore, although some have used FISH to argue
against fusion in such situations, transgenic lox-cre strategies have not been employed to
confirm the lack of host genes in these cells. Thus, though intriguing, further work will be
necessary before the notion of “turning blood into brain” finds widespread acceptance.

Exogenous Stem Cells

Introduction to cell transplantation

The majority of studies to date have shown relatively limited cell replacement from
endogenous neural stem cells. Further, the technology, for mobilizing endogenous neural
stem cells is relatively new. By contrast work has been in progress for decades to replace
lost neural cells by transplantation of either fetal brain tissue (Bjorklund and Stenevi, 1979;
Perlow, et al, 1979) or, more recently, stem cells. Potential advantages to this approach may
include greater control over cell fate, the ability to deliver any desired number of cells, and
reduced risks associated with mitogen infusion. A number of different cell types have been
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considered for cell transplantation with goals ranging from replacement of host circuitry to
delivery of neuroprotective or immunomodulatory compounds. Before expounding upon
specific cell types, however, we briefly discuss basic issues related to cell transplantation in
general.

Delivery Variables—Several delivery variables must be defined for experiments
involving cell transplantation. The goal of optimizing these variables is to maximize the
number of surviving functional cells present at the appropriate site of injury. Optimal
parameters may vary by cell type as well as whether the predominant goal is cell
replacement or neuroprotection.

Timing: Most neuroprotective agents studied to date have a relatively narrow therapeutic
time window of only a few hours. Although stem cells have been shown to release certain
neuroprotective agents, the therapeutic window for even non-neural stem cells tends to be
longer. Many groups transplant cells 1-2 days following injury. However, benefits have been
observed with delivery of cells even a full week after focal ischemia — a benefit which did
not appear dependent upon forming new graft-derived connections (Zhao et al., 2002). Such
findings may suggest mechanisms of action other than cell replacement or neuroprotection,
such as enhancement of host neural plasticity. In studies seeking to demonstrate the
generation of new graft-derived circuitry, even greater delays may be employed after injury
to ensure stable long term behavioral deficits prior to transplantation (Pollock et al., 2006).

Administration Route: Stem cells may be delivered either systemically into the vasculature
or locally into the brain (Corti et al., 2005). The migratory properties of many stem cells
enable them to effectively traffic toward an area of injury. For example, graft-derived
neurons and glia may be seen in the injured spinal cord even after intravenous delivery of
neural stem cells (Fujiwara et al., 2004). Bone marrow mononuclear cells are most
commonly delivered systemically, while neural cells are more frequently delivered directly
into the brain parenchyma. Delivery directly into the infarct core generally yields poor cell
survival (Wurmser et al., 2004), though injection into the penumbra routinely yields both
surviving cells and neuroprotection (Johnston et al., 2001). Many systemically delivered
cells seem to provide significant benefit, even though they may never be directly observed in
the brain. For studies desiring optimal systemic distribution, however, direct intraarterial
delivery may increase the delivery of cells to the target tissue, due to decreased sequestration
in the lungs (Tolar et al., 2006).

Immunosupression: While generally used for experimental xenografts, the role and
importance of immunosuppression following allografts remains heavily debated (Barker and
Widner, 2004). Neural stem cells may be minimally immunogenic (Modo et al., 2002),
whereas MSCs may provoke a robust inflammatory response leading to rapid acute rejection
(Coyne et al., 2006). Immunosuppressive drugs such as cyclosporine A may also promote
sprouting of host neural cells, potentially leading to functional improvement independent of
the grafted cells. Given the serious side effects of immunosuppression, this topic will
become of increasing importance as stem cell-based therapies move closer to clinical trials.
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See Barker and Winder (2004), as well as Chen and Palmer (2008) for more in-depth
discussion on this topic.

