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Role of neural precursor cells in promoting repair

following stroke
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Stem cell-based therapies for the treatment of stroke have received considerable attention. Two broad approaches to stem cell-based
therapies have been taken: the transplantation of exogenous stem cells, and the activation of endogenous neural stem and progenitor
cells (together termed neural precursors). Studies examining the transplantation of exogenous cells have demonstrated that neural
stem and progenitor cells lead to the most clinically promising results. Endogenous activation of neural precursors has also been
explored based on the fact that resident precursor cells have the inherent capacity to proliferate, migrate and differentiate into mature
neurons in the uninjured adult brain. Studies have revealed that these neural precursor cell behaviours can be activated following
stroke, whereby neural precursors will expand in number, migrate to the infarct site and differentiate into neurons. However, this innate
response is insufficient to lead to functional recovery, making it necessary to enhance the activation of endogenous precursors to pro-
mote tissue repair and functional recovery. Herein we will discuss the current state of the stem cell-based approaches with a focus on

endogenous repair to treat the stroke injured brain.
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Introduction

Stroke is one of the leading causes of long-term disability and
death in the world. Currently, the only treatment for stroke
is thrombolytic tissue plasminogen activator (t-PA), which
has been shown to reduce ischemic damage and permanent
disability if administered within 3-4.5 h after onset™?. How-
ever, the short effective time window, as well as the potential
for a variety of complications, means that only 3%-5% of
stroke patients receive t-PA treatment. A long-term treatment
is needed to repair infarct damage and improve functional
recovery in stroke patients.

Stroke results in the necrosis of brain tissue, leading to the
loss of the intricate arrangement of neurons, glial cells, and
vasculature. Neural stem cells in the adult brain hold great
promise for the development of neural repair strategies.
Specifically, neural stem and progenitor cells — collectively
known as neural precursor cells (NPCs) — possess the abil-
ity to generate the neural cell types present in the brain. The
use of NPCs in cell-based therapy has focused on two distinct
approaches: endogenous and exogenous cell-based strategies.
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The exogenous approach involves the propagation of NPCs in
vitro and their subsequent transplantation to achieve regenera-
tion and recovery. In the endogenous approach, NPCs resident
in the brain are induced to proliferate, migrate to the infarct
site, differentiate into various neural cells needed for repair,
and functionally integrate into the tissue to promote recov-
ery. This review aims to provide an understanding of NPCs,
and to present current findings in the two approaches of cell-
based therapy for ischemic stroke, with a focus on endogenous
repair strategies.

Neural precursor cells
By definition, a stem cell has the capacity to self-renew indefi-
nitely and the ability to give rise to cells that generate differ-
entiated progeny. A neural stem cell generates multipotent
progeny which can differentiate into neurons, astrocytes, and
oligodendrocytes. A neural progenitor cell possesses limited
self-renewal capacity and differentiation potential®. Neural
stem and progenitor cells are collectively referred to as NPCs.
Historically, NPCs were thought to exist only in the devel-
oping brain, while the adult mammalian brain was presumed
post-mitotic and devoid of regenerative capacity. However,
seminal works by Reynolds and Weiss showed the presence
of NPCs in the adult mammalian central nervous system



(CNS)* ! These studies used a colony forming assay which
involved the dissection and plating of mouse CNS cells,
including the periventricular region lining the forebrain lateral
ventricles. Cells were cultured in the presence of epidermal
growth factor (EGF) and after 7 d in vitro, clonally derived
free floating colonies (termed neurospheres) were observed.
Individual neurospheres could be dissociated, replated in
EGF, and passaged indefinitely thereby revealing the stem cell
property of self-renewal. The cells were also shown to differ-
entiate into the three CNS cell-types, confirming their multi-
potentiality. The discovery of NPCs in the adult brain offered
new hope for the possibility of regeneration in the adult brain.

Adult NPCs are found in two discrete regions: the sub-
ventricular zone (SVZ)'¥), and the dentate gyrus (DG) of the
hippocampus”. The SVZ is a region lining the walls of the
forebrain lateral ventricles, and consists of the ependymal
and subependymal layers. The NPCs are found in the sub-
ependyma, adjacent to the single-cell ependymal layer lining

the ventricle!® .

Neural stem cells in the SVZ are slowly
proliferating cells'® that express glial fibrillary acidic protein
(GFAP)!'" ™ and are referred to as type-B cells"™. Type-B cells
give rise to rapidly dividing progenitor cells called type-C cells,
which subsequently give rise to neuroblasts (type-A cells)™.
In rodents, type-A cells migrate through the rostral migratory
stream (RMS) to the olfactory bulb, where they differentiate
into interneurons and become functionally integrated into the

113, 14]

neuronal networ . Neurogenesis in the rodent olfactory

bulb has been suggested to play a role in olfactory learning

[15]

and memory"”. In humans, samples from the SVZ of adult

brains have shown the presence of GFAP" cells capable of

forming self-renewing, multipotent neuropheres in vitro, con-
firming the presence of NPCs in the adult human brain!® ",
Furthermore, neuroblasts migrating from the SVZ to the olfac-

tory bulb, analogous to the rodent RMS, have been observed

181 albeit in much smaller numbers than what is

[19]

in humans
observed in rodents

NPCs that express GFAP are also found in the subgranular
zone of the DG, between the hippocampal hilus and granular

layerW' 20-22]

