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Preface

During the last two decades stem cell biology has changed the field of basic research in life
science as well as our perspective of its possible outcomes in medicine. At the beginning of the
nineties, the discovery of neural stem cells in the mammalian central nervous system (CNS)
made the generation of new neurons a real biological process occurring in the adult brain. Since
then, a vast community of neuroscientists started to think in terms of regenerative medicine as
a possible solution for incurable CNS diseases, such as traumatic injuries, stroke and neurode-
generative disorders. Nevertheless, in spite of the remarkable expansion of the field, the devel-
opment of techniques to image neurogenesis in vivo, sophisticated in vitro stem cell cultures,
and experimental transplantation techniques, no efficacious therapies capable of restoring CNS
structure and functions through cell replacement have been convincingly developed so far.
Deep anatomical, developmental, molecular and functional investigations have shown that
new neurons can be generated only within restricted brain regions under the control of specific
environmental signals. In the rest of the CNS, many problems arise when stem cells encounter
the mature parenchyma, which still behaves as 'dogmatically’ static tissue. More recent studies
have added an additional level of complexity, specifically in the context of CNS structural plas-
ticity, where stem cells lie within germinal layer-derived neurogenic sites whereas progenitor
cells are widespread through the CNS.

Hence, two decades after the seminal discovery of neural stem cells, the real astonishing fact is
the occurrence of such cells in a largely nonrenewable tissue. Still, the most intriguing question
is which possible functional or evolutionary reasons might justify such oddity.

In other self-renewing tissues, such as skin, cornea, and blood, the role of stem cells in the tis-
sue homeostasis is largely known and efficacious stem cell therapies are already available. The
most urgent question is whether and how the potential of neural stem cells could be exploited
within the harsh territory of the mammalian CNS. In this case, unlike other tissues, more in-
tense and time-consuming basic research is required before achieving a regenerative outcome.
The road of such research should travel through a better knowledge of several aspects which
are still poorly understood, including the developmental programs leading to postnatal brain
maturation, the heterogeneity of progenitor cells involved, the bystander effect that stem cell
grafts exert even in the absence of cell replacement, and the cohort of stem cell-to-tissue interac-
tions occurring both in homeostatic and pathological conditions.

In this book, the experience and expertise of many leaders in neural stem cell research are gathered
with the aim of making the point on anumber of extremely promising, yet unresolved, issues.

Luca Bonfanti DVM, PhD
Dept. of Veterinary Sciences, University of Turin
Neuroscience Institute Cavalieri-Ottolenghi (NICO)
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Chapter 1

Systems for ex-vivo Isolation and
Culturing of Neural Stem Cells

Simona Casarosa, Jacopo Zasso and Luciano Conti

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55137

1. Introduction

During neural development, a relatively small and formerly considered homogeneous
population of Neural Stem cells (NSCs) gives rise to the extraordinary complexity proper of
the Central Nervous System (CNS). These represent populations of self-renewing multipotent
cells able to differentiate into a variety of neuronal and glial cell types in a time- and region-
specific manner throughout developmental stages and that account for a weak regenerative
potential in the adult brain [1].

In the adult mammalian CNS, the presence of NSCs has been extensively investigated in two
regions, the SVZ and the SGZ of the hippocampus, two specialized niches that control NSCs
divisions in order to physiologically regulate their proliferative (symmetrical divisions) vs
differentiative fate (asymmetrical divisions) [2].

In the early ‘90s it was shown that NSCs could be extracted from the developing and adult
mammalian brain and expanded/manipulated/differentiated in vitro (Fig. 1).

This has represented a key step in the field, since the obtainment of in vitro NSC sys-
tems has been very useful in the last years in order to progress toward disclosure of the
complex interplay of different extrinsic (signaling pathways) and intrinsic (transcription
factors and epigenetics) signals that govern identity and functional properties of brain
tissue-specific stem/progenitors [3]. Furthermore, it will also be a key step towards their
exploitation for a better dissection of the molecular processes occurring in neurodegenera-
tion [4]. Finally, NSC systems might represent major tools for the potential development
of new cell-based and pharmacological treatments of neurodegenerative disorders and for
assaying their toxicological effects [5].

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
I m EC H Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Process of NSC self-renewal and differentiation. NSCs are tri-potent cells. These cells during the differen-
tiation process give rise to transiently dividing progenitors (transit amplifying progenitors) that subsequently undergo
lineage restrictions toward neuronal, astrocytic and oligodendroglial mature cells.

Here we will review the functional properties of different in vitro NSC systems, providing also
a direct comparison with NSCs present in vivo. Furthermore, we will discuss some of recent
advancements in the development of in vitro systems that try to re-create in vitro some of the
aspects of the physiological NSCs niches.

2. In vivo and in vitro developmental heterogeneity of NSCs populations

Vertebrate neural development starts with the process of neural induction, during and after
gastrulation, which allows the formation of NEUROECTODERM from the dorsal-most part of
the ectoderm. The molecular nature of the inductive signals that drive this process has been
unveiled by studies in Xenopus laevis. These have shown that neural differentiation is promot-
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ed by secretion of an array of BMP inhibitors, chordin, noggin and follistatin produced by an
embryonicstructure called “organizer” [6, 7]. The organizer also produces inhibitors of the Wnt
signaling pathway, such as Dickkopf, frzb and cerberus [8]. Neural induction has shown a
remarkable evolutionary conservation and a "default” model has been proposed, which states
thatectodermal cellshave anintrinsic predisposition to differentiate intoneuroectoderm, unless
inhibited by BMP signaling [9]. While in certain conditions this seems to be the case, in other
assays positive inducers are needed, such as FGFs [10]. Finally, more recent studies show that
inhibition of Activin/Nodal pathways also seems to be important for neural induction [8].

Progresses in cell culture technologies combined with a better understanding of these devel-
opmental progressions have allowed now to recapitulate these processes in vitro through
neuralization of mouse and human pluripotent cells, i.e. Embryonic Stem cells derived from
blastocyst stage (ESC; [11]) and reprogrammed cells (iPSC; [12, 13]), leading to the generation
of populations of EARLY NEUROEPITHELIAL CELLS (Fig. 2). These cells give rise to all of
the neural cells in the mature CNS thus denoting their extensive multipotential aptitude in
terms of different cellular subtypes they can produce. Sox1 is the earliest identified marker of
neural precursors in the mouse embryo and is present in dividing neural precursors from the
NEURAL PLATE and NEURAL TUBE stages [3]. Studies on pluripotent cells support the
"default” model for mammalian neural induction. In vitro studies have in fact shown that
during neuronal differentiation, ESCs and iPSCs undertake gradual lineage restrictions
analogous to those observed through in vivo fetal development, and a variety of distinctive
progenitors can be generated. Accordingly, mouse and human pluripotent cells differentiate
into sox 1 positive neuroepithelial cells (note that in human the earliest neuroepithelial marker
is represented by pax6 that precedes sox1 expression) when grown in serum-free conditions
in the absence of patterning signals [14-16]. ESCs and iPSCs neural induction can be enhanced
by the addition of BMP-, Nodal- and Wnt-inhibitors, to minimize endogenous signals pro-
duced by ESCs/iPSCs themselves and recent studies have shown that paracrine signals (i.e.
FGF4) are also needed for neurulation [17, 18].

ESCs Early NEPs R-MSCs H-hESNSCs RG NS Cells

C— / —  E— - g

| s | |&£]
o/

o

Blastocyst MNeural Plate Heural Tube Fetal Brain Adult Brain

Figure 2. The different NSC populations that can be obtained in vitro correspond to stage-specific neural progenitors
present at defined in vivo developmental stages.
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Soon after neural induction process, pluripotent cell-derived neuroepithelial cells give rise to
NEURAL ROSETTE structures, in which cells elongate and align radially, in a manner that
mimics neural tube formation [19]. In vivo, the neural tube is formed after neurulation from
the newly-induced neural plate and, as it closes, it is regionalized along the antero-posterior
(A/P) axis (Fig. 3A), giving rise to four main areas: forebrain, midbrain, hindbrain and spinal
cord. In amniotes, dorso-ventral (D/V) patterning takes place only after A/P patterning has
occurred, after neural tube closure. The variety of neuronal cells that will be generated will
have specific functions according to their position along these two axes.