Pre-Differentiation: The use of stem cells for therapeutic purposes is fundamentally
dependent upon stem cells exhibiting different properties prior to transplantation than after
transplantation. In preparation for transplantation, extensive proliferation capacity is
paramount in order to generate adequate numbers of cells. However, if cells fail to exit the
cell cycle at some appropriate point after transplantation, the result may ultimately be fatal.
Likewise, although pluripotent or multipotent stem cells may be necessary to ensure
capacity to generate the cell types desired after transplantation, uncontrollable inappropriate
differentiation may yield undesired cell types in the brain. At the other extreme, fully
differentiated neuronal cells may have long projections and be too fragile to transplant. As
such, when the goal is to generate functioning neural cells in vivo, cells committed to the
neural lineage are generally used. If a specific phenotype is desired, such as dopaminergic
neurons for treatment of Parkinson's disease, early postmitotic cells are generally used.
When multiple cell types are needed, such as after stroke, multipotent cells may be
appropriate. These variables, however, are still being investigated. While undifferentiated
NSCs may induce motor recovery in a rat spinal cord injury model, a recent study
demonstrated that it also induced aberrant axonal sprouting leading to allodynia-like
forepore hypersensitivity (Hofstetter et al., 2005). In this experiment, optimal results were
obtained by transducing cells prior to transplantation with Ngn2 which helped prevent
astrocytic differentiation of grafted cells and prevented aberrant axonal sprouting.

Pretreatment: The most common fate of transplanted cells is cell death (Bakshi et al.,
2005; Burns et al., 2006). While this may be less of a concern with stem cell-derived cells
than fetal tissue, which may be in more limited supply, having large numbers of dead cells
in the graft may exacerbate stroke-related deficits (Modo et al., 2003). Differentiation
toward a neural lineage itself is also directly associated with cell death, and this may be
especially true in a non-neurogenic region lacking necessary neurotrophic cues. As such,
various methods have been developed to both block apoptotic programs, and to prevent their
initiation via provision of various neurotrophic compounds (Sortwell, 2003).

Scaffolds: Even upon the successful differentiation and survival of neurons, the ischemic
environment presents particular challenges to functional restoration. A large infarct is
associated with massive necrosis and may yield an infarct core that is inhospitable to newly
delivered cells due to lack of blood supply and absence of an appropriate extra cellular
support. One approach has involved the transplantation of NSC-embedded scaffolding into
the infarct cavity to promote the formation of reciprocal connections between graft and host.
Though favorable results have been suggested, further studies are needed to more critically
assess this technique (Park et al., 2002).

Contrals: It remains true that the results of any experiment are only as good as the controls.
As noted in section 1.3 above, the challenges involved in obtaining accurate results in
experiments involving neuroregeneration are far from trivial. In general, a control cell type
presumed not to have the desired properties of neural differentiation or neuroprotection is
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indicated. While saline injections may control for the effects of needle injection (Batchelor
et al., 2002), live cells such as fibroblasts may also allow for possible transfer of cell labels.
Dead cells have been used by some, but have been suggested to exacerbate stroke deficits
(Modo et al., 2003). Cell fusion may be cell type-dependent and is hence difficult to control
for, and may require use of cre/loxP technology (Novak et al., 2000). The ultimate goal of
any treatment is improved functional recovery. Promising results obtained in preclinical
trials have been notoriously difficult to reproduce in the clinical arena. Thus, extra care
should be applied to the design of preclinical studies to maximize their validity—a topic
carefully reviewed by Dirnagl (2006).