These NPCs proliferate, migrate into the granular
layer, and extend processes that functionally integrate into
the overlying molecular layer™ /. Unlike the SVZ, however,
NPCs from the DG show limited self-renewal and multipo-
tent capacities when propagated in vitro, and there is contro-

25.26]  p

versy as to whether the DG contains “true” stem cells
humans, post-mortem analysis of hippocampi has revealed
the presence of neurons derived from proliferating cells in
patients injected with the proliferation marker bromodeoxyu-
1271

ridine'””. NPCs in the live adult hippocampus have also been

identified using proton magnetic resonance spectroscopy'®.
Given the critical role of the hippocampus in learning and
memory, the NPCs in this region are considered an important

target for treating the stroke injured brain'®.

Stroke models and outcome measures
Given the clinical prevalence of ischemic over hemorrhagic
stroke, most research has focused on rat and mouse models of
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ischemic stroke. Early stroke studies used the common carotid
artery occlusion model, which induced global ischemia®".
From a clinical perspective, ischemic stroke is more focal, com-
monly affecting the striatum and internal capsule. Accord-
ingly, a majority of recent studies use the middle cerebral
artery occlusion (MCAO) model as it induces focal ischemic
damage to the striatum and overlying cortex. Variations in the
location (proximal, distal) and duration of MCAO (transient,
permanent) can be used to induce different extents of damage
in distinct regions throughout the brain (reviewed by Lindvall
and Kokaial™ %),

Other models are used to address the clinical heterogeneity
of ischemic stroke. For instance, lesions restricted to the cor-
tex have been modelled using a variety of techniques such as

[35]

photothrombic ischemial™ **, devascularisation™ , and corti-

35]

cal aspiration”. Endothelin-1, a potent vasoconstrictor that

results in transient ischemia followed by reperfusion of the tis-
sue, has also been used to induce stroke™.

A variety of outcome measures are used to determine the
efficacy of the treatments employed. In cell-based therapies a
comprehensive analysis of the cell phenotypes is performed
using specific cell markers. In addition, infarct volume, as
well as neuroimaging techniques including MRI and CT, have
been used to examine the effects of treatments on angiogenesis
and tissue repair. Arguably, the most clinically relevant out-
come measure is functional recovery. As such, the degree of
sensorimotor recovery, as determined by a number of behav-
ioural assays, is commonly used to determine efficacy of the
treatment employed (summarized in Table 1). In this review
we will consider some of the parameters important for devel-
oping and employing NPC based strategies with a focus on
the endogenous approach for ischemic stroke repair.

Exogenous approach: transplanting neural precursor
cells following stroke

A variety of stem cell types have been used for decades in cell
transplantation studies to treat stroke, and while some have
shown promise, the success of this treatment strategy is yet to
be realized. Initial pioneering work using fetal brain cells in
ischemic rat models provided some evidence of synaptic inte-
gration and cognitive recovery, although the limited supply,
difficulty ensuring the purity of the cell source and the ethi-
cal issues surrounding the cell type have largely impeded the
progress of these studies”™ *. Clinical trials using human NT2
teratocarcinoma cells and fetal porcine neural cells were met
with risks of adverse effects and limited improvement® *’l,
More promising was the use of autologous bone marrow
mononuclear cells (BMMCs) and mesenchymal stem cells
(MSCs), which are now in Phase II clinical trials as the treat-
ments were shown to be safe and further demonstrated some

neurological improvements!*" *?,

More recently, induced
pluripotent stem cells (iPSCs) have gained attention due to
their non-embryonic origin and their potential to be induced
to a neural lineage. Despite the exciting prospects of these
cells, considerable safety concerns remain regarding their

potential to form teratomas. (For a more detailed review of
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Table 1. Summary of the effects of the activation factors on endogenous repair processes in stroke models.

Factor Delivery Stroke model/species Effect on NPCs Functional recovery Reference