Several evidences suggest that primary neural induction obtained by BMP inhibition generates
anterior neural tissue, while to obtain tissue with posterior characteristics other molecules,
known as "transformers”, are needed. Three molecules with posteriorizing activities are
known: retinoic acid (RA), Fgfs and Wnts [20, 21]. These signals are produced by the sur-
rounding axial and paraxial mesoderm and endoderm, in addition two secondary signaling
centers exist within the neural tube [22]. These are the Anterior Neural Ridge (ANR), located
at the border between the forebrain and the non-neural ectoderm, and the isthmic organizer,
located at the mid-hindbrain boundary. The ANR secretes the organizer molecules noggin and
chordin, the resulting BMP signaling inhibition activates Fgf8, which in turn induces the
expression of the transcription factor FoxG1 (Bf1), necessary for forebrain development [23].
The isthmic organizer is located at the boundary between the expression domains of the
transcription factors Otx2 and Gbx2, and it is formed and maintained by an intricate regulatory
network among these and other (En1/2, Pax2/5/8) transcription factors. The isthmic organizer
secretes Fgf8, and the feedback loop that is set up assures the maintenance of the tissue identity
[22]. RA and Wnts are produced by paraxial mesoderm with a high-posterior/low-anterior
gradient and they are responsible for the patterning of midbrain, hindbrain and anterior spinal
cord. Among the genes differentially regulated by varying concentrations of RA are the Hox
genes, necessary for hindbrain and spinal cord A/P patterning [24, 25]. D/V patterning is
mediated by signaling molecules secreted by the surrounding tissues (Fig. 3B). The overlying
ectoderm produces TGFB-family molecules that promote the formation of the roof plate in the
dorsal neural tube, while the underlying notochord secretes SHH, that induces the ventral
neural tube to become the floor plate. The roof plate and the floor plate in turn become a source
of TGF{ and SHH, respectively. This creates two opposing gradients that provide positional
information along the D/V axis, regulating the expression of key transcription factors. These
will then act in a combinatorial manner to regulate the differentiation of specific neuronal and
glial cell types in the correct position [26].

These in vivo studies have ultimately revealed that different neural progenitor populations can
exist in a time and space-dependent manner and that their fate is greatly influenced by the
interplay between specific extrinsic and intrinsic signaling molecules. ESCs- and iPSCs-
derived neuroepithelial cells are able to perceive the positional information of patterning
signals. These progenitors, when obtained in conditions that minimize endogenous signals,
intrinsically acquire anterior identity, while they can be caudalized by the addition of FGFs,
Wnts, RA [1, 19, 27, 28].
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Figure 3. Regional patterning of the neural tube. Schematic diagrams showing antero-posterior (A) and dorso-ventral
(B) patterning of the neural tube. The patterning process is driven by opposing gradients of signaling molecules that
induce the expression of region-specific transcription factors in discrete areas. ANR: anterior neural ridge. IsO: Isthmic
organizer. RP: roof plate. FP: floor plate.

Some studies have shown that NEUROEPITHELIAL CELLS cannot be maintained in vitro by
the exposure to commonly used mitogens, i.e. basic fibroblast growth factor (FGF-2) and
epidermal growth factor (EGF). These indeed convert these cells into radial glia populations
characterized by alimited potentiality in neuronal sub-types they can give rise to. Nonetheless,
it has been shown that a neuroepithelial population that grows in rosette-like structures
(termed “R-NSCs”) can be generated in vifro from human and mouse pluripotent cells when
exposed to SHH/FGF8 signalling coupled to a N-Cadherin/Forse-1 cell sorting-based protocols
[19]. These cells can be maintained in vitro for some passages by exposure to SHH and Notch
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agonists while showing a rostral BF1* neuroepithelial identity evocative of the signalling that
in vivo are required for the induction of the anterior neuroepithelium. R-NSCs are characterized
by a comprehensive differentiation potential toward CNS and PNS fates, supporting the idea
that the R-NSCs represent neural precursors of the neural plate stage.

Another population of hESC-derived Sox1 positive self-renewing neuroepithelial cells named
“1t-hESNSCs”, has been described [29]. These cells can be grown as a nearly homogeneous
population exhibiting clonogenicity and stable neurogenic potential. Remarkably, they can be
maintained for many in vitro passages in the presence of FGF-2 and EGF and they preserve
some properties of the R-NSCs, such as rosette-like growth, the expression of Bf1 and sensi-
tivity to instructive signals that stimulate their conversion into distinct neuronal subpopula-
tions. Molecular analyses have shown that 1t-hESNSCs partly maintain rosette properties,
possibly embodying an intermediate developmental stage between rosette-organized neuro-
epithelial cells and radial glia (see below).

As development proceeds, neuroepithelial cells lose sox1 expression and convert themselves
into another transitory stem cell type, the so-called “RADIAL GLIA” (RG). This rapidly
constitutes the main progenitor cell population in late development and early postnatal life
while disappearing at later postnatal and adult stages [30, 31]. Large numbers of RG cells are
found in primary cell cultures from dissociated E10.5-18.5 CNS tissue. Different populations
of RG, characterized by lineage heterogeneity, with both regional and temporal varieties, give
rise to sequential waves of neurogenesis, gliogenesis and oligodendrogenesis that build up the
CNS. The in vivo developmental heterogeneity of RG has been also revealed by in vitro primary
cultures studies that have shown a temporal constraint from neurogenesis to gliogenesis from
RG isolated at initial or later developmental periods, respectively [32, 33].

The transition of neuroepithelial cells to RG cells is well recapitulated in vitro during neural
differentiation of pluripotent cells. RG populations can be efficiently generated from ESCs/
iPSCs using differentiation protocols that differ in major aspects between them. Bibel and
collaborators generated transient (not expandable) populations of homogeneous RG cells that
mature into glutamatergic neurons, as occurring during cortical development [34]. A different
population of ESCs/iPSCs-derived RG cells can be obtained by exposing neuroepithelial cells
to EGF and FGF-2. These rapidly lose Sox1 expression and acquire RG markers as BLBP and
RC2 giving rise to RG-like cells which can be long term expanded in monolayer and at
homogeneousness [35]. This conversion is dependent on Notch activity and on the exposure
to EGF and FGF-2 [19, 35]. These self-renewing RG cells (called “NS cells”) retain the marker
signature of RG and the full capacity for tri-lineage neural differentiation, although their
neuronal differentiation is limited to the GABAergic lineage [36-38]. These results indicate that
pluripotent cells can be differentiated into distinct subtypes of RG — a non self-renewing type
with aptitude to generate glutamatergic neurons, and a subtype that self-renews and exhibits
a GABAergic differentiation. Such radial glial subtypes can also be found in the developing
CNS in vivo although RG expansion in vivo is restricted to a defined time window.

Along with RG, a further immature population of cells with neuronal-restricted potential is
represented by the BASAL PROGENITORs (BPs) that are located in the subventricular zone
(SVZ) and can be generated both by neuroepithelial cells and RG [39, 40]. In vitro studies on
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BPs are less comprehensive. Transitory induction of neurogenic Tbr2-positive BPs has been
reported during the differentiation of ESCs to glutamatergic cortical neurons [27]. It has also
been shown that BPs can be isolated from a subgroup of RG populations characterized by a
high immunoreactivity for prominin that can make neurons only indirectly through the
generation of BPs [41].

At the end of neurogenesis (in mice approximately at birth), neurogenic RG cells are exhausted
and the remaining RG convert into astrocytes. The presence of stem cells has been reported in
two regions of the adult mammalian brain, the SVZ and the SGZ of the hippocampus. Fate-
mapping studies have shown that these adult NSC populations are represented by the type B
astrocytes that directly derive from subpopulations of fetal RG cells. Therefore, RG and type
B astrocytes appear to form a continuous lineage with stem cell potential [2]. These in vivo
studies find a parallel indirect proof from the fact that in vitro adult-derived NSCs reacquire
fetal characteristics, such as radial glia markers.

3. In vitro systems for NSCs isolation and expansion

The study of different types of stem cells has greatly beneficed from in vitro approaches
that allow the reduction the intrinsic complexity of tissues. In order to allow stable
maintenance in vitro, cells have to be immortalized, a procedure that blocks the progres-
sion of developmental programmes by pushing the cells to remain in enduring prolifera-
tion. Immortalization can be achieved by means of various methods, most usually by viral
transduction of immortalizing oncogenes such as c-myc or SV40 Large T Antigen. Several
immortalized murine and human NSC lines have been reported and, interestingly, it has
been shown that they maintain many equivalences to non-immortalized lines, exhibiting
neglectable signs of transformation both in vivo or in vitro [42-45]. Nevertheless, the
physiological relevance of these lines might be weakened by the expression of potential-
ly transforming oncogenes.

In the developing CNS, exponential cell division occurs only for brief developmental
windows and NSCs represent transient populations. In the brain, NSC division is rigorous-
ly regulated by many factors of the “NICHE”. The niche represents the particular cellu-
lar microenvironment that provides the appropriate milieu to support self-renewal and that
controls the balance between symmetrical proliferative (producing two stem cells) and
asymmetric cell divisions (generating one stem cell and one committed progenitor).
Accordingly, for a stem cell to give rise to a clonal cell line, the physiological hindrances
to continuous cell division have to be bypassed. However, until few years ago, it has been
extremely difficult to stably propagate homogenous cultures of NSCs without oncogene-
mediated immortalization procedures.