Genetic stability—Fetal cells have been used for decades in animal studies of Parkinson's
disease, ischemic brain injury, and numerous other pathologies (Onifer and Low, 1990;
Jansen et al., 1997). Several human clinical trials have moved ahead and revealed that in the
case of dopamine cell transplants, grafts may survive and function for periods of up to 14
years after transplantation. (Piccini et al., 1999; Mendez et al., 2008). Limited availability of
fetal tissue, however, has fueled the search for alternate sources of cells, including stem
cells. Stem cells are typically cultured for extended periods of time in vitro, and may be
exposed to several fold more cell divisions than would be experienced by any normal cell in
the body. Greater potential thus exists for “mistakes” to be made during DNA replication
and cell division. Pluripotent cells such as germ cells and embryonic stem cells express high
levels of telomerase that permit theoretically unlimited proliferation. In vivo, the genetic
payload of germ cells is maintained in pristine condition from generation to generation in
spite of having accumulated untold numbers of cell divisions over the millennia. However,
such is not true for embryonic stem cells, which may accumulate substantial karyotypical
abnormalities after extended passaging in vitro. This situation may be exacerbated in adult
stem cells, which, while they may express some telomerase, do not express enough to
prevent telomere shortening (Hiyama and Hiyama, 2007). Substantial karyotypical
instability may thus result in stem cells cultured for extensive periods in vitro, which in
some cases, may lead to malignant transformation (Miura et al., 2006). Significant
aneuploidy may develop in mouse ESCs after 20 passages (Longo et al., 1997), though
human ESCs may tend to be somewhat more stable (Hoffman et al., 2005). In order to
facilitate in vitro self renewal while minimizing occurrence of karyotypic changes, many
investigators favor the use of cells that have been passaged a minimal humber of times,
using specific passaging techniques (Thomson et al., 2008), or cells that have been
immortalized via overexpression of proto-oncogenes such as Ras, or even direct
overexpression of telomerase (Roy et al., 2004). Immortalized cell lines are often selected
for favorable growth and differentiation characteristics that may differ substantially from
non-immoralized NSCs. For example, certain immortalized NSC lines are able to generate
DA neurons, whereas primary NSCs generally do not. Findings obtained with immortalized
cells therefore cannot be generalized to the parent stem cell population. The clinical utility
of immortalized cells remains unclear. Some suggest that immortalized cell lines offer the
best way to ensure use of well characterized, stable cells, however, others believe that
immortalization renders an unacceptably increased risk for subsequent malignant
transformation. To address this concern, some groups have generated “conditionally
immortalized” cell lines that are immortal only in the presence of specific agents (Pollock et
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al., 2006). Finally, any genetic modification may carry the risk of disrupting certain genes
involved in cell cycle regulation. Thus, transgene integration sites and cell behavior should
be carefully characterized before clinical application of genetically modified cells.

Neural stem cells

Neural stem cells can be isolated from many regions of the central nervous system of
embryonic as well as adult mammals. They can be propagated in culture in the presence of
EGF and/or bFGF as proliferative clusters of cells termed neurospheres. Recent studies have
demonstrated that rather than being homogeneous aggregates of stem cells, neurospheres
actually represent a heterogeneous collection of cells including true stem cells committed
progenitors and differentiated progeny. This is in contrast to embryonic stem cells, which in
the presence of appropriate signaling molecules can be maintained as a relatively
homogeneous population of stem cells. NSCs also differ from ESCs in terms of the variety
of neurons they can generate. Profiles of NSC gene expression tend to point to NSCs
expanded as neurospheres in EGF and bFGF as adopting a forebrain profile. Consistent with
this, attempts to differentiate NSCs into cells from other regions of the CNS, such as
dopaminergic neurons, cerebellar Purkinje cells or motorneurons have in most cases been
unsuccessful. Nevertheless, neural stem cells can be successfully differentiated into
representative cell types in parts of the brain most commonly affected by stroke, such as
cortical projection neurons (Englund et al., 2002), interneurons (Scheffler et al., 2005) and
hippocampal pyramidal neurons (Corti et al., 2005). Retrograde labeling, synaptic
integration and action potential generation from NSC-derived neurons has been
demonstrated in vivo (Englund et al., 2002). Recent studies have suggested that more diverse
fates, including motorneurons (Wu et al., 2002), may be obtained from neural stem cells
cultured in monolayer, most commonly on a substrate of laminin. This may reflect the
capacity for maintenance of a less mature cell type using this technique. Recent work from
the laboratory of Austin Smith has suggested that neural stem cells from embryonic stem
cells or from fetal or adult brain may be maintained as radial glia via this technique (Conti et
al., 2005; Pollard et al., 2006). Alternatively, improved access to bFGF and EGF in the
monolayer system may minimize spontaneous differentiation that could otherwise restrict
the potential of neural stem cells grown as neurospheres.