Growth/neurotophic

FGF-2 AAV vector Rat, permanent distal {Proliferation (BrdU") in SVZ peri-infarct area Improvement in standardized Leker et al, 2007'%"
MCAO 1Cells in peri-infarct area co-labelled with disability scale
(Sox2, Pax6, Hu, NeuN)
EGF Intraventricular Mouse, 20 min MCAO 1Proliferation (BrdU*/DCX" in SVZ) N/A Teramoto et al,
1Differentiation into certain neuron types in 2003
the striatum (NeuN'/PV")
Epicortical Mouse, endothelin 1 {Proliferation (Ki67"/DCX") N/A Cooke et al,
HMAC hydrogel induced epicortical 2011143
infarct
EGF+FGF-2 Intraventricular Rat, 60 min MCAO 1Proliferation (BrdU*/DCX") in DG and SVZ N/A Tlreyen et al,
1Differentiation (NeuN) in DG 2005!*%%
HB-EGF AAV Vector Rat, 80 min MCAO 1Proliferation (BrdU*/DCX"; BrdU*/Nestin*) in {Functional recovery (rotarod Sugiura et al,
SVZ, striatum, and ischemic boundary test) 2005127
1Differentiation ( BrdU"/NeuN") in striatum
Intraventricular Rat, 90 min MCAO 1Proliferation (BrdU'/TUC-4") INeurological deficits (14- Jin et al, 2004
| Migration (DCX") in ischemic striatum point behavioral rating scale)
VEGF Intraventricular Rat, 90 min MCAO 1Survival (BrdU*/DCX") in DG and SVZ 28 d  |Neurological severity score  Sun et al, 2003!*>¥
post-ischemia
VEGF expres- Rat, transient MCAO  1Proliferation and differentiation into N/A Wang et al,
sive plasmid, immature and mature neurons (BrdU*/Tuj1"; 2009!*28
intraventricular BrdU*/Map-2°)
IGF-1 AAV vector Mouse, permanent  {Proliferation and migration (BrdU’/DCX"in  {Sensorimotor skills (corner, Zhu et al, 2008,
distal MCAO SVZ and subcortical white matter) body asym, and bean tests)  2009'®*!
1Differentiation (BrdU*/Tuj1")
G-CSF Subcutaneous Aged rat, 90 min 1Proliferation (BrdU*/Nestin® in SVZ) tSensorimotor skills (inclined Popa-Wagner et al,
MCAO 1Differentiation (BrdU'/NeuN") in SVZ plane, rotating pole, radial 20108
maze tests)
GDNF Intrastriatal Rat, 2 h MCAO 1Proliferation (BrdU*, DCX" in SVZ; mature N/A Kobayashi et al,
BrdU*/NeuN" in striatum) 2006"®
TGF- Intrastriatal Rat, 90 min MCAO 1Proliferation (BrdU*, Nestin® in SVZ) 1Behavioural recovery (corner Guerra-Crespo et
(caudate) 1Differentiation (BrdU*/NeuN* BrdU*/ and cylinder tests) al, 2009
DARPP" in striatum)
BMP-7 Intraventricular Rat, 60 min MCAO 1Proliferation (BrdU"/Nestin® in SVZ, cortex,  |Body asymmetry Chou et al, 200684
corpus callosum)
Meteorin Intraventricular Rat, 2 h MCAO TMigration of DCX" cells distal from the SVZ  Not significant (forehand Wang et al,
stepping test) 20121
BDNF Intravenous Rat, photothrombic tMigration of DCX" SVZ cells to striatum I Neurological severity score  Schabitz et al,
1Differentiation (BrdU'/NeuN") in DG 200754
Hormones
Estradiol Subcutaneous Mouse (male and 1Proliferation (BrdU"/DCX" in SVZ and DG)  {Functional recovery (corner Li et al, 2011°¥
ovariectomized tMature neurons (BrdU’/NeuN" in DG) and cylinder tests)
females, 90 min
MCAO
Melatonin Intraperitoneal Mouse, 40 min MCAO 1Proliferation (Ki67"/Nestin® in cortex) TNeurological deficit score Chern et al,
201293
Oral Mouse, 30 min MCAO 1tProliferation (BrdU*, DCX" in SVZ) tMotor coordination Kilic et al, 2008'°
|Anxiety and hyperactivity
EPO Intraperitoneal Rat, permanent 1Proliferation (BrdU’/DCX"/Nestin® in SVZ);  {Foot-fault and corner tests ~ Wang et al,
MCAO 200487
Epicortical Mouse, endothelin 1 {Proliferation (Ki67*/DCX" in SVZ); {NeuN"™  N/A Wang et al,
HMAC hydrogel induced epicortical  cells in cortex; $Survival (JTUNEL" cells in 201215
infarct SVz)

(To be continued)
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Factor Delivery Stroke model/species Effect on NPCs Functional recovery Reference
EPO+G-CSF  Subcutaneous  Rat, 90 min MCAO 1Proliferation and migration (Ki67*/Nestin®  {Sensorimotor skills (body Liu et al, 2010*¢
in SVZ and peri-infarct region) asymmetry, locomotor
1Differentiation (BrdU*/NeuN") activity, and grip strength)
EPO+EGF Intraventricular  Rat, permanent tMigrating cells from SVZ to infarct JAsymmetry and forelimb Kolb et al, 20072
cortical devasculariz- {Differentiation (BrdU"/NeuN") inhibition
ation TReaching success
Others
Notch 1 Intraventricular  Rat, 90 min MCAO 1Proliferation (BrdU*/DCX" in SVZ); N/A Wang et al,
receptor 2009108
activating
antibody
Notch ligand Intraventricular Rat, permanent N/A | Motor deficits Androutsellis-
DIl4 MCAO Theotokis et al,
200619
Pifithrin-ot Intraventricular  Rat, 90 min MCAO  {Proliferation & {Survival (1BrdU* |[TUNEL"  {Motor activity Luo et al, 20091
+intraperitoneal cells in SVZ)
SDF-1 Systemic Mouse, permanent TMigration of neuroblasts (DCX") to peri- | Motor deficit (forelimb Ohab et al,
(osmotic pump) MCAO infarct area extension test) 200611
Ang-1 Systemic Mouse, permanent tMigration of neuroblasts (DCX") to peri- | Motor deficit (forelimb Ohab et al,
(osmotic pump) MCAO infarct area extension test) 20061
Cyclosporin  Intraperitoneal+ Mouse, cortical 1BrdU*/GFAP” cells in regenerated cortical |Foot-fault test Erlandsson et al,
A systemic osmotic devascularization tissue; capable of forming self-replicating/  (improvement) 201114
minipump multipotent neurospheres
Retinoic acid Retinoic acid diet Rat, 90 min MCAO 1BrdU*/DCX" cells in SVZ and striatum Not significant Plane et al,
+enriched 2008™"
envir