In the last two decades, oncogene-free procedures based on the use of soluble factors for
selection and expansion of NSCs have been developed, permitting long-term mainte-
nance of NSCs. The first report was from Reynolds and Weiss that in 1992 showed that
the fetal and adult rodent brains contain cells competent for continuing ex vivo prolifera-
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tion upon exposure to EGF and FGF-2 and that upon mitogen withdrawal exhibit tri-
neural lineage differentiation [46, 47]. According to this procedure, freshly dissociated SVZ
cells plated at low density (roughly 10%-10* cells/cm?) in the absence of cell adhesion
substrates and in presence of EGF and/or FGF-2 have the tendency to loosely adhere to
the plastic plate. Within few days, most of the cells die except a minor fraction of them
that become smooth-edged and begin to proliferate while staying attached to the plate.
Later, the progeny of these proliferating cells stick to each other forming sphere-shaped
clones that detach from the plate thus floating in suspension giving rise to the so-called
NEUROSPHERES. This assay, named “Neurosphere Assay” has thus been widely consid-
ered as a valuable method for isolating, enriching and maintaining embryonic and adult
NSC populations in vitro [48]. Indeed, whereas NSCs in culture are characterized by the
ability to considerably divide and self-renew thus giving rise to long-term expanding NSC
lines, transit amplifying progenitors exhibit partial proliferative competence without self-
renewal potential, and are eliminated during extensive sub-culturing. Notably, only a
fraction of cells composing the neurosphere (commonly 1-10% for optimal cultures,
although this value greatly differs depending on the age and on the brain area consid-
ered) are true stem cells, the remainder being differentiating progenitors at different stages,
and even terminally differentiated neurons and glia [49]. Neurospheres can be sub-
cultured by mechanical or enzymatic dissociation and by re-plating under the identical in
vitro settings. As for the primary neurosphere culture, at every sub-culturing passage,
differentiating/differentiated cells are supposed to die while the NSCs divide, generating
secondary spheres that can then be further sub-cultured [50]. This procedure can be serially
reiterated and, since each NSC gives rise to many NSCs by the time a neurosphere is
generated, it ends in the expansion of the NSC population in culture.

Once established, neurosphere cultures can be expanded to obtain large amounts of cells that
can then be cryopreserved. This permits the creation a pool of cells that can be later thawed
and expanded for future experimentations. Nonetheless, several studies have shown that after
few passages, the neurospheres greatly decrease their efficiency in neurogenic differentiation
[51] and in the neuronal subtypes they can give rise to, mostly restricting their potential to the
GABAergic lineage [52] (Fig. 4).

The accurate identification of the identity of the sphere-forming cell represents a key question.
As committed progenitors are capable of only restricted proliferative capability and can
generate only up to tertiary neurospheres, actually the designation of a cell as bona fide NSC
should be retrospectively refereed only to a founder cell that self-renews extensively and can
be propagated in long-term cultures. To this regard, it has been suggested that at least five
sub-culturing passages are required to exclude the contribution of committed progenitors to
the maintenance of the cell population. More rigorously, the assay should be performed with
single dissociated cells (i.e. to plate a single cell per well) in order to avoid cell clustering and
also fusion between neurospheres [53, 54].

Some researchers consider that three-dimensional organisation and the cellular milieu of the
neurosphere as the in vitro equivalent of the in vivo neurogenic compartment [55, 56]. Although
this view is a pure speculation, it is broadly accepted that the issue of the complexity of the
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Figure 4. Neurospheres and monolayer NSCs can be obtained by different sources and have different neuronal
differentiation efficiency. NSCs grown in monolayer and neurospheres can be derived from ESCs or iPS cells and
from the germinative areas of the fetal and adult brain. The homogenous cellular composition of the NSCs grown in
monolayer results in a higher neurogenic potential than neurospheres

neurosphere system represents a barrier for fine biochemical and molecular studies. The
prospect of refining the neurosphere culture and of developing alternative in vitro systems,
not only to enrich but also to select and clonally expand the bona fide stem cell population
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without losing the original prevalent neuronal fate, has been a recurrent issue in the stem cell
field.

As an alternative to the neurosphere system, other researchers have developed monolayer-
based methods [57]. In 1997, Gage and colleagues reported that progenitor cells with properties
similar to NSCs from adult SVZ could be obtained from the adult hippocampus [58]. These
hippocampal precursor cells propagate in monolayer and using in vitro procedures similar to
the ones used for SVZ NSCs. Hippocampal precursors divide in response to FGF-2 and show
tri-neural potential being able to differentiate into astroglia, oligodendroglia, and neurons in
vitro. More recently, the optimization of novel and efficient strategies for the derivation and
stable long-term propagation of NSCs from developing and adult neural tissue and from
pluripotent cellular sources has been reported. It has been shown that transiently generated
ESC-derived neural precursors, normally destined to differentiate to neuronal and glial cells,
can be efficiently expanded as adherent clonal NSC lines in EGF and FGF-2 supplemented
medium [19, 35]. In these growth conditions, cells undergo symmetrical division with
neglectable accompanying differentiation, while shifting of the cultures to differentiative
conditions prompts the cells to efficiently generate mature neurons, astrocytes and oligoden-
drocytes, thus indicating their NSC essence. The cells obtained by this procedure have been
named Neural Stem (NS) cells. Notably, these results suggest that expansion of NS cells can
occur in the absence of a complex cellular niche. Accordingly, NS cell expansion in monolayer
conditions restrains spontaneous differentiation and permits proliferation of homogeneous
bona fide NSCs.

Phenotypic characterization of NS cell cultures indicates a close similarity to forebrain RG
[35]. Indeed, NS cells are homogenously immunopositive for nestin, SSEA1/Lex1, Pax6,
prominin, RC2, vimentin, 3CB2, Glast, and BLBP, a set of markers diagnostic for neurogen-
ic RG. NS cells keep their neurogenic potential after extensive expansion (over 100
passages), yet retaining the capability to produce a large proportion of mature neurons
(Fig. 4). These results further indicate that the acquisition of RG properties endows the
cells with a “niche” that traps them in a state of symmetric cell division. Significantly, NS
cells do not represent a peculiarity of ESCs and iPSCs cell differentiation [35, 59]. In fact,
similar lines can also be obtained from foetal or adult CNS and established from long-
term expanded neurosphere cultures [35, 60, 61]. It is therefore possible that NS cells
embody the resident NSC population within neurospheres. Further characterization of
different mouse NS cell lines has demonstrated a close similarity in self-renewal, neuro-
nal differentiation potential and molecular markers, independently from their origin. NS
cells are not exclusive for mouse sources but it has indeed described the possibility to
generate NS cells both from human fetal neural tissue and from human ESCs [62].
Interestingly, similar cells can be developed also from brain tumors and might serve as
systems for find new targets in order to develop new therapeutic approaches [63, 64].
Similarly to NS cells, also 1t-hESNSCs grow in monolayer and can be long-term expand-
ed but differently from NS cells, they maintain sox 1 expression and a wide developmen-
tal competence [29, 65]. These aspects might be suggestive for some species-specific
differences.
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4. Influences of the in vitro systems on the molecular and biological
properties of NSC lines

For brain tissue, founder NSCs existing during embryogenesis do not endure in adulthood but
switchtoa quiescentstate following completion of development. Therefore, itmightbe expected
that in order to achieve persistent propagation of NSCs in vitro it might not be merely suffi-
cient to follow intrinsic programmed mechanisms but also modifications of the “Neural Stem
Cells cellular “character” are required to adapt to the synthetic in vitro milieu might also be
required. Indeed, the interaction of typical transient progenitor populations with the artificial
in vitro environment (i.e. high levels of growth factor stimulation and/or different matrix or cell-
cell interactions) may modify their transcriptional and epigenetic status, allowing them to be
“turned” into NSC lines.

Inthis view, when coming to thenature of the NSCs, the crucialissueisif they doexactly represent
a definite sub-population of NSC/progenitor existing in vivo. Currently, it is still not entirely
understood if the accomplishment of the NSC status might be the effect of phenotypic altera-
tions due to culture set and how physiologically relevant the consequent in vitro phenotype
might be [3]. Thus, it is preferable to refer to in vitro expanded NSCs as NSC-like cells.

