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Abstract Recent progress in biology has shown that many
if not all adult tissues contain a population of stem cells. It is
believed that these cells are involved in the regeneration of
the tissue or organ in which they reside as a response to the
natural turnover of differentiated cells or to injury. In the
adult mammalian brain, stem cells in the subventricular
zone and the dentate gyrus may also play a role in the
replacement of neurons. A positive beneficial response to
injury does not necessarily require cell replacement. New
findings suggest that some populations of endogenous neu-
ral stem cells in the central nervous system may have adop-
ted a function different from cell replacement and are
involved in the protection of neurons in diverse paradigms
of disease and injury. In this article, we will focus on the
immature cell populations of the central nervous system and
the signal transduction pathways that regulate them which
suggest new possibilities for their manipulation in injury
and disease.
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Introduction

There is great excitement surrounding stem cell biology and
potential cell therapies to treat complex, degenerative diseases.
Numerous degenerative diseases (including Alzheimer's dis-
case, Parkinson's disease, Huntington's disease, motor neuron
diseases, etc.) affect the aging nervous system and come at a
tremendous personal cost to individuals and their families and a
significant financial burden to the public. The most obvious
question with regard to cell therapies is the source for cell
replacement. Should the focus be on embryonic, fetal, or adult
stem cells? Which source can best avoid the problems of
immuno-compatibility, inefficient cell expansion in culture,
induction of cancer, ethical issues, etc.? Recent breakthroughs
have tried to tackle some problems through new means of
deriving cloned human embryonic stem cell lines and the
reprogramming of adult skin fibroblasts into an embryonic
stem cell-like state.

A more fundamental impediment for cell therapy in neu-
rodegenerative disease is the complex cytoarchitecture of
the central nervous system (CNS). In Parkinson's disease
(PD), for example, dopamine neurons that extend from the
substantia nigra to the striatum, several centimeters away,
die over long periods of time. Cell transplantation (generat-
ed by any method) results in their placement in one area
(usually the striatum) where they act as dopamine pumps
and do not recapitulate the functional nigrostriatal circuitry
[1]. This problem may not be as serious in other tissues or
organs with a much simpler organization where cell con-
nectivity is less complex (e.g., liver and pancreas) or where
stem cells can easily access their niche (e.g., bone marrow).

Another consideration of cell therapy comes from recent
evidence from PD and amyotrophic lateral sclerosis showing
that neurodegeneration is not necessarily cell-autonomous; fur-
thermore, in several cases, grafted cells in PD patients acquire
the disease (assessed by the presence of “Lewy bodies™) [1-4].
While the replacement of compromised cells can alleviate
disease symptoms, it does not necessarily halt disease
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progression. Importantly, in a recent clinical case, grafted stem
cells in the CNS of a patient did not differentiate but, instead,
developed into benign tumors, highlighting possible dangers of
transplanting immature cells [5].

Here, we focus on the potential for endogenous neural
stem cells (eNSCs) to overcome neurodegenerative process-
es. Central to this review are two seemingly contradictory
observations: (1) The adult mammalian brain maintains a
population of eNSCs, and these may be much more plentiful
and widespread than once thought. (2) Adult neurogenesis is
a rare event even under injury conditions and confined to
specific areas of the brain (the subventricular zone and the
subgranular zone of the hippocampus) [6—18].

The apparent contradiction between abundant endoge-
nous stem cell presence and scarce neuronal replacement
raises the question: what is the function of endogenous
neural stem cells, if any, outside of the hippocampus and
olfactory bulb? Recent evidence points to a role for eNSCs
in the protection of neurons [19, 20]. NSCs in vitro and in
vivo produce neuroprotective factors including glial-derived
neurotrophic factor (GDNF) [19] and sonic hedgehog [20].
Novel markers of endogenous neural stem cells show the
close physical association between eNSCs and neurons,
placing these immature cells in an ideal situation to provide
trophic support to normal and injured neurons. We will
review a work aimed at elucidating the presence and acti-
vation of eNSCs and their potential role in neuroprotection,
and we will discuss a signaling pathway that is of particular
relevance to the regulation of self-renewal and expansion.