different stem cells, see Burns and Steinberg'*’)).
Transplantation of NPCs has advantages over other cell
types for a number of reasons. For example, their neural
restricted lineage limits the potential for producing undesired
non-neural phenotypes while permitting the production of
CNS cells. Further, the fact that NPCs reside in a very well
defined region of the adult brain raises the possibility of autol-
ogous transplantation, although the extraction of endogenous
NPCs remains an issue. Indeed, the difficulties associated with
accessing the NPCs in the adult brain have driven pre-clinical
studies to employ NPCs derived from other stem cell types.
Fetal and embryonic stem cell-derived NPCs, after intracranial
transplantation, migrate towards site of ischemia, differentiate
into neurons, and survive for up 12 weeks!**,
improvements have been shown in forelimb tasks in rats, and
this has coincided with improved electrophysiological cell
recordings in the appropriate anatomical sites in the brain® ¥,
These promising results have led to an ongoing Phase I clini-
cal trial of intracranial transplantation of embryonic stem cell-
derived neural stem cells in patients with subcortical/basal
ganglia stroke!®. More recently, iPSC-derived NPCs have also
been shown to produce mature neurons, though no functional
assessments were examined™. Studies that employed adult
NPCs isolated from the SVZ and expanded in neurospheres

Behavioural

have also shown NPC survival and differentiation after trans-
plantation, although their survival is lower than NPCs derived
from embryonic neural precursors™ >,

There are a number of questions that remain outside of the
cell source to be employed. For instance, the route of admin-
istration and the time to transplant post-stroke must also be
examined. While the previously mentioned studies used
intracranial administration, there has also been increasing
interest in intravascular delivery of NPCs. Reports indicate
that NPCs can “home” into sites of ischemic injury, reduce
infarct volume and lead to behavioural improvements®>°,
The NPCs were shown to have immunomodulatory and anti-
apoptotic effects®™.
effect of intravenous delivery of NPCs in 60 preclinical stud-
ies for neurological diseases, and summarized the overall
outcomes into morphological, behavioural, and molecular
effects®™. The study showed that NPCs have a greater effect
on behavioural outcomes than MSCs, BMMCs, and other stem
cell types™!, which suggests that intravascular delivery of
NPCs may be a clinically viable therapy.

Successful application of exogenous NPCs in the clinic
requires the optimization of various parameters including
the time of transplantation and dosage. Indeed, the survival
of transplanted cells is dependent on changes in the brain

A recent meta-analysis examined the
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environment after ischemia. There is no current consensus
on the most effective time of delivery. The meta-analysis by
Janowski et al found no significant difference in behavioural,
molecular, or morphological outcomes in relation to timing of
56]

cell delivery The meta-analysis, however, found a signifi-
cant positive correlation between cell dose (up to 10 cells) and
improved molecular outcomes. Hence, the cell type, dosage,
and time of delivery and administration route need to be con-

sidered when developing exogenous strategies for human use.

The endogenous approach: activating neural precursor
cells to promote self-repair

NPCs in the adult brain demonstrate the fundamental proper-
ties in vivo that would be necessary for developing strategies
to promote their contribution to neural repair: proliferation,
migration, and differentiation into neural phenotypes. In the
first demonstration of the recruitment of NPCs in stroke repair,
transient ischemia was induced in rats by MCAO, and immu-
nohistochemistry demonstrated SVZ-derived NPC prolifera-
tion, migration to the site of infarct, and the generation of neu-
rons in the striatum as well as the parietal lobe™ *, Further
studies suggested that this activation and recruitment process

59, 60
|, and

persists for several months after the ischemic attack!
that newly formed neurons become synaptically integrated as
determined by morphological and electrophysiological stud-
ies™ *l. These phenomena have more recently been examined
in humans, where post-mortem biopsies of stroke patients
have shown the presence of proliferating and differentiat-
ing cells in the ischemic penumbra as well as the ipsilateral
SVZ!® %l However, this endogenous activation is clearly not
sufficient for functional recovery as demonstrated by the per-
sistent and devastating functional impairments observed in
patients following stroke.

Notably, NPCs in the DG have also been shown to prolifer-
ate and differentiate into mature neurons after ischemial® *,
However, no conclusive evidence to date has shown the
migration of NPCs out of the DG into other brain regions!®”.
As a result, the regenerative capacity of NPCs in the DG are
restricted to the hippocampus, and much of the research has
focused on the more migratory NPCs observed in the SVZ.

Developing endogenous activation strategies to promote
tissue repair and functional recovery relies on the ability to
stimulate endogenous precursors in the brain using a variety
of exogenous “activation factors”, including growth factors
and cytokines. The premise of the endogenous repair strategy
is to take advantage of the inherent properties of NPCs to pro-
liferate (and permit an expansion of the NPC pool), migrate to
the site of the injury and differentiate into mature cells in the
injured brain. Similar to the challenges faced with exogenous
transplant therapies, there are many unanswered questions
such as which types of mature cells — glial and/or neuronal
— need to be replaced in the stroke injured tissue in order
to facilitate recovery. Understanding the mechanisms that
promote regeneration and recovery will ultimately underlie
the choice of NPC activation factors. Activation factors may

mediate their effects by: modifying cell proliferation kinetics,
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promoting cell survival, enhancing cell migration to infarct
site and/or promoting neurogenesis, and angiogenesis. Table
1 provides a summary of recent research on various activa-
tion factors. Herein we discuss how the above processes are
enhanced by activation factors, with functional improvement
as the end-goal.