That NSCs can differentiate into neurons (Song et al., 2002a, 2002b; Kelly et al., 2004),
astrocytes (Winkler et al., 1998; Herrera et al., 1999; Eriksson et al., 2003) oligodendrocytes
(YYandava et al., 1999; Pluchino et al., 2003) and possibly even endothelium (Wurmser et al.,
2004) would suggest that NSCs should be capable of replacing most of the cell types
affected by an ischemic injury. Actual results in preclinical studies, however, have been
quite varied. Neural stem cells, including human, can clearly survive after transplantation,
have a tendency to migrate toward areas of infarct (Kelly et al., 2004), and can generate
functional neurons (Englund et al., 2002) that may form connections with host cells (Park et
al., 2002). While several studies have found NSCs to predominantly differentiate into glia
after transplantation into normally non-neurogenic regions (Winkler et al., 1998; Herrera et
al., 1999; Eriksson et al., 2003), robust neural differentiation has been observed after
transplantation of cells cultured on laminin (Wu et al., 2002; Yan et al., 2007). Most studies
have not observed substantial changes in infarct size after NSC transplantation (Kelly et al.,
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2004; Pollock et al., 2006), however, neuroprotective (Ourednik et al., 2002; Lee et al.,
2007) and immunomodulatory (Fujiwara et al., 2004; Pluchino et al., 2005) effects of neural
stem cells in addition to their potential for at least some cell replacement (Sinden et al.,
1997) have collectively yielded beneficial effects in multiple animal models of
neurodegeneration and brain injury, including stroke (Sinden et al., 1997; Chu et al., 2004;
Pollock et al., 2006). Some of the potential mechanisms via which transplanted cells such as
neural stem cells may yield functional benefits are summarized in Figure 3.

Embryonic stem cells

Embryonic stem cells (ESCs), including the more recently described iPS cells, comprise the
most versatile stem cells currently available, being capable of differentiation into all adult
cell types, including functional neurons (Benninger et al., 2003) and glia (Brustle et al.,
1999; Scheffler et al., 2003). Electrophysiological evidence of synaptic integration has been
obtained in vivo after transplantation of mouse (Brustle et al., 1997; Harkany et al., 2004;
Wernig et al., 2004) and human (Muotri et al., 2005; Roy et al., 2006) ESC-derived cells. As
such, embryonic stem cells can provide an almost unlimited supply of desired cells for
transplantation. However, such potency comes at a price, as embryonic stem cells also form
teratomas after transplantation in vivo (Bjorklund et al., 2002; Carson et al., 2006). Indeed
teratoma formation is one of the primary functional tests to verify the potency of embryonic
stem cells. As such, before ESC-derived cells can be considered for transplantation, it is
critical that the graft be free of undifferentiated pluripotent cells. Considerable effort has
been exerted to try to harness the potential of ESCs and guide their differentiation toward
the neural lineage. Although numerous differentiation techniques yield a high percentage of
neural cells (Zhang et al., 2001; Liour and Yu, 2003; Glaser and Brustle, 2005; Kim et al.,
2006; Lowell et al., 2006), few methods yield a perfectly homogenous cell population
completely devoid of undifferentiated cells with teratoma-forming potential (Sanchez-
Pernaute et al., 2005; Carson et al., 2006). As such additional steps such as antibiotic
selection (Li et al., 1998) and FACS (Wernig et al., 2002; Chung et al., 2006) are often used
during or after differentiation to purify the neural cells. Perhaps the most robust
differentiation protocol described to date that inherently eliminates pluripotent cells involves
the spontaneous differentiation at low density, followed by propagation as a monolayer in
EGF and bFGF (Conti et al., 2005). Whether resulting cells are any more potent than NSCs
cultured under similar conditions, however, remains to be determined.