Tothisregard, the possibility thatthe mixture of mitogens may produceanartificial cell condition
with a proper balance of key transcription factors able to suppress lineage commitment and
allow self-maintaining divisions has to be considered. It has been shown that FGF-2 and EGF,
two growth factors typically used for the in vitromaintenance of NSCs can alter the transcription-
al and epigenetic phenotype. For example, expression of several genes can be directly stimulat-
ed in vitro in neural progenitors by exposure to FGE-2, suggesting that these genes might exert
fundamental functions in the establishment of NSCs lines [66]. Similarly, foetal neural progen-
itors in vitro exposed to FGF-2, rapidly activate expression of Egfr (ErbB1) and Olig2, the latter
being a bHLH transcription factor linked with the oligodendrocyte lineage and ventral CNS
identity [66, 67]. Under expansion conditions with high levels of EGF and FGF-2, induction of
Olig? is required for the proliferation and self-renewal of neurosphere cells and NS cells, as
demonstrated by analyses in which experimental interference with Olig2 expression severely
decreases the amount and the quality of neurospheres [68]. Besides Olig2, ithas been shown that
acute exposure to FGF-2 induces neural progenitors to upregulate expression of a broad set of
genes (for example CD44, GLAST, Oligl, Cdh20, Adam12 and Vav3) likely playing significant
roles in the phenotype of the cells [69]. Likewise, EGF has been shown to deregulate expres-
sion of DIx-2 in NS cells, NSC cultures and in transit-amplifying cells of the SVZ, inducing their
switchintoRG-likeneurosphere-formingcells[51, 61,69, 70]. Remarkably, stimulation of several
of these genes (for instance Vav3 and CD44) occurs within few hours of FGF-2 exposure, possibly
indicating that mitogen-mediated action is not suggestive for a physiological developmental
progress but rather an acute transcriptional rearrangement [69].

NSCs in vivo have been shown to be tremendously heterogeneous in terms of transcriptional
factors expression pattern, a feature predictable to confer a complex elaboration of positional
signals [33]. To this regard, several reports have shown the occurrence in vitro of profound
variations in the expression pattern of positional genes compared with primary precursors
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and progenitors in vivo thus leading to a mixed regional identity and limited neuronal
differentiation. For example, neurospheres from the spinal cord have been shown to undergo
upregulation of Olig2 and downregulation of the dorsal spinal cord transcription factors Pax3
and Pax7 [71]. Olig2 and Mashl are also induced in E14 cortex or ganglionic eminence
precursors, short- or long-term grown as neurospheres [72]. With some exceptions, a similar
deregulation of the regional patterning is evident in the adherent NS cells and 1t-hESNSCs
cultures [29].

Importantly, this relaxation in the positional code might be related to a recurrent restriction in
the competence to generate diverse neuronal subtypes. Indeed, NSCs have been reported to
rapidly lose their original competence to generate site-specific neuronal subtypes when
cultured in vitro, both in monolayer and in aggregation, in the presence of EGF and/or FGF-2,
becoming mainly constrained to adopt a GABAergic fate [35, 52, 73, 74]. A notable exception
isrepresented by the It-hESNSCs [29], possibly indicating that for some reasons neuroepithelial
cells derived from human pluripotent sources are more “predisposed” to long-term better
preserve a broad neuronal sub-types developmental competence.

On the whole, these results might thus emphasize an artificial nature of cell culture, under-
lining the requirement for prudence in extrapolation of in vitro results to normal development
or physiology without corresponding in vivo data [3]. Alternatively, this might be due to
inadequate culture conditions that are not actually competent to preserve the molecular and
biological properties of genuine NSCs.

5. Reconstruction of NSC niche in vitro

NSC niches present distinctive features leading to diverse ways to ensure neurogenesis. In the
adult SVZ, three main immature neural populations lie adjacent to a layer of ependymal cells
lining the lateral ventricle wall [2]. The Type B cells, representing the NSCs, reside interposed
into the ependymal layer, displaying connections with both the ventricular wall and the blood
vessels-network characterizing this niche. They are relatively quiescent but capable of giving
rise to transit amplifying cells (Type C cells), a more rapidly dividing population that in turn
generate the third population composed by neuroblasts (Type A cells) that migrate into glial
tubes to reach the olfactory bulb. Besides these populations, a vital role for the maintenance
of the niche is played by ependymal cells (Type E cells), astrocytes and endothelial cells. A
comparable organization has been reported also for hippocampal SGZ niche although this
exhibits a more planar structure [75, 76]. For a more detailed description of the neurogenic
niches refer to of this book.

It emerges that both of these neurogenic niches are arranged to allow NSCs integration and to
permit a strict responsiveness to signals from the “external world” (blood vessels and ventricles)
and the “neighboring world” (newly generated neuroblasts, resident astrocytes and microglia,
ECM components-forming scaffolds, etc.). All of these components harmoniously interact with
each other providing both positive and negative signals and feedback that regulate NSCs
activity.
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Even though it is still a long way to fully understand the complex physiological context of a
niche, researchers are now trying to reproduce in vitro at least some aspects of the dynamic in
vivo environment. A better comprehension of the mechanisms underlying the NSC niche and
the development of systems aimed at the reconstruction of this milieu will fill the gap between
bi-dimensional (2D) simplified in vitro studies and the complex but physiological conditions
of in vivo methods.

To this purpose, a synthetic NSC niche should recreate the complex interactions between NSCs
and others cells, extracellular matrix, gradients of regulatory molecules and physical factors
(Figure 5). In particular an ideal in vitro mimicked SVZ niche should contemplate the following
minimal requirements:

1. presence of NSCs
2. production of the characteristic NSC niche-signaling molecules
3. presence of a basal lamina and extracellular matrix

4. autonomous production of cellular and molecular factors necessary for self-renewal and
differentiation of resident stem cells

5. incorporation of extra-neural (i.e. endothelial cells) cells

6. spatial assembly reproducing the SVZ in vivo architecture.

In vitro generation of structures grossly simulating the SVZ NSC niche have been reported
from mouse ESC-derived NSCs without the administration of mitogenic factors and complex
physical scaffolds. In these studies, following a neuralization process with retinoic acid and
plating the NSCs at high density on an entactin-collagen-laminin coated surface, heterogene-
ous multicellular aggregates appeared spontaneously, showing some of the characteristics
postulated above, although a well-defined structural architecture was lacking [77]. In the last
years, the development of new 3D culture systems that can allow to better reproduce in vitro
structures in between standard monolayer culture and living organisms have been/are under
investigation.

In this direction, standard culture methods involving petri dishes are being replaced with more
accurate micro-scale devices, allowing procedures at the time and length scales of biological
phenomena, enabling the control of multiple parameters, such as molecular and physical
factors [78]. More attention is now focused on both the generation of morphogen-gradients,
taking advantage of microfluidic systems, and three-dimensional extracellular matrix mimic-
scaffolds in which multiple cells can be entangled allowing spatiotemporal control of the
system and satisfying all of the features of a niche [79].

Microfluidic systems can reproduce a niche-like microenvironment permitting also the
generation of concentration gradients of signaling molecules, often without the application of
an external power source. Indeed, two different solutions can be introduced into the main
channel of a microfluidic-chip by an osmotic pump. Since at this scale fluids mix only by
diffusion, at the interface of the two solutions, diffusion generates a stable concentration
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Figure 5. Schematic illustration of the different colture methods to reproduce in vitro the NSC niche.

gradient. To this regard, it has been shown that solutions of SHh, FGF8 or BMP4 are able to
induce human ESC-derived NSCs neuronal differentiation, leading to the formation of a
complex cellular network [80].
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A fundamental impulse has come from the advance in the field of BIOMATERIALS. These
have been greatly improved in the last few years, allowing now to finely control cell-matrix
interactions, to direct cell migration and to permit the precise topographical administration of
defined physical (both soluble or not) signals.

While it is quite difficult to modify only one variable with a naive ECM component, the use of
biomaterials has improved and simplified many experimental approaches. For example, when
using natural matrices, decreasing the concentration of collagen leads to a decrease stiffness
of the gel, nonetheless this also determines a decreasing in the concentration of adhesive
ligands and an increase in diffusion, resulting in accumulation of variables to the system. This
can be avoided with engineered biomaterials that enable isolation of individual variables,
without varying others. Nowadays, synthetic biomaterials are greatly exploited to mimic the
physical and mechanical features of the ECM. They allow to control a number of important
parameters, including polymerization, degradation, and biocompatibility and to combine
them with fully defined chemical components [81-87].

Another point of control allowed by new biomaterials is the possibility to incorporate cells
releasing molecules or molecules per se as soluble factors, such as cytokines, NFs and GFs.
Indeed, these molecules are constantly synthesized, secreted, transported, and depleted in
NSCniches. To this regard, Zhang and colleagues have described a 16-residues peptide capable
of self-assembly into membrane upon addition of a physiological concentration of salt [88].
Now commercially available as PuraMatrix™, it has been shown to support neurite outgrowth
and synapse formation [89] and more recently to regulate murine and human NSCs growth
and differentiation following adjunction of NSCs-active molecules [90-93].