Proliferation

Proliferation represents the first step of the adult NPCs’
response to ischemia. Indeed, the injury alone is sufficient to
enhance the NPC proliferation and thereby increase the size of
the NPC pool® ¥l Given the fact that NPCs make up a very
small fraction of cells in the adult brain (less than 0.5% of the

cells in the SVZ are stem cells'® *

, and the progeny comprise
approximately 15%*”), increasing the size of the NPC pool is
an important factor in endogenous repair strategies. More-
over, some factors that promote NPC expansion have also lead
to increased olfactory bulb neurogenesis in non-injured ani-
mals, or in the stroke lesion site of injured animals. For exam-
ple, intraventricular administration of EGF has been shown to
promote NPC proliferation in the SVZ of uninjured and stroke

injured animals”*”"

, and NPCs in injured brains subsequently
migrated to the lesion site where they developed into mature
neurons”" ", Adult NPCs express the EGF receptor (EGFR),
and increase their sensitivity to EGF and other EGFR ligands
in response to ischemia by upregulating EGFR expression!.
Indeed, heparin-binding EGF-like growth factor (HB-EGF), an
EGEFR ligand, delivered intraventricularly one day after isch-
emia in rats increased proliferation of NPCs in the SVZ and
DG, and improved neurological deficits compared to saline-
administered post-ischemic rats”*.

A plethora of other growth and trophic factors have been
shown to increase NPC proliferation: vascular endothelial
growth factor (VEGF)”””, glial cell-line derived neurotrophic
factor (GDNF)"®, granulocyte colony stimulating factor
(G-CSF)"*, basic fibroblast growth factor (FGF-2)*", insulin-
like growth factor (IGF-1)** %], bone morphogenic protein 7
(BMP-7)*, transforming growth factor a (TGF-a)*, and brain
derived neurotrophic factor (BDNF)®. While many of these
factors have been shown to act directly through their associ-
ated receptors, it is also possible that they mediate their prolif-
erative effects indirectly via immunomodulation, neuroprotec-
tion, and angiogenesis. A summary of these factors are found
in Table 1.

From a clinical perspective, enhancement of NPC prolifera-
tion increases the risk of aberrant cell growth and tumour for-
mation, especially since some growth factors are well-known
mitogens. Using certain hormones to stimulate NPCs may be
a safer approach, as their physiological levels fluctuate dra-
matically with minimal tumorigenic effects. One molecule of
interest is erythropoietin (EPO) which acts directly upon EPO
receptors present on NPCs to stimulate their proliferation® .,
Intraperitoneal administration of EPO in rats after unilateral
carotid artery occlusion led to an improvement in sensorimo-
tor outcomes 14 d after ischemia compared to saline-injected

[88]

stroke-injured rats In agreement with a more recent



study by Wang et al, the studies have shown a decreased
number of apoptotic nuclei ipsilateral to the infarct, suggest-
ing an additional role for EPO in extending cell survival®
¥l Growth hormone (GH) has also been shown in vitro to
increase proliferation of neurosphere-derived NPCs by act-
ing directly through the GH receptor® /. In uninjured mice,
GH increased NPC proliferation in the SVZ and olfactory
bulb when delivered intraventricularly. However, there is no
evidence to date on the effects of GH on NPCs in an animal
stoke model, which may be a novel therapeutic target. Some
recent work has demonstrated that melatonin can also pro-
mote NPC proliferation and reduce neurological deficits that
result following stroke!™ *

mice for 29 d after MCAO, leads to improved motor coordina-

. Melatonin, delivered orally to

tion, as well as decreased hyperactivity and anxiety™. In a
recent study, estradiol was delivered subcutaneously in male
and ovarectomized female mice and was shown to enhance
NPC proliferation post-ischemia in the SVZ and DG, and to
increase neurogenesis in the DG (but not in the SVZ)™. While
the study provided some evidence that this enhanced prolif-
eration and neurogenesis can result in functional recovery, the
deleterious role of estradiol in some human cancers is well-
documented, and therefore the use of this hormone in a clini-
cal setting demands further study.

Promoting survival

Proliferation of NPCs can occur by shortening the cell cycle,
and supporting this process may increase the risk of tumori-
genesis. An alternative approach to expanding the NPC pool
post-ischemia is by promoting cell survival through inhibi-
tion of apoptosis. Within the adult NPC population, 60%
of the newborn progeny undergo cell death under baseline
conditions'®, hence sparing the NPCs from cell death would
effectively increase the size of the NPC pool. The PI3K-Akt
pathway has been shown to be important in NPC survival in
the developing brain through the upregulation of anti-apop-
totic genes” *°l
and neuroblastoma cells led to strong activation of the PI3K-

. Administration of G-CSF to cultured neurons

Akt pathway resulting in decreased caspase 3/7 activity and
decreased apoptosis!”™
expressed on cultured adult NPCs, and intravenous adminis-

. G-CSF receptors were found to be

tration of G-CSF in stroke-injured rats promoted NPC survival
in vivo, suggesting a possible anti-apoptotic role for G-CSF on
NPCs following ischemia”. In addition, the anti-apoptotic
effect of G-CSF was shown to be mediated by the STAT3 path-
way in ischemic rats'”). Other factors, such as IGF-1, activate
the PI3K-Akt pathway and inhibit apoptosis by the phospho-
rylation of glycogen synthase kinase 383, thereby promoting
cell survival®!.