Presence of Stem Cells in the Adult Central Nervous
System

Determining the presence of eNSCs depends principally on
two experimental approaches. The first is the identification
of biomarkers for the direct detection of eNSCs. A limitation
of this approach is the incomplete specificity of biomarkers
for a single cell type. Even combinations of markers often
are not able to define any single cell type, including the
eNSC. The earliest realization of the existence of cells that
can generate neurons in the adult brain came from experi-
ments performed in the 1960s by Joseph Altman and cow-
orkers and later by Michael Kaplan [6, 8]. These groups
used radioactive thymidine to label all dividing cells in the
living brain and subsequent histological examination to
identify neurons that were derived from labeled cells. These
early experiments showed that neurons can be generated in
the adult CNS from cells that are still able to divide, point-
ing the way towards establishing the presence of immature
cells in the adult CNS.

Years later, biomarkers including the intermediate filament,
nestin (for neuroepithelial stem cell intermediate filament),
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were established to identify NSCs in the developing mamma-
lian brain as well as in culture [21-24] and, subsequently, in
the postnatal and adult brain [13, 14, 25-28]. Nestin allowed
the direct visualization of precursor cells and NSCs without
the need to rely on labeling of dividing cells and provided
additional specificity. More markers were eventually identi-
fied, including Sox2, sonic hedgehog pathway components,
platelet-derived growth factor (PDGF), EGFR, GFAP, Hes3,
Hes5, Musashi, and CD133 [20, 28-38]. Despite the devel-
opment of these useful markers, none of these markers may be
individually sufficient to exclusively identify eNSCs.

The second approach to identify a stem cell population is
to extract these cells from primary tissue and culture them
under conditions that support survival and self-renewal.
Clonal analysis of eNSCs definitively demonstrates stem
cell multipotency in culture—can a colony derived from a
single cell generate the three main cell types of the nervous
system (neurons, astrocytes, and oligodendrocytes), for
which adequate markers exist? The difficulty with this ap-
proach is that it is limited by current cell culture technology.
Still, the inability to maintain a stem cell in culture does not
disprove the existence of this cell in the tissue from which
the culture was established. In contrast, the development of
clonal growth assays for stem cells is a powerful proof of
stem cell multipotency and self-renewal.

Currently, the presence of stem cells in the adult mam-
malian CNS is believed to be restricted to a few small
regions including the subventricular zone (SVZ), the area
around the lateral ventricles of the brain. In addition, a stem
cell/neuronal precursor population of immature cells is also
observed in the dentate gyrus of the hippocampus, but also
in other areas of the postnatal CNS [6, 12, 13, 15, 32,
39-42].

The traditional focus on the stem cell field on these two
neurogenic areas is largely due to the assumption, following
the work of Altman, that stem cells are only spatially associ-
ated with neurogenesis, a process involving the proliferation
of immature cells and their subsequent differentiation into
neurons. As a consequence, perhaps, several of the biomarkers
for eNSC also characterize other CNS cell types in their
proliferative state [30, 43, 44]. However, it can be argued that
although a stem cell may have the potential to divide and
generate neurons, it still may not do either of these. Additional
roles may have been adopted by eNSCs other than neuronal
replacement such as modulation of neuronal function and
neuroprotection. Experimental approaches that are biased to-
wards neurogenesis may not be able to detect additional eNSC
populations which are quiescent and/or located in microenvir-
onments that do not promote neurogenesis. Evidence from
several research groups suggests that widespread eNSCs or
more committed progenitor cells exist throughout the adult
brain and spinal cord, and treatments that increase their numb-
ers in the living tissue also confer neuroprotection and rescue
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neurons from death in models of degenerative disease and
acute insults [35, 40, 45-50]. This eNSC-mediated neuro-
protection occurs in the notable absence of neuronal replace-
ment. Several efforts are under way to determine the location
and numbers of these cells and to determine if targeted manip-
ulations of these cells could represent novel therapeutic
strategies.