Synthetic peptides can also be used in combination with a variety of polymers to provide
materials with cell-adhesive, enzymatically degradable, and GFs-binding properties. Amino-
acid sequences commonly include collagen-, laminin-, and fibronectin-cell-adhesive domains,
these can be mixed together and with other bioactive motifs, such as proteolytically degradable
sequences, to create a multifunctional peptide material with different physical properties. For
instance, NSCs survival has been shown to be improved in a collagen hydrogel that incorpo-
rates laminin-derived adhesion motifs [94]. Peptides can also be used as structural compo-
nents.

The reconstructions of a NSC niche can be translated to multiwell-based high-throughput
methods for screening compounds that can positively regulate neurogenesis and thus be
developed as potential therapeutic drugs. Protein-based microarrays have been developed
and applied to diverse stem-cell populations [95-97]. These devices consist of robotically
spotted GFs or ECM molecules in combinations, on cell repellent substrates in order to avoid
cell migration, and cell fate changes are often analyzed via immunocytochemistry assays.
Platforms like these have been used to analyze human NSCs differentiation and proliferation
in response to combinations of ECM components, morphogens and other signaling proteins.
A joint effect of Wnt and Notch pathways to maintain human NSCs in an undifferentiated
state, a dose dependent activity of Notch ligands in shifting neuronal differentiation towards
glial fate and a neurogenic effect of Wnt3A have thus been reported. Consequently, it is
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possible to highlight specific responses of single versus combination of stimuli in a high-
throughput way [97].

These platforms are limited to adherent cells only and do not allow cell fates determination
onsingle cells. The hydrogel microwell array, developed on micrometer-sized cavities, permits
to analyze both adherent and nonadherent cells, trapped by gravitational sedimentation. The
device has been used to analyze single cell-forming neurospheres, avoiding the usual merging
events of neurosphere assay [98] and more recently it has been combined with robotic protein
spotting to address the role of biochemical and biophysical factors on single nonadherent
neural stem cell self-renewal [99].

6. Conclusions

Our knowledge of the neural progenitor identity and properties during development has been
radically revolutionized by the possibility to isolate and expand NSCs in vitro. We have
reviewed here the current and most commonly used in vitro methodologies to isolate, expand
and functionally characterize NSC populations. The real identity and the potential lineage
relationships between different types of stem/precursor cells isolated and cultured in vitro by
these different methodologies represents a field of open and intense investigation.

In light of the complexity of the biological concerns governing stem cell maintenance and
differentiation, significant progress will require a close coordination between in vivo and in
vitro approaches. In this scenario, in vitro systems of NSCs shall allow a deep analysis at cellular
level providing useful information to be further validate in the embryo and adult in order to
identify relevance to normal physiology.

Establishment of in vitro settings necessarily results in disruption of the three-dimensional
tissue structure, loss of specific cell-to cell contacts and modification of the extracellular
environment and signaling. This might also lead to alteration of biological and molecular
properties and acquisition of stem cell features by committed progenitors. Thus, although the
versatility shown by NSC cultures in vitro can be envisaged as an advantage, extreme caution
is necessary when considering the potential in vivo translation to developmental biology.

NSC biology holds tremendous potential for neurological therapy. It should be emphasized
that the study of the intrinsic properties of NSCs and understanding the mechanisms of
interaction between resident CNS cells and grafted NSCs will be mandatory for the develop-
ment of new therapies able to slow the progression of neurodegenerative diseases.

Beside the therapeutical applications, NSCs systems present unique opportunities that are
starting to be successfully explored for genetic or chemical screens in order to identify and
optimize molecules/drugs that may allow a tight control on self-renewal and lineage specifi-
cation of NSCs as well as their functional maturation, thus moving forward NSCs-based
therapies.

We can anticipate that a rigorous characterization of the functional features of the NSC
populations isolated and propagated by means of different cell culture systems shall allow us
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to exploit the advantages offered by one method or the other, depending on the goal of our
research.
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1. Introduction

The concept of neurogenic neural stem cells in the brains of adult mammals including humans
is now widely accepted. In rodents these cells have been studied extensively both in vitro and
in vivo. Of the two primary neurogenic regions in the rodent brain, the subventricular zone of
the lateral ventricle wall generates the most neurons of multiple phenotypes. The newly
generated neurons in the subventricular zone migrate to the olfactory bulb replenishing
neurons and reconstituting the local circuitry responsible for olfaction. The dentate gyrus of
the hippocampus generates a single neuron type, glutamatergic granule cells. These newborn
granule cells contribute to specific forms of memory by integrating into existent circuits (Shors
et al., 2001; Clelland et al., 2009; Garthe et al., 2009). Over the last few years, what was once
considered to be a homogeneous population of astrocytic stem cells in both neurogenic brain
regions is now turning out to be a more complex mixture of cells. Heterogeneous populations
of cells with stem cell properties are being discovered in both the subventricular zone and
dentate gyrus. This heterogeneity combined with potential diversity in signals forming the
local niches could provide a situation where these multiple neural stem cell subpopulations
contribute of tissue homeostasis and regeneration.

2. Neurogenesis in the subventricular zone

The lateral walls of the forebrain ventricles contain stem cells that generate neuronal subpo-
pulations of the olfactory bulb throughout life (Reynolds and Weiss, 1992; Morshead et al.,
1994; Doetsch et al., 1999b; Gage, 2000; Mirzadeh et al., 2008). Although much remains to be
learnt about the neurogenic process and the fate determinants controlling maintenance,
proliferation and differentiation of stem and progenitors cells in the subventricular zone,
morphological, immunological and lineage tracing has recently uncovered a striking hetero-
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geneity in the putative stem cell pool. In the first sections of this chapter I will look at some of
the key findings and experiments identifying the stem cells and following their fate. I will also
ask the question of whether single neural stem cells are multipotent in vivo and look at some
for the experimental data addressing this and also cover emerging experimental data showing
heterogeneity within the stem cell pool.

3. The subventricular zone and its progenitors

Continued neurogenesis from cells within the subependymal layer of the lateral ventricle wall
implies stem cells as a driving force and a regulatory niche. Ultrastructural electronmicroscopic
analysis has been instrumental in defining the morphological differences among cells within
the subependymal layer of the ventricle wall (Doetsch et al., 1997; Doetsch et al., 1999a;
Mirzadeh et al., 2008). Combining electromicroscopy with functional regeneration of the
neurogenic niche, astrocytes have been shown to be primary progenitors of the subventricular
zone (Doetsch et al., 1999b; Doetsch et al., 1999a; Doetsch et al., 2002). The subventricular zone
astrocytes are defined as B-cells. B-cells have a polarized morphology extending an apical
process and sensory cilium that projects between the ependymal call (E-cells) lining the lateral
ventricle. These B-cell projections organize the E-cells into characteristic pinwheel structure
(Mirzadeh et al., 2008). This is likely to be an important structural and signaling center in the
stem cell niche. Based on their ultrastructural characteristics and location the B-cell population
can be divided into two. Bl-cells have their cell body between the chains of neuroblasts (A-
cells) and the ependymal lining. B1-cells are quiescent and, based on thymidine incorporation
assays and electronmicroscopic analysis, they rarely divide. B2-cells are more displaced
towards the parenchyma of the underlying striatum and unsheathe the migrating chains of
neuroblasts on route to the olfactory bulb (Doetsch et al., 1997). Unlike the structurally related
Bl-cells, B2-cells divide more prevalently. C-cells are the committed progeny of the B-cells,
likely generated by asymmetric cell division, and they are mitotically highly active but undergo
a limited number of divisions before differentiating. The progeny of the transient amplifying
C-cells, the A-cells, migrate in chains through tubes formed by B-cells to the olfactory bulb. In
adulthood, interneurons of the granule cell layer are the major newborn neuron type in the
olfactory bulb, and together with periglomerular neurons, reform local circuits. In addition to
neurons of the olfactory bulb, oligodendrocytes are also continuously generated in the
subventricular zone and migrate to the corpus callosum. These oligodendrocytes are the
product of Olig2-positive transient amplifying cells (a second type of C-cell). The relationship
between the neurogenic C-cells and those that generate oligodendrocytes is hotly debated, as
is whether they are the products of the same multipotent neural stem cells in the subventricular
zone.