Other potential targets to promote cell survival include the
tumour suppressor p53, which is known to negatively regulate

1 Pifithrin-a, a

proliferation and increase apoptosis in NPCs
p53 inhibitor, has been shown to enhance NPC proliferation
and survival in the SVZ when administered intraventricularly
for 6 d post MCAO ischemia, and further, functional improve-

ments were observed using a standardized motor disability
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scalel'% 101,

Inhibition of p53 promotes survival through
downregulation of p53-upregulated modulator of apoptosis
(PUMA)" 11 More recently it was found that cyclosporine
A (CsA), a commonly used immunosuppressive drug, acts
directly on NPCs to increase their survival without affecting

cell cycle kinetics!"™.

While the pro-survival mechanism has
not been fully elucidated, the administration of CsA in vivo
resulted in >2 fold increase in the size of the NPC pool in con-
trol mice. Moreover, mice that received CsA following stroke
showed an expansion of the NPC pool, migration of the NPCs
to the site of injury, new tissue formation at the site of cortical
ischemia, as well as recovery of motor function”. Hence, a
number of pro-survival pathways have demonstrated efficacy
in models of stroke.

Other possible mechanisms to increase the size of the NPC
pool include activation of signaling pathways that promote
a change in the mode of division of NPCs. For example, a
change in the mode of division of stem cells from asymmetric
division (producing one stem cell and one progenitor cells) to
symmetric (producing two stem cell progeny) could effectively
double the size of the stem cell pool with each division. One
factor recently identified as a regulator of symmetric divisions
in adult neural stem cells is Wnt signalling"®'. Active Wnt sig-
naling was found to be necessary for regeneration of the SVZ
following ablation of the NPCs in vivo. Indeed, in the absence
of Wnt signaling no repopulation of the neural stem cell pool
occurs as the stem cells do not undergo symmetric division.
Instead, the asymmetric cell divisions result in maintenance
of the stem cell pool but not expansion. Piccin and Morshead
also demonstrated that Wnt signaling is upregulated in NPCs
in the SVZ following stroke, suggesting that this pathway
plays a role in the normal expansion of NPCs observed follow-
ing stroke alone.

Notch signalling has also been implicated in the mainte-
nance and expansion of NPC pool in the adult brain (reviewed
by Ables et al'™!). The transmembrane Notch receptor and its
downstream targets are expressed on NPCs in the SVZ, while
the Notch ligands — Jaggedl and Deltal — are expressed
by astrocytic GFAP" cells"” ' The interaction between the
two cell types has been suggested to play a role in regulat-
ing the proliferation of NPCs in the SVZ"®. In a rat MCAO
model, a transient increase in the expression of Notch signal-
0981 In vitro

administration of Notch ligands and inhibitors modulate NPC
[107, 109]

ling molecules are seen up to 24 h post-ischemia

proliferation and differentiation in post-ischemic NPCs
Intraventricular injection of Notch activators in vivo lead to
increased cell proliferation in the SVZ for up to 24 h"®, and
has been shown to improve motor deficits in mice over a 45 d
period[ws’ 109]

post-ischemia to the expansion of the NPC pool through the

. Thus various signalling pathways contribute

inhibition of apoptosis, change in the cell cycle kinetics, mode
of cell division, and regulation of proliferation.

Migration
In order for endogenous NPCs to contribute to recovery, it
is necessary for NPCs to migrate from the SVZ through the
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brain parenchyma into the peri-infarct region and further,
which must occur in sufficient numbers in order to generate
sufficient numbers of cells. The increased migration to the
peri-infarct region has been suggested to occur at the expense
of migration to the olfactory bulb, the default path of NPC

migration"'".

A number of studies have looked at the recep-
tor-ligand signalling pathways that are involved in the modest
NPC migration that occurs post-stroke. Some of the factors
involved include: stromal cell-derived factor 1 (SDF-1; also
called CXCL12) and CXC chemokine receptor 4 (CXCR4)P* 1%
angiopoietin-1 (Angl) and Tie-2™"; monocyte chemoattrac-
tant protein-1 (MCP-1; also called CCL2) and CC chemokine
receptor 2 (CCR2)""; osteopontin and integrin B,!""*; and,
meteorin™?. With the goal of enhancing migration, controlled
delivery of ligands has been examined in vivo. In vitro, SDF-1
has been shown to promote NPC migration by activating the
ERK 1/2 pathway, and treatment of NPCs with an ERK 1/2
pathway inhibitor abolished the stimulatory effect of SDF-1 on

M4 Tntraventricular administration of SDF-1 in isch-

migration
emic mice increases the number of doublecortin-expressing
neuroblasts that migrate to the peri-infarct region 7 d post-

110]

strokel CXCR4 antagonists suppress the migration of neu-

]

roblasts into the peri-infarct region™), causing neuroblasts to

migrate non-directionally and disperse diffusely throughout

110]

the cortex following stroke! A similar effect on cell migra-

tion is observed with Angl/Tie-2 signalling modulation by

administering Angl and Tie-2 antagonist intraventricularly[m].