Activating eNSCs

Several insults, including injury, ischemia, and models of de-
generative disease, are capable of activating the eNSC popula-
tion in the adult brain. Activation leads to an increase in the
numbers of eNSCs and in some cases, such as in ischemic
stroke models, to migration towards the infarct site [51-56]. In
addition to the insults, various pharmacological manipulations
are also able to induce the expansion of the eNSC population

a.invivo

d. in vitro— Chol. No FGFE

Fig. 1 Dynamic regulation of Hes3 in different cell states. a In the
adult rat striatum, Hes3 is expressed in a subset (approx. 10 %) of
GFAP+/Sox2+ cells and is excluded from the nucleus of most cells. b
When placed in culture, in conditions that support their self-renewal and
proliferation by including bFGF, mouse fetal NSCs express Hes3 which,
in most cells, is localized both in the nucleus and cytoplasm. The chosen
image shows cells that also exclude Hes3 from the nucleus with a mor-
phology suggesting that they are spontaneously differentiating towards the

including basic fibroblast growth factor (bFGF), epidermal
growth factor, PDGF, insulin, Wnt and Notch signaling com-
ponents, and perturbation of ephrin signaling [32, 46, 57—64].

Limited neurogenesis is observed in many of these para-
digms [53, 54, 65-73], and the vast majority of newly
generated migrating neuroblasts in ischemic stroke models
die by the time they have reached the peri-infarct area [52];
in spite of these observations, certain models that aim to
enhance the natural neuronal replacement in the adult hip-
pocampus following ischemic brain injury have generated
promise in ameliorating symptoms [61]. The discrepancy
between strong eNSC activation and very limited neuro-
genesis can be explained in a number of ways. One possible
explanation is that eNSC activation is a general response to
injury and does not serve a specific purpose. This seems
unlikely given that adult neurogenesis seems to be of func-
tional importance in, at least, the olfactory bulb and hippo-
campus. A second possibility is that eNSC activation is

b. in vitro: bFGF

c. in vitro: bFGF + Chol.

e. GBM biopsy

- _:-

glial lineage. ¢ When cells from b are treated with cholera toxin (Chol.),
nuclear Hes3 localization greatly increases. d As a consequence of cholera
toxin treatment, cells (including 15 % of the cells that express the early
neuronal marker doublecortin, DCX) maintain the proliferative state even
1 week after bFGF withdrawal. e In human glioblastoma biopsies, Hes3
immunoreactivity is observed in intracellular particles (which also co-
express prominin) and in the nucleus (arrows). Images are reproduced
from a previously published work [35, 81, 111]
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Canonical Notch

Non-Canonical Notch

merely an evolutionary remnant from more primitive verte-
brates (fish and tailed amphibians) that are able to induce
massive and consequential neurogenesis. Zebrafish seems to
produce new neurons throughout their lifetimes throughout
the brain and can replace neurons destroyed by a physical
lesion [74, 75]. Urodele amphibians are able to functionally
regenerate a severed spinal cord or the entire complement of
midbrain dopamine neurons after a 6-OHDA lesion [76]. It is
notable that cell replacement occurs in these instances despite
the complicated cytoarchitecture of the adult brain, suggesting
that under the appropriate circumstances, these cell types could
be replaced and reform functional circuits in the adult mam-
malian brain. Neither of these scenarios excludes the possibility
that eNSCs could be manipulated, genetically or otherwise, to
regenerate lost neurons. Finally, perhaps, eNSCs serve a
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purpose other than neuronal replacement—neuroprotection,
as discussed above, by secreted factors produced by the acti-
vated eNSCs, suppression of inflammation in the damaged
tissue [77-79], or clearance of cellular and extracellular debris
to facilitate tissue remodeling.