4. Heterogeneity within the subventricular zone neural stem cell pool

The mechanisms controlling the fate of progenitors in the subventricular zone remain unclear.
The niche and its local interactions, morphogens and growth factors are one potential mode by
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which the differentiation potential of the neural stem cells is controlled (Basak and Taylor, 2009).
Assuming that all stem cells with the subventricular zone have the same potential, local
differences within the niche or signals interpreted by committed progenitors en route to their
final destination would be responsible for determining the multiple neuronal fates. The ectopic
grafting of stem cells into the subventricular zone indicates some degree of plasticity within the
neural stem cell population and suggest niche specific signals as fate determinants (Suhonen et
al., 1996). However, even with the same niche, some neural stem cells seem to have autono-
mous fates and be heterogeneous in their potential (Kohwi et al., 2007; Merkle et al., 2007). By
using homochronic/heterochronic transplantation experiments it has been shown that progen-
itor cells at different ontogenetic stages are intrinsically directed toward specific lineages (De
Marchis et al., 2007). In addition, neuroblasts in the rostral migratory stream are also heteroge-
neous and may be committed to specific neuronal fates even before reaching the olfactory bulb
(Hacketal., 2005; Kohwietal., 2005). Thus, rather than being universally plastic, the neural stem
cell pool may be made up of many stem cells with restricted potentials. This is also supported
by region specific, viral-mediated genetic labeling of the subventricular neural stem cells in
juvenile mice which show diversity in neuronal progeny generated rather than generating all
neuron types (Merkle et al., 2007). Granule cells, the major neuron subtypes to be generated
during adulthood, are produced from all anteroposterior and dorsoventral locations in the
subventricular zone. However, most granule cells are generated from the dorsal and ventral
most aspects of the subventricular zone (Merkle et al., 2007). Within this regionalization, the
granule neurons generated from the dorsal subventricular zone migrate to a more superficial
location in the granule cell layer of the olfactory bulb while those generated ventrally settle
deeperinthegranulecelllayer(Merkleetal.,2007). Thisregionalspecificationcanalsobemapped
tothelocation of the stem cells during early postnatal developmentindicating notonly aregional
but also a developmentally-regulated fate specification (Merkle et al., 2007). Similarly, periglo-
merular neurons that migrate to the outer layer of the olfactory bulb also show a region-
specific origin. Dorsal regions of the subventricular zone generate the majority of the thymidine
hydroxylase-positive neurons whereas Calbindin-positive periglomerular neurons are
generated preferentially from the ventral subventricular zone (Merkle et al., 2007). Calretinin-
positive periglomerular and granule cells are generated from the medial wall of the lateral
ventricle. As this region produces proportionally fewer granule cells in total this suggests that
the niche of the medial wall directs the fate of neural stem cells towards Calretinin neuron
generation. Although these findings do not rule out niche specific programming of multipo-
tent cell fate, heterotopic transplantation strongly suggests that stem cells retain their differen-
tial potential when grafted into a different axial location (Merkle et al., 2007).

5. Mitotically active or quiescent neural stem cells

For many years mitotic inactivity or quiescence has been viewed as a primary stem cell trait.
However, recent data in many systems including the intestine and blood suggest that stem cell
may not need to be quiescent and some can divide frequently to drive the generation of new
cells (Wilson et al., 2008; Essers et al., 2009; Fuchs, 2009; Li and Clevers, 2010). These active



32

Neural Stem Cells - New Perspectives

stem cells are the force behind tissue homeostasis and may reside side-by-side with quiescent
stem cells that rarely if ever divide but that could be responsible for tissue regeneration.
Ultrastructural cellular analysis of the subventricular zone implied that even within the B-cell
compartment, B1 cells rarely if ever divide whereas B2 cells are detected in cell cycle (Doetsch
etal., 1997). This raised the possibility that in the adult brain stem cells may also either be able
to adopt different fates or, different neural stem cells exist which show strikingly different
mitotic potential. More recently, mitotically active cells in the subventricular zone were show
to be in close proximity to blood vessels suggesting a mitotic influence of the endothelium or
blood-born factors (Shen et al., 2008; Tavazoie et al., 2008). This is particularly intriguing as
endothelial cells express the Notch ligand Jagged1 and can active neural stem cells regulating
maintenance and proliferation both in vitro and in vivo thus implying that activated neural
stem cells my have a vascular contribution to their niche (Shen et al., 2004; Nyfeler et al., 2005).

In summary of current and past data, the heterogeneous mitotic activity among neural stem
cells suggests at least two potential scenarios. Either individual cells are able to transit between
a quiescent and an activated state, or, that there are different stem cells, some which are
quiescent and rarely divide, and others that are more mitotically active, dividing frequently
and driving the production of new neurons destined for the olfactory bulb. A similar situation
of active and dormant stem cells is present in the crypts of the large intestine where previously
identified slow or rarely dividing stem cells in the +4 position seem to be the cells responsible
for regenerating the epithelial lining of the gut. Conversely, mitotically active cells that are
interdigitated with paneth cells at the base of the crypt replenish the epithelial cells lining the
villi (Li and Clevers, 2010).

6. Active and quiescent stem cells show differences in Notch signaling

Notch signaling regulates cell fate in many cell systems and across species (Artavanis-
Tsakonas et al., 1999; Louvi and Artavanis-Tsakonas, 2006). Lateral signaling between
neighboring cells presenting Notch ligands and expressing receptors classically results in
binary fate decisions, often in cells undergoing cell division. Notch signaling is active in the
subventricular zone and multiple ligands are present on B, C and E cells providing the potential
for lateral signaling (Stump et al., 2002; Nyfeler et al., 2005; Imayoshi et al., 2010). Genetic
ablation of Notch signaling in stem cells of the subventricular zone results in precocious
differentiation and neurogenesis (Imayoshi et al., 2010; Basak et al., 2012). This in turn results
in a loss of neural stem cells and a subsequent long-term suppression of neurogenesis. This is
a “classical” role for Notch in the regulation of cell fate, whereby loss of Notch signaling during
what should be an asymmetric neural stem cell division results in both daughter cells adopting
a differentiated cell fate and a concomitant loss of stem cell self-renewal. However, the ablation
of Notch from B-cells also results in quiescent Bl-cells entering the cell cycle and the active
neurogenic pool. This activation of cells that are normally in a mitotically inactive state
contributes to a pulse of increased neuroblast production before extinction of the stem cells
pool following inactivation of canonical Notch signaling (Imayoshi et al., 2010; Basak et al.,
2012). Hence, Notch signaling through its canonical pathway not only regulates stem cell
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maintenance in the subventricular zone by repressing neuronal commitment of the stem cell
but also suppresses mitotic activity of Bl cells. In addition, canonical Notch signaling is
implicated in repressing the mitotic activity in ependymal cells lining the lateral ventricle
during ischemic lesions (Carlen et al., 2009). Although the role of ependymal cells as stem cells
is highly controversial, it remains possible that, under some degenerative/regenerative
conditions, even these differentiated cells may be able to dedifferentiate or transdifferentiate
to generate neuroblasts. How this regulation of proliferation function is controlled by Notch
is unclear. However, analysis of Notchl function in the subventricular zone suggests differ-
ential receptor usage by neural stem cell in different mitotic states. The Notch gene family
contains four genes encoding highly related receptors. These receptors are able to bind all five
canonical ligands. At least three Notchs, Notchl, Notch2 and Notch3 are expressed in the
subventriuclar zone (Stump et al.,, 2002; Basak et al., 2012). Notch1, Notch2 and Notch3 are
expressed by B-cells whereas Notchl is also expressed by C-cells, A-cells and E-cells (Nyfeler
et al., 2005; Carlen et al., 2009; Imayoshi et al., 2010; Basak et al., 2012). Genetic conditional
inactivation of Notch1 from B-cells induces a loss of self-renewal during homeostatic neuro-
genesis. Notchl-deficient active stem cells fail to self-renew and spontaneously differentiate —
similar to ablation of the canonical DNA-binding component of the pathway RBP-] in these
cells. However, unlike when RBP-] is deleted, Notch1-deficiency in B1-cells does not result in
spontaneous mitotic activity (Basak et al., 2012). The regulation of cell proliferation by Notch
signaling has also been implicated in vitro where cultured neural stem cells lacking Notch1
fail to self-renew and differentiate and in the adult zebrafish quiescent progenitors proliferate
when treated with the gamma-secretase inhibitor DAPT, which blocks Notch (Nyfeler et al.,
2005; Chapouton et al., 2010). Conversely, B1-cells, although they express Notch1, do not seem
to depend upon it for a quiescence signal. Thus, it is likely that molecular compensation or
signal diversity between the Notch receptors is responsible for the quiescence of Bl-cells. This
remains to be examined in detail.