In order to avoid teratoma formation, most studies of ES-derived cell transplantation have
employed cells pre-differentiated toward either neurons or neural precursors. Although for
some disease models, ESCs have allowed the generation of cell types difficult to obtain from
neural stem cells such as dopaminergic neurons (Bjorklund et al., 2002; Kim et al., 2002;
Sanchez-Pernaute et al., 2005; Takagi et al., 2005; Morizane et al., 2006; Roy et al., 2006)
and motorneurons (Wichterle et al., 2002; Plachta et al., 2004), results after transplantation
of ESC-derived cells for stroke (Buhnemann et al., 2006; Hayashi et al., 2006) have been
similar to those obtained using brain-derived neural stem cells, though perhaps yielding a
higher percentage of neurons. After transplantation into the ischemic brain, ESC-derived
neurons have met criteria of electrophysiological function and synaptic connectivity
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(Buhnemann et al., 2006), however, a clear correlation between the generation of new ES-
derived neurons and behavioral recovery after stroke remains to be demonstrated.

Teratocarcinoma cells

A variant of embryonic stem cells are teratocarcinoma cells. Derived from an immortalized
cell line, these cells differentiate into a pure population of neurons upon exposure to retinoic
acid, and are the only cells that have been tested in human clinical trials for the treatment of
stroke. On the basis of preliminary preclinical studies that suggested long term integration of
teratocarcinoma cells in rodents (Kleppner et al., 1995), Kondoziolka et al. transplanted 1-3
million cells into patients with chronic stable deficits following basal ganglia stroke in an
open label phase 1 trial (2000). Safety at the 12 month time point was established with this
technique, and some patients appeared to show some benefit based on the European Stroke
Scale score. A subsequent small non-blinded trial failed to demonstrate significant benefit in
treated patients compared to controls, though a trend toward improvement was observed
(Kondziolka et al., 2005). Surviving graft-derived cells were observed 27 months after
transplantation from the first trial (Nelson et al., 2002) with no evidence of neoplasm.
However, the level of integration of grafted cells into host circuitry was not clear in the
absence of a cytoplasmic label for the grafted cells. Although continued refinement could
conceivably yield therapeutic benefit from this cell type, teratocarcinoma cells will likely
continue to raise questions of safety, based on the tumorigenic nature of the donor cells
(Buchan et al., 2001). Predifferentiation of these cells prior to transplantation reportedly
gives rise to uniformly differentiated, postmitotic neuronal cells (Trojanowski et al., 1997),
however, mature neurons are more susceptible to cell death following transplantation than
less mature cells.

Bone Marrow and Cord Blood-derived Cells

A variety of cell types can be obtained from bone marrow, many of which have been
suggested to have beneficial effects after transplantation into the ischemic brain. Cord blood
contains an enriched fraction of the progenitor cells normally found in bone marrow, and
has, like bone marrow, been shown to contain cells with multipotent potential. The normal
role of bone marrow derived cells in the brain was discussed above (section 2.5), and will
not be reviewed further, except to note that delivery of bone marrow-derived cells (Willing
et al., 2003a; Shyu et al., 2006) and umbilical cord cells (Willing et al., 2003b; Vendrame et
al., 2004; Nan et al., 2005; Xiao et al., 2005) particularly including the CD34+ fraction
(Taguchi et al., 2004) have been shown to yield dramatic decreases in infarct size and
improvements in behavioral function. In a complementary experiment, selective genetic
ablation of activated microglia significantly exacerbated ischemic brain damage (Kleppner
et al., 1995). Clinically, in addition to transplantation of bone marrow cells, endogenous
bone marrow cells can be mobilized by G-CSF (Sprigg et al., 2006), and this too has led to
dramatically improved outcomes following stroke in animal models (Kawada et al., 2006;
Dunac et al., 2007). It should be noted, however, that G-CSF also has direct neuroprotective
actions (Schneider et al., 2005; Schabitz et al., 2007) and promotes neurogenesis (Schneider
et al., 2005). Thus, results may represent a combined effect. Clinical trials to assess G-CSF
safety and efficacy after stroke are currently underway (Sprigg et al., 2006; Schabitz et al.,
2008).
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Marrow stromal cells (MSCs) are perhaps the most commonly employed bone marrow-
derived cells in animal models of stroke. Several studies have suggested that MSCs, like
bone marrow mononuclear cells and umbilical cord cells, may generate neurons both in vitro
and in vivo. These data, however, have often been based on morphological criteria in vitro
(Woodbury et al., 2000; Deng et al., 2001) and in vivo studies employing transferable labels
(Kopen et al., 1999; Chen et al., 2000, Li et al., 2001; Munoz-Elias et al., 2004; Shyu et al.,
2006). These substandard methodologies together with non-stringent histological criteria to
define a neuron make these studies difficult to interpret (Svedsen et al., 2001; Lu et al.,
2004; Burns et al., 2006; Coyne et al., 2006). Nevertheless, substantial functional benefits
have been observed after both intracranial and intravascular delivery (Chen et al., 2001a,
2001b, 2003; Honma et al., 2006). Although MSCs migrate toward injury-associated signals
invitro (Son et al., 2006; Ponte et al., 2007; Menon et al., 2007), MSCs appear to exhibit
rather poor survival after transplantation into the brain (Coyne et al., 2006). As such, the
mechanism's underlying observed functional benefits have remained elusive. Nevertheless,
this fact alone should not detract from their potential therapeutic value which is being
investigated in several clinical trials for various diseases (Giordano et al., 2007). On a
cautionary note, both mouse (Miura et al., 2006; Tolar et al., 2007) and human (Zaghloul et
al., 2001; Serakinci et al., 2004; Rubio et al., 2005) MSCs may exhibit malignant
transformation after extended culture in vitro, a concern that may be exacerbated by their
immunosuppressive properties (Djouad et al., 2003; Ryan et al., 2005; Zhu et al., 2006).
Thus, as with all stem cell populations, care will be needed to accurately assess safety,
including demonstration of a normal karyotype prior to clinical applications.