The best experimental evidence for a non-neurogenic role
for eNSCs supports a neuroprotective effect. Transplanted
NSCs have been used to assess the effects of increasing the
numbers of NSCs in the adult brain. Grafted NSCs express
GDNF [19], a neuroprotective cytokine, raising the possibility
of a neuroprotective role for grafted and, possibly, eNSCs.

Initiatives to probe the potential neuroprotective roles of
eNSCs have been hindered by the established belief that
eNSCs are few and very limited in their localization (dis-
cussed previously). The establishment of new biomarkers



Mol Neurobiol (2012) 46:555-562

559

«Fig. 2 Canonical and non-canonical signaling pathways regulate neu-
ral stem cell numbers in vitro and in vivo. a Simplified diagram
showing canonical and non-canonical pathways that regulate NSCs.
In the canonical Notch pathway, ligand—receptor binding leads to the
proteolytic cleavage of the intracellular domain of the Notch receptor
and release of the intracellular domain (ICD) into the cytoplasm [87].
Notch ICD interacts with other proteins and the resulting complex
regulates gene transcription of a number of target genes, including
Hes1 and HesS. In the non-canonical Notch signaling branch, a series
of second messengers are activated with fast kinetics (minutes); hall-
marks of the pathway are the phosphorylation of STAT3 on the serine
residue, in the absence of any detectable phosphorylation on the
tyrosine residue, and a subsequent increase in the transcription of the
Hes/Hey gene family member Hes3. In the original experiments that
elucidated this non-canonical Notch signaling pathway, blockade of the
proteolytic release of the Notch ICD by use of a gamma secretase
inhibitor also blocked the induction of STAT3-serine phosphorylation;
however, this result does not prove that the non-canonical branch is
dependent on the release of Notch ICD. It is possible that conforma-
tional changes on the Notch receptor other than ICD release may be
responsible for the initiation of the non-canonical Notch pathway. We
also note that of all the members of the Hes/Hey gene family, Hes3 was
the only one whose mRNA levels changed detectably upon stimulation
of cultured fetal rodent NSCs with soluble versions of the Notch
ligands Delta4 and Jaggedl [20]. b More detailed diagram describing
a non-canonical Notch signaling pathway operating in NSCs. [We note
in advance that arrows do not represent direct protein—protein inter-
actions]. Notch receptor activation leads to the phosphorylation of Akt
and PI3 kinase within 5 min. These events are followed by the phos-
phorylation of mTOR within approximately 20 min and subsequent
phosphorylation of STAT3 on the serine residue (peak at 40 min). No
detectable phosphorylation on the tyrosine residue was observed.
Within 1 h, an increase in Hes3 mRNA was observed, and elevation
was stable 7 h after that. One day following Notch activation, elevated
sonic hedgehog protein expression was observed, with even greater
levels on the next day. These treatments had a powerful positive effect
on cell survival and expansion of cell number. Additional treatments
chosen based on the prediction that they can promote STAT3-serine
phosphorylation in the absence of STAT3-tyrosine phosphorylation
included the Tie2 ligand angiopoietin 2 and insulin. A JAK kinase
inhibitor and a p38MAP kinase inhibitor also promote activation of
this pathway. All these treatments also promoted NSC survival [20, 35,
46, 111]. Lack of STAT3-tyrosine phosphorylation was a major factor
in predicting treatments because this modification induces gliogenic
differentiation [107—110]. Cholera toxin was also shown to regulate the
non-canonical pathway in two ways: First, treatment of NSC cultures
with the active toxin increased immunoreactivity for Tie2, an input into
the STAT3/Hes3 pathway, and second, the same treatment induced the
nuclear localization of Hes3 both in the presence and the absence of
supporting mitogen in the culture medium. Cholera toxin had particu-
larly powerful effects on cell number expansion [81]

and improved cultured techniques allowed the recent identifi-
cation of a widespread population of endogenous immature
cells throughout the brain and spinal cord. The elucidation ofa
novel signal transduction pathway that regulates the survival
and numbers of cultured NSCs and eNSCs provides novel
means to activate eNSCs and maintain them in culture.