It has been difficult to identify and study active neural stem cell in the adult mouse subven-
tricular zone due to an absence of selective markers. Most transgenes used to label neurogenic
stem cells utilize the Nestin, GLAST or Hes5 promoters (Mori et al., 2006; Balordi and Fishell,
2007; Lagace et al., 2007; Giachino and Taylor, 2009; Imayoshi et al., 2010; Bonaguidi et al.,
2011; Basak et al., 2012). These promoters are all expressed by both quiescent and mitotic stem
cells. However, combinations of transgenic reporter and surface expression of the Prominin1-
associated glycoepitope CD133 and binding of the mitogen epidermal growth factor is able to
select active from quiescent stem cells, C-cells and neuroblasts (Pastrana et al., 2009). Con-
versely, Inhibitor of DNA binding protein 1 (Id1) a target of transforming growth factor-3
signaling, is expressed predominantly by quiescent B1-cells. Transgenic mice expressing green
fluorescent protein under the control of the Id1 promoter label quiescent Bl-cells in the
subventricular zone (Nam and Benezra, 2009). These Id1-positive GFAP-positive B1 cells are
relatively rare and divide infrequently to generate neuroblasts likely by asymmetric cell
division. Interestingly, mitotic activity of subventricular zone neural stem cells requires Id
proteins with loss of function resulting in a loss of self-renewal and neurogenesis (Nam and
Benezra, 2009). It remains to be shown whether and how the quiescent and active stem cells
in the subventricular zone are related to each other or whether they fulfill distinct functions
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for example homeostatic neurogenesis and regeneration. It is likely that the elucidation of the
diverse neural stem cells in the subventricular zone is going to require the combination of
different markers and genetic tools (Beckervordersandforth et al., 2010).

7. The hippocampus continually generates neurons which participate in
memory formation

In contrast to the subventricular zone where proliferation and neurogenesis are eradicat-
ed soon after birth in humans, the dentate gyrus of the human hippocampus, like in
rodents, continues to generate neurons from mitotically active progenitors cells all the way
into adulthood. The cellular composition of the neurogenic niche in the dentate gyrus has
been studied extensively (Seri et al., 2001; Kempermann et al., 2004; Steiner et al., 2006;
Steiner et al., 2008). However, the identity and regulation of neural stem cells in the dentate
gyrus remains unclear.

8. The progenitor pool in the dentate gyrus is morphologically and
functionally heterogeneous

Self-renewing neural stem cells in the subgranular zone of the adult hippocampal den-
tate gyrus (also referred to as Type-1 cells) produce intermediate progenitor cells (IPs,
Type-2a cells), NeuroD1 and Doublecortin-positive neuroblasts (Type-2b) and subsequent-
ly granule neurons (Seri et al., 2001; Kempermann et al., 2004; Steiner et al., 2006). Type-1
neural stem cells have their cell bodies in the subgranular zone and extend a long process
through the granule cell layer to the overlaying molecular layer. Type-2 cells are transi-
ent intermediate progenitors. They also have their cell body in the subgranular zone but
lack a long radial process and have a more rounded morphology with short stubby
processes (Seri et al., 2001; Steiner et al., 2006). Neuroblasts by contrast extend a leading
process and migrate into the granule cell layer. Whereas radial Type-1 cells are quies-
cent, Type-2 cells divide readily expanding the progenitor pool. Previous Bromodeoxyuri-
dine labeling experiments suggested that Type-2a cells, which express proneural
transcription factors, are the major proliferative progenitor in the adult dentate gyrus
(Steiner et al., 2006). In addition, retroviral-labeling experiments showed that neuroblasts
that have extended a radial process, exit cell cycle, and only go through one or two cell
divisions (Seri et al.,, 2001). However, recent genetic labeling and lineage tracing of stem
cells in the dentate gyrus revealed that Ascll-positive Type-2a cells do not undergo
symmetric cell divisions but generate an addition intermediate cell type, Tbr2-positive
Type-2 cells (recently referred to as Type-2ab cells) (Bonaguidi et al.,, 2012; Lugert et al.,
2012). The Tbr2-positive cells divide frequently to amplify the progenitor pool and increase
the number of neurons generated from each stem cell division (Lugert et al., 2012).
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9. Multiple stem cell populations in the dentate gyrus

The classical view of stem cells in the adult dentate gyrus implicates the quiescent radial
glial like Type-1 cells as the primary progenitor. However, retroviral labeling is common-
ly used to examine neurogenesis in the dentate and to label cells that continue to gener-
ate multiple neurons over time (Seri et al., 2001; Suh et al., 2007). As retroviral integration
and thus viral gene expression are dependent upon cells passing through the cell cycle,
some long-term neurogenic stem cells in the dentate must be mitotically active. Radial
Type-1 cells are rarely labeled in these retroviral experiments suggesting that other cells
that lack a radial process must also display self-renewing and long-term neurogenic stem
cell potential (Suh et al., 2007). This is also supported by lentiviral labeling experiments
driving reporter expression from the Sox2 promoter (Suh et al., 2007). Expression of the
transcription factor Sox2 is associated with progenitor cells of the brain and required for
their maintenance by regulating Notch, Sonic Hedgehog expression and Wnt activity
(Steiner et al., 2008; Favaro et al., 2009; Kuwabara et al., 2009). A population of none radial
stem cells with horizontally orientated processes has been identified by Cre-recombinase
mediated lineage tracing (Suh et al, 2007). These horizontal cells display stem cell
characteristics but are clearly distinct from the previously described Type-1 and Type-2
cells. Horizontal Type-1 neural stem cells like radial Type-1 stem cells in the dentate gyrus
have active Notch signaling and are labeled with a Notch signal reporter allele Hes5::GFP
(Ables et al., 2010; Ehm et al.,, 2010; Lugert et al., 2010). However, although they express
Nestin they do not express the astrocytic protein GFAP. Hence, there remains some debate
and despite their similarity in morphology to Type-2 cells, horizontal Type-1 stem cells do
not express classic Type-2 cell markers including the proneural transcription factor Ascll
— a Notch repressed target gene — Tbr2 or Doublecortin (Steiner et al., 2006; Lugert et al.,
2010). In addition, horizontal Type-1 cells are more mitotically active than their radial
counterparts (Lugert et al, 2010). Therefore, the horizontal Hes5-positive cells likely
represent the Sox2-positive population of stem cells and those stem cells commonly traced
and analyzed by retroviral labeling. Although the relationship between the radial and
horizontal stem cells is not clear, horizontal cells rarely generate radial Type-1 cells in viral
lineage tracing experiments. Interestingly, activated neurogenic stem cells in the dentate
gyrus express Sox1, which, like Sox2 and Sox3, is a member of the SoxB1 family. Sox1, like
Hesb, is expressed by radial and horizontal Type-1 cells (Venere et al., 2012). Lineage tracing
shows that Sox1-positive Type-1 cells include the active neural stem cells and support that
neurogenic stem cells in the dentate gyrus may switch between active and inactive states
(Lugert et al., 2010; Venere et al., 2012).

10. Radial and horizontal hippocampal stem cells respond selectively to
external cues

The classical view is that radial Type-1 stem cells divide infrequently to generate transient
amplifying progenitors through asymmetric cell divisions. However, as described above there
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are additional progenitors in the hippocampal dentate gyrus that can function as stem cells.
Hence, the question arises what are the functions of these multiple putative neural stem cells?
Do they both contribute to neurogenesis in the adult hippocampus and are they in a lineage
relationship with each other? Genetic labeling experiments suggest that both radial and
horizontal stem cells may be functionally distinct or at least they respond differently to
different pathophysiological cues (Lugert et al., 2010).

Analysis of hippocampal neurogenesis has shown it to be a dynamic process that diminishes
with age but can be stimulated and modulated by physiology and pathology (Kuhn et al.,
1996; Kempermann et al., 1998; Ben Abdallah et al., 2008; Fabel and Kempermann, 2008; Parent
and Murphy, 2008; Steiner et al., 2008; Zhao et al., 2008). Voluntary physical exercise induces
increased proliferation and generation of immature neurons. These neurons do not readily
integrate into the dentate gyrus but the increased proliferation of the stem cells is significant
(Fabel and Kempermann, 2008). Notch signaling also controls neural stem cell maintenance
and differentiation within the dentate gyrus (Breunig et al., 2007; Ables et al., 2010; Ehm et al.,
2010; Lugert et al., 2010; Lugert et al., 2012). Loss of Notch activity results in the loss of neural
stem cells and their precocious differentiation culminating in a loss of neuron production
(Ables et al., 2010; Ehm et al., 2010; Lugert et al., 2010). Genetic labeling of neural stem cells in
the dentate that display Notch signaling has uncovered diversity in stem cell responses to
pathophysiology (Lugert et al., 2010). Physical exercise stimulates proliferation of the radial
typel cells but not the horizontal stem cells (Lugert et al., 2010). Running induces the radial
cells to enter the active stem cell pool without expanding the total stem cell population. This
suggests that radial cells in physically active animals undergo asymmetric cell divisions to
generate committed progenitors that increase the number of newborn neurons whilst main-
taining the Type-1 stem cell pool through self-renewal. This also implies that radial stem cells
respond to stimuli generated by increased physical activity that are not seen or are not
interpreted in the same way by the horizontal stem cells. These findings seem, at first glance,
to contradict previous experiments where Nestin expressing progenitors were labeled and
suggested that radial Type-1 cells do not proliferate significantly in running mice (Steiner et
al., 2008). It is likely that the differences in result reflect the different experimental paradigms
used to identify the stem cells of the dentate gyrus. Where as Hes5 expression identifies a
smaller population of cells more restricted to the stem cell pools in the subgranular cell layer,
the Nestin promoter is expressed by stem cells and more committed progenitors (Bonaguidi et
al., 2012). Hence, it remains possible that the different labeling techniques and the extent of
cell labeling could effect the quantification and interpretation.