Although originally described as MSCs, multipotent adult progenitor cells (MAPCs) have
emerged as bone marrow-derived cells with greater potential than normal MSCs (Reyes and
Verfaillie, 2001; Jiang et al., 2002). Specifically, MAPCs have been reported to generate
functional cell types from all 3 embryonic germ layers, including neuronal cells that
exhibited mature electrophysiological properties in vitro (Schwartz et al., 2002; Ross et al.,
2006; Zeng et al., 2006; Serafini et al., 2007). Like MSCs, MAPCs have been shown to
improve behavioral recovery in a rodent model of stroke (Zhao et al., 2002), however, in
vivo neural differentiation of these cells after postnatal transplantation has not been
demonstrated (Burns et al., 2006). A number of other multipotent stem cell populations from
bone marrow with properties similar to MAPCs have also been described (D'lppolito et al.,
2004; Kogler et al., 2004; Yoon et al., 2005; Kucia et al., 2006; Anjos-Afonso and Bonnet,
2007). To our knowledge, however, none of these have demonstrated mature
electrophysiological function after neural differentiation, nor been tested in models of
ischemic brain injury.

Cell transplantation for delivery of trophic molecules

Finally, given the migratory potential of certain cell types towards areas of injury, stem cells
may serve as appropriate vehicles for delivery of specific molecules that may be difficult to
deliver at adequate concentration into the ischemic area via systemic administration (Muller
et al., 2006). Candidates for such ex-vivo gene therapy may include anti-inflammatory, pro-
angiogenic and pro-survival molecules. Molecules to promote endogenous neurogenesis
may also prove to be useful. Indeed, given the low percentage of adult-born neurons that
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survive, delivery of pro-angiogenic and pro-survival drugs may indirectly promote the
survival of migrating neuroblasts that find themselves at the infarct site. Many of the trophic
effects exhibited by neural and bone marrow-derived stem cells are poorly understood, thus
the delivery of such stem cells in conjunction with specific gene delivery may provide
additional benefit (Chen et al., 2001a; Horita et al., 2006; Liu et al., 2006; Gamm et al.,
2007).