A cell population may expand as a result of increased
proliferation and/or due to transcriptional changes that cause
the appearance of biomarkers that identify that cell population.
In the case of eNSCs, various insults, cognitive and physical
tasks, and pharmacological treatments described previously

are able to increase eNSC proliferation. Direct genetic manip-
ulations of cell cycle genes also regulate eNSC numbers,
providing direct support to this viewpoint [80]. Therefore, an
activated eNSC is often regarded as a proliferating eNSC.
Recent work suggests that, in part, posttranscriptional/post-
translational changes in eNSCs contribute to the increase in
their numbers following various pharmacological stimuli. Sin-
gle injections of Notch or Tie2 receptor ligands in the lateral
ventricles of adult rats induced a several fold expansion in the
number of Hes3+ cells within 5 days. In animals that were
given twice daily injections of BrdU on days 2, 3, and 4, to
label dividing cells, only approximately 15 % of total Hes3+
cells were labeled with BrdU [35]. Although it is possible that
BrdU labeling of dividing cells was not perfectly efficient, and
although BrdU was not given throughout the entire duration of
the eNSC activation experiment, the small percentage of BrdU
labeled new Hes3+ cells suggests the possibility that a rela-
tively large number of cells may be able to adopt a stem cell
identity by gene expression changes. This result suggests that
the number of eNSCs in the adult CNS cannot be easily
determined based on the presence or absence of a particular
marker or combinations of markers. It is possible, for example,
that a quiescent population of eNSCs does not express an
identifying marker, and that conditions that activate these cells
induce biomarker expression; eNSCs may already be in the
tissue, but in a non-identifiable state. Hes3 expression itself
shows dynamic regulation. Hes3+ cells in the CNS parenchy-
ma generally exclude Hes3 from the nucleus, exhibiting purely
cytoplasmic expression (Fig. 1a). When placed in culture,
under mitogenic support, however, Hes3 is found in both the
cytoplasm and nucleus (Fig. 1b) [35]. Cholera toxin, a treat-
ment that greatly promotes cultured NSC proliferation, even in
the absence of mitogen, powerfully increases nuclear Hes3
presence (Fig. 1¢). Cholera toxin also induces the proliferation
of cultured neural stem cells and neuronal precursors (identi-
fied by expression of the microtubule-associated protein dou-
blecortin; Fig. 1d), raising the intriguing possibility that
nuclear Hes3 may regulate cell proliferation [81]. This possi-
bility may be supported by the observation that in the aggres-
sive brain cancer glioblastoma multiforme grade IV, putative
cancer stem cells (identified by expression of the glycoprotein
prominin) co-express Hes3, and that although most of
the Hes3 signal is in the cytoplasm, a nuclear fraction is clearly
identifiable (Fig. le). Elucidating the signaling mechanisms
that regulate NSC numbers will uncover novel biomarkers
which will help determine the numbers of eNSCs in the adult
CNS.

Knowledge of oncogenic pathways has provided valu-
able clues to the regulation of neural stem cells in vitro and
in vivo. A meaningful example is the regulation of eNSCs in
the adult SVZ by the tumor suppressor, p53 [82]. Genes and
signaling pathways that play important roles during embry-
onic development are often also implicated in tumorigenesis
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and have also become recognized as regulators of stem cell
functions in the adult brain. The Notch signaling pathway,
for example, is involved in pattern formation in developing
tissues [83—87], but also regulates the expansion and differ-
entiation of neural stem cells in culture and in the living
CNS [20, 88], and is also involved in tumorigenesis [89].
Both the receptor family (Notch) and the receptor ligands
are membrane bound, necessitating cell-to-cell contact for
stimulation. Such requirements may also define the exact
architecture of the microenvironment and may contribute to
the tight physical interactions between different cell types
within it.