Finally, both in vitro" and transplantation" studies using
NPCs have shown that MCP-1/CCR?2 signalling promotes
the directed migration of NPCs towards the infarct region.
Notably, MCP-1/CCR2M* ™, and SDF1/CXCR4™¥ are also
involved in the chemotaxis of inflammatory cells, hence these
molecules may lead to a more pronounced immune response
and may subsequently counteract neurogenic recovery.
Matrix metalloproteinases (MMPs) have also been impli-
cated in neuroblast migration from the SVZ. MMPs are
capable of degrading extracellular matrix proteins, involved
in the cleavage of cell surface receptors, and are thought to
play a role in many cell behaviours including proliferation,
migration, differentiation and apoptosis"'?. In the adult brain,
MMP-3 and -9 have been shown to be expressed by NPCs,
and inhibition of MMPs in in vitro siRNA experiments, as well
as MMP inhibitors in a mouse model, have revealed a reduc-
tion in NPC migration following MCAO ischemia™ ', The
working hypothesis is that MMPs released by the NPCs digest

21 Con-

the ECM to clear the path for neuroblast migration!
sidering that MMPs are also expressed by endothelial cells and
astrocytes[m’ 124

following stroke, these cells may also be contributing to the

and in light of the increased gliosis that occurs

enhanced migration of NPCs following stroke.

In thinking of ways to enhance and direct cell migration fol-
lowing injury, it is helpful to consider what is known about
cell migration during development of the nervous system
when all newborn cells are migrating to their final destination
within the developing brain parenchyma. In recent studies,
Babona-Pilipos et al, applied direct current electric fields to
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adult derived NPCs in vitrol'™, as it is well established that
disruption of electric fields during development, or during
wound healing, completely disrupts cell migration, lead-
ing to aberrant development and tissue repair!*!. When
adult NPCs were exposed to a 250 mV/mm electric field, the
NPCs undergo a rapid and directed migration towards the
cathode™!.
the application of the electric field and was not mediated by

The migration could be entirely accounted for

any chemotactic gradient that was established in the assay.
These findings suggest that the application of electric fields
may be a novel and clinically relevant approach to enhancing
and directing the migration of NPCs to the site of injury and is
worthy of further investigation.

Differentiation and neurogenesis

The importance of generating new neurons in cell-based thera-
pies has not been completely established, and this is partly
due to the fact that when NPCs do appear to differentiate into
mature neurons, it is challenging to determine the extent to
which these newborn neurons have synaptically and function-
ally integrated into the neural circuitry. Using markers for
mature neurons, studies have shown several activations fac-
tors to facilitate differentiation: FGF-2*", EGF"", HB-EGF'"”,
VEGF!'™, IGF-1®, G-CSF*®, GDNF", TGF-a®, estradiol™,
and EPO™ (Table 1). Indeed, it is possible that neurogenesis
is not required for functional recovery. At least two studies
have shown improvements in functional outcomes despite the
lack of neurogenesis at the infarct site after activation factor
administration. In the case of Erlandsson et al, CsA adminis-
tration led to newly formed tissue at the site of the infarct that
contained only newborn glial cells"*.. In Chern et al, intraperi-
toneal administration of melatonin after MCAO stroke in mice
resulted in a reduction in neurological deficit, even though the
increase in mature neurons was not significant™. These stud-
ies support the possibility that NPCs contribute to recovery
through other mechanisms, such as providing factors that pre-
vent secondary stroke damage, or by providing trophic sup-

port to existing cells in the infarct region!® *],

Role of angiogenesis
Angiogenesis plays an integral role in post-ischemic recovery,

and is closely tied to neurogenesis*".

Vasculature not only
provides blood supply to the infarct region, but also stimu-
lates NPCs by the endothelial secretion of various growth and
chemotactic factors. VEGF and IGF-1 are released by endothe-
lial cells in response to ischemia, and promote NPC prolifera-
tion and differentiation® % 3,

tion is also thought to act reciprocally, that is, signalling from

The receptor ligand interac-

NPCs promotes neovascularization, leading to the “coupling”
of angiogenesis and neurogenesis™ !,

Vasculature can also provide a scaffold on which NPCs
can migrate, observed by the close association of migrating
NPCs and neuroblasts with vascular endothelial cells™® %> %],
Selective inhibition of VEGFR2 attenuates post-ischemic NPC
migration, supporting the role of VEGF in coupled angiogen-

esis and neurogenesis in stroke recovery™!. Similarly, IGF-
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1, SDF-1/CXCR4, and Angl/Tie-2 signalling from endothelial
cells also facilitate the migration of NPCs along blood ves-

sels®? 110, 132]

These studies provide strong support for the
development of strategies that promote angiogenesis, which
will ultimately lead to enhanced migration of NPCs and neu-

rogenesis.