Conclusions

While we may never be able to “regrow” large areas of brain lost to stroke, stem cell
technology is a rapidly evolving field that will likely significantly impact the future
treatment of ischemic brain injury. It is now clear that neural stem cells exist in the brain and
undergo limited neurogenesis in response to stroke. Proof of principle exists that this
endogenous response may be substantially augmented through the delivery of appropriate
cytokines. Exogenous stem cells offer complementary advantages of being available in
unlimited numbers with additional control over fate, cell number, timing and site of
delivery. The fact that substantial functional gains have been observed in animal models
after delivery of cells of both neural and non-neural origin in pre-clinical models of ischemic
brain injury is encouraging. Nevertheless, caution is indicated to ensure the highest
standards of safety and scientific rigor as this exciting field moves forward.
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Abbreviations

6-OHDA 6-hydroxydopamine

BDNF brain derived neurotrophic factor
bFGF basic fibroblast growth factor
BMT bone marrow transplant

Brdu bromodeoxyuridine

CA1l cornu ammon region 1

DA dopamine

DCX+ double cortin

DG dentate gyrus

EGF epidermal growth factor

EPO erythropoietin

ESC embryonic stem cell

FACS fluorescent-activated cell sorting
FGF2 fibroblast growth factor 2

FISH fluorescent in situ hybridization
GABA gamma-aminobutryric acid
G-CSF granulocyte colony-stimulating factor
GFAP glial cell acidic protein

GFP green fluorescent protein

Gz granular zone
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IGF-1
MAPC
MCAO

insulin growth factor
multipotent adult progenitor cell
middle cerebral artery occlusion
marrow stromal cell / mesenchymal stem cell
neurogenin 2

neural stem cell
oligodendrocyte precursor cell
red blood cell

rostral migratory stream
subcallosal zone

subgranular zone

subventricular zone

tissue plaminogen activator

vascular endothelial growth factor
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Figure 1. Neurogenesis persistsin adult mammals throughout life
The parasagital section of a mouse brain in (a) demonstrates the brain regions involved in

rodent adult neurogenesis (red). Coronal sections at the approximate regions of the dashed
lines are shown in panels (b) and (c). Panel (b) shows the SVZ, where neural stem cells
persist throughout life. Slowly dividing type B cells give rise to rapidly dividing type C
cells, which in turn give rise to migratory neuroblasts. These reach the olfactory bulb via
way of the rostral migratory stream (RMS), and there differentiate into granule and
periglomerular neurons. Panel (c) shows the dentate gyrus, where new neurons are also born
throughout life. Type B cells in the subgranular zone (SGZ) give rise to precursor cells
which migrate up the radial projection of type B cells to become granule neurons in the
granular zone (GZ). Parasagital and coronal brain slice images were adapted from Paxinos
and Franklin (2004). The subventricular zone diagram in panel (b) illustrates principles from
Doetsch (2003).
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Figure 2. Mobilization of endogenous neural stem cells
Neural stem cells exist in the subventricular zone of adult humans. (red in panel (a).

Proliferation of these neural stem cells increases after injury, and gives rise to a small
number of new neurons (b). Mobilization of NSCs such as via administration of cytokines
may further promote NSC proliferation, migration, differentiation and survival in rodent
models of ischemia. However, the distance to which such cells may migrate in the relatively
large human brain remains unclear (c). Pictures drawn based on human MRI images.
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Figure 3. M echanisms of exogenous stem cell action
Exogenous stem cells may act via multiple mechanisms to restore function following brain

injury. Neuroprotective actions, which could include modulation of inflammation or
secretion of neuroprotective compounds, may rescue dysfunctional neurons, thereby
preserving existing neural circuitry. Once a host neuron has died, stem cells may
conceivably be used to replace the lost neuron, however, effective cell replacement may be
dependent upon preservation of surrounding cytoarchitecture. Assuming original circuits
cannot be maintained due to retraction of afferent projections after the neuron dies, or due to
cavitation of the injury site, stem cells may still participate in the formation of new circuits.
This may occur directly via synaptic incorporation into new circuitry, or indirectly by
promoting the formation or maintanence of new connections by host neurons. In either case,
such generation of new synaptic connections is termed synaptic plasticity. A causal link has
not yet been established between functional benefit after cell transplantation following
stroke and the synaptic integration of grafted cells. Images adapted from Squire et al (2003).
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