The most studied branch of the Notch signaling pathway
(often referred to as “canonical”) involves the proteolytic
cleavage of the intracellular domain of the Notch receptor
(Nicd) following contact with the ligand, subsequent interac-
tion of Nicd with proteins including recombining binding
protein suppressor of hairless (Rbpsuh), and transcriptional
activation of target genes, including Hesl and HesS5, two
members of the Hes/Hey family of basic helix-loop-helix
transcription factors [83, 87, 90-96]. In the developing CNS,
these processes limit the formation of neurons and promote
the differentiation of progenitor cells to glia [97—103].

More recently, a second branch of the Notch signaling
pathway was identified, where Notch activation by soluble
ligands led to the activation of a second messenger cascade
which includes the fast (within minutes) activation of the
kinases, PI3 kinase, Akt, and mTOR [20]. Phosphorylation
of mTOR is followed by phosphorylation on the serine residue
of signal transducer and activator of transcription (STAT) 3, a
member of the family of STAT proteins [104] (Fig. 2a).

STAT3 regulates a wide range of cellular functions and
has roles in both the nucleus and cytoplasm. STAT3 has two
phosphorylation sites, on a serine and a tyrosine residue.
Tyrosine phosphorylation is a staple of cell survival path-
ways of many cell types, including transformed cells and
cancer cell lines [104, 105] as well as embryonic stem cells
[106]. In contrast, phosphorylation on the serine site is
largely auxiliary and can be prevented without substantial
effects (reviewed in Levy and Darnell [104]). However, in
cultured neural stem cells, STAT3-Tyr phosphorylation
leads to the differentiation of the cells into glia [107—-110].
This raised the possibility that in neural stem cells, STAT3-
Ser phosphorylation is of primary importance to their sur-
vival as shown by transient transfection experiments with
STAT3 mutant constructs [20]. A number of studies fol-
lowed that used STAT3-Ser phosphorylation as a predictor
of putative treatments that increase the numbers of eNSCs,
identifying angiopoietin-2 and insulin as novel treatments in
vivo [35, 46, 111] (Fig. 2b).

The two branches of the Notch signaling pathway regu-
late distinct members of the bHLH family of transcription
factors. Hes5, downstream of the canonical pathway, has
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been proposed as a biomarker of eNSCs [36]. Hes3, down-
stream of the non-canonical Notch pathway and with strong
correlation downstream of STAT3-Ser phosphorylation, has
also been proposed as a novel biomarker [35]. Future studies
may address how the equilibrium between Hes5 and Hes3
(and, possibly, other members of the bHLH family) defines
particular subpopulations of eNSCs or particular states (e.g.,
quiescence vs. proliferation) of these cells. Understanding
how particular Hes/Hey gene family members define particu-
lar states of neural stem cells will be an important step towards
elucidating the mechanisms of controlling eNSCs, made more
difficult by the redundancy observed within this gene family
[112].

Conclusions

While the potential of eNSCs to elicit cell replacement after
brain injury or neurodegenerative disease has generated a lot
of excitement, there is scant evidence that this actually
occurs in the mammalian brain, to a consequential extent,
or key relevance to disease or injury progress. Indeed, as
described in this review, recent evidence suggests that an
important function for eNSCs is to promote neuroprotection
by neurotrophic signaling. From an evolutionary standpoint,
this neuroprotective role may compensate for a loss in the
capacity of eNSCs for cell replacement. These concepts may
not be confined to neural tissue but may also regulate the
repair of other organs such as the liver [113]. Continued
investigation of the pathways regulating the neuroprotective
function of eNSCs may lead to new therapies for the injured
or diseased brain.
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