Challenges

One of the challenges to the application of NPC activation to
the clinic is the delivery of activation factors. Some studies
have used peripheral modes of administration (intravenous,
subcutaneous, intraperitoneal), while others have attempted
to target the brain directly. Peripheral administration mini-
mizes trauma to the brain, but does not target NPCs directly
and may lead to systemic effects that confound the activation
factor’s effect on NPCs. Alternatively, those that target the
brain directly (intracerebral/intraventricular infusion of fac-
tors/viral vectors) may avoid systemic effects, but damage to
the brain tissue and the increased risk of infection make them
clinically impractical options. Recently, some bioengineering
strategies have looked at a less invasive delivery of factors
using an epicortically implanted hydrogel that releases fac-
tors in a spatially and temporally defined fashion®® ™. The
hydrogel technology delivers the factors of interest locally
and resulted in greater brain tissue penetration than when
the factors were delivered systemically or intraventricularly.
This delivery strategy is a promising methodology for clinical
application.

Another barrier to successful activation of endogenous
NPCs is the difference in the neurogenic response between
the young and aged brains. Many studies of activation fac-
tors use young adult rodents for stroke models. However,
stroke occurs predominantly in the elderly in humans, and
consequently studies need to take this into consideration in
order for the results to be translational. While reports have
confirmed that post-ischemic neurogenesis occurs in the aged
brain, the response is significantly attenuated™® '],
thermore, the response of NPCs to activation factors such as
G-CSF and VEGF have been shown to be attenuated in aged
mice®™ ¥ or absent with FGF-2I".. Gene expression analy-

Fur-

sis in the ischemic young and aged brains have shown that
the aged brain upregulates the expression of genes related to
DNA damage, cell cycle arrest, apoptosis, and inflammation,
while genes related to axon and dentrite growth are down-
regulated™. These global changes in gene expression may
explain the differential response of the aged brain to ischemia.

As Table 1 summarizes, there are a plethora of activation
factors that affect NPCs, and many others that may work
through indirect mechanism. Successful translation of the
endogenous approach to the clinic requires a thorough evalu-
ation of the magnitude of the effect of individual and combi-
nations of factors. Potential therapies need rigorous studies
in multiple rodent models with different baseline conditions
that are relevant to clinical conditions (hypertensive, diabetic,
age, sex). Safety and efficacy testing in nonhuman primate
(NHP) models are also recommended by STEPS II (Stem Cell

Therapies as an Emerging Paradigm in Stroke), given the
anatomical differences, especially white matter, in gyrenceph-
alic primate brains"*" . To date, little work has been done
in primates, given the lack of an established NHP model for
ischemic stroke, as well as the cost and limited availability of

animals™ 4,

Ultimately, however, a transition to clinical tri-
als is necessary to assess functional outcomes in humans, as
animal models provide limited information about the recovery
of functions such as speech, language, higher cognitive func-
tion, learning, and memory.

NPC proliferation and migration takes place after hemor-
rhagic stroke in rats!"*

brains has suggested that increased neurogenesis occurs in
[145]

, and post-mortem analysis of human
patients with hemorrhagic stroke However, research has
focused primarily on ischemic stroke models, and further
research is necessary to determine whether the activation fac-
tors can enhance endogenous recovery in hemorrhagic models
of stroke.

Combinatorial aproaches to enhance stroke recovery

An understanding of the mechanisms that underlie endog-
enous NPC activation will undoubtedly benefit transplanta-
tion strategies designed to promote stroke recovery. Indeed
it has been hypothesized that NPCs in peri-infarct regions
provide trophic support to existing cells to promote plas-
ticity and/or prevent secondary damage"”l. If the latter
mechanism has a greater contribution to stroke recovery,
then combining endogenous and exogenous approaches
may optimize the development of clinical therapies. Along
these lines, transplanted NPC’s may serve as vehicles for
trophic factor delivery. This has been demonstrated in stud-
ies where transplanted NPCs expressing the BDNF gene lead
to improved functional outcomes relative to control (non-
expressing) NPC recipients** ', Transplantation of GDNF-
transfected NPCs not only improves functional outcomes,
but also increases BDNF expression, ultimately leading to

improved cell survival™®,

Hypoxia-induction factor (HIF)-
transfected cells were shown to improve functional outcomes,
and increase the proliferation of endothelial cells, suggesting
increased angiogenesis*’. These results prompt further study
of HIF, especially given HIF’s role in inducing the expres-
sion of various previously discussed factors, including VEGF,
EPO, and HB-EGF. Transplanted NPCs have also been shown
to promote endogenous NPC proliferation in the SVZ"* !,
angiogenesis!*'!
promote axonal and dendritic plasticity™™. The latter study

, and to release various trophic factors to

found that the predominantly released factor was VEGEF,
which may explain the proliferative and angiogenic effects.

Conclusion

There is much excitement surrounding the potential for NPCs
to promote tissue repair and functional recovery following
stroke. Both exogenous and endogenous approaches to cell-
based therapy using NPCs have shown promising results in
preclinical studies. However, it may be that neither alone will
be sufficient for promoting full recovery post-stroke, especially
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when considering the need to apply these strategies in old age
where the numbers of NPCs are fewer. Indeed, transition to
the clinic will ultimately require rigorous evaluation of not
only the activation factors being employed, but also how the
exogenous and endogenous approaches can be used together
to complement each other, with the end-goal of achieving
functional and cognitive recovery.
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