11. Selective loss of active stem cells in the hippocampus of aged mice

Neurogenesis in the mammalian brain diminishes dramatically after birth, even in the
dentate gyrus where neurons are continuously generated throughout life. This reduced
neurogenesis is associated with a loss of mitotic cells (Kuhn et al., 1996, Kempermann et
al., 1998; Ben Abdallah et al., 2008; Steiner et al.,, 2008). Whereas some reports have
suggested an irreversible loss of neural stem cells in the dentate gyrus due to exit from
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the stem cell pool and differentiation into astrocytes (Encinas et al., 2011; Encinas and
Sierra, 2012), others suggest that the stem cells are not lost but become dormant with age
(Lugert et al., 2010; Bonaguidi et al., 2011; Venere et al., 2012). Hence, the reason for the
substantial reduction in neuron production remains unclear but may be caused by a
culmination of physiological changes.

Genetic lineage tracing of Nestin expressing cells revealed that, parallel to the reduced
number of neurons generated from the labeled stem cells, radial Type-1 cells in the aged
mouse brain enter cell cycle and, following a few cell divisions, differentiate into polymor-
phic astrocytes that lose radial morphology and presumably stem cell potential (Encinas
et al.,, 2011). This “deforestation” or expenditure of the stem cells likely contributes to the
reduction in mitotic progenitors and neurons (Encinas and Sierra, 2012). Surprisingly, in a
parallel study using the same genetic tools, clonal analysis indicated that Nestin express-
ing stem cells within the subgranular layer can undergo prolonged neurogenesis. In
addition, these clonal experiments revealed an additional degree of heterogeneity within
the stem cell population of the dentate gyrus. Some labeled Type-1 cells remained quiescent
over many months and failed to generate any viable offspring. Other Type-1 cells divided
and generated clones of cells that included progenitors, neurons and astrocytes indicat-
ing multipotency (Bonaguidi et al., 2011). Partially supporting the proposal that some
Nestin-expressing Type-1 cells may exit the stem cell pool, clones were found that contained
only differentiated cells. Taken together these data indicate heterogeneity within the stem
cells pools and it seems that a combination of entry of stem cells into a dormant state
coupled with a partial loss of some progenitors may contribute to the age related decline
in neurogenesis (Bonaguidi et al., 2011; Encinas et al., 2011).

In contrast, neural stem cells in the dentate gyrus labeled by Notch activity and Sox2 expression
remain in the aged dentate gyrus (Lugert et al., 2010; Bonaguidi et al.,, 2011; Lugert et al,,
2012). Interestingly however, the proportion of the cells that are mitotically active, which is
predominantly the horizontal population, are lost. Hence, even in aged mice the number of
stem cells remains relatively constant but their mitotic activity reduces and actively prolifer-
ating cells are lost, become quiescent, or dormant (Lugert et al., 2010; Bonaguidi et al., 2011;
Lugert et al., 2012). This is similar to findings that SoxI-positive stem cells remain long-term
neurogenic and can enter and exit the active stem cells pools (Venere et al., 2012).

A loss of stem cells in the dentate gyrus would suggest that the neurogenic process cannot be
rescued or reversed in aged animals. However, physical exercise and pathological stimulation
both stimulate proliferation, neural stem cell activation and under some conditions increased
numbers of newly generated neurons (Rao et al., 2005; van Praag et al., 2005; Hattiangady et
al., 2008; Jessberger and Gage, 2008; Rao et al., 2008; Zhao et al., 2008). Hence, although loss of
stem cells could contribute to the age-related decline in neuron production, some cells with
stem cell potential remain even in the dentate gyrus of old mice and these can be activated to
proliferate and generate new cells (Lugert et al., 2010; Venere et al., 2012). It still remains
unclear whether radial Type-1 cells in old mice enter the cell cycle during physical exercise or
whether the few remaining horizontal cells could reactivate in the aged brain or whether a
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distinct cell population, previously not studied or labeled with the tools and techniques current
available, replenishes the neural stem cell pools.

12. Seizures induce neural stem cell proliferation in the hippocampus

Chronic temporal lobe epilepsy is associated with an increase production of neurons in the
dentate gyrus (Parent, 2007; Scharfman and Gray, 2007). Conversely, acute seizures dramati-
cally induce abnormal production of neurons in the dentate gyrus, which may contribute to
chronic epilepsy. Whether generation of new neurons in the hippocampus of patients with
epilepsy is a result of the disease or contributes to the cause is not clear. In mice, experimentally
induced seizures effect neuron production at multiple levels and not least by disproportion-
ately increasing the number of neuroblasts (Type-3 cells) (Jessberger et al., 2005). Both the radial
Type-1 and the horizontal stem cells are activated in response to experimentally induced
seizures (Huttmannetal., 2003; Lugertetal., 2012; Venere et al., 2012). However, the proportion
of radial cells that enter cell cycle is rather modest and the population is not expanded
suggesting that their divisions generate more committed progenitors. The horizontal stem cells
respond more homogeneously to seizures. The majority of them enter the cell cycle and the
total number increases significantly (Lugert et al., 2010). The increase in horizontal cells could
be the result of symmetric cell division but also generation of horizontal cells from the radial
stem cell pool. Although current tools and techniques have not been able to address the
mechanism, the increase in mitotically active stem cells following chronic seize and the
differential response of the different stem cell pools has important implications for the cause
and progression of temporal lobe epilepsy in humans.

13. Future perspectives

In the future it will be a major challenge to elucidate the heterogeneity within the stem cells
pools and to address there cellular function. This will include understanding how these
different populations and cell states are regulated and whether their functions are controlled
by distinct niche signals or genetic and epigenetic mechanisms. Only the detailed analysis of
neural stem cells in the adult brain could uncover their functions in homeostasis, aging and
disease. This would raise the exciting possibility that specific neural stem cell subtypes could
be directly targeted for therapy.
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1. Introduction

Criteria of ,neural stemness” characterize a large number of terminally non-differentiated
neural tissue cells. Neural stem/progenitor cells capable for asymmetric mitoses (resulting in
a similar and a differently committed daughter cell which may adopt neuronal or glial
phenotypes in further development) are present during the entire life-span of vertebrates and
have been found in almost all regions of the brain. With the advancement of neural tissue
genesis and maturation, more and more stem/progenitor-like cells adopt “quiescent” states,
but can be activated by appropriate (yet not properly understood) stimuli. Besides asymmetric
(stem cell specific) division, these cells can multiply by symmetric mitoses resulting in identical
progenies. Self-renewal and symmetric multiplication are responsible for maintaining or
expanding stem/progenitor populations at the actual stage of neural commitment. Expanded
pools of cells with similar, but yet flexible developmental potential can provide the desired
number and type of cells for genesis, maintenance and repair of the nervous tissue. Except the
ontogenetically and phylogenetically “oldest” pioneer and/or large projection-type neurons
[1], the majority of neural tissue cells are produced through successive stem/progenitor stages
[2]. The extreme cellular diversity of the mature CNS implies huge diversity in the precursor
populations. Accordingly, a large number of neural stem/progenitor populations exist in
different stages of neural cell fate commitment and display different cellular characteristics,
developmental capability and flexibility. “Quiescent” and actively proliferating stem cells,
transient amplifying progenitor populations and migrating or resident progenitor/precursor
cells reside at various “niches” including the “professional” neurogenic zones, migratory
routes and the neural parenchyma, as well. Drifts in cell biological features and differentiation
potential of stem/progenitor/precursor cells are implemented by the advancement of devel-
opment, by the position along the body axes and by the physiological or pathophysiological
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changes of the local environment including neighbouring cells, extracellular matrix, metabo-
lite-, oxygen- and growth factor-supply and activity-driven ionic composition.

With improvement of methodologies, different populations of NS cells have been isolated,
propagated and investigated in vitro. Despite of rapidly accumulating data, however, the
similarities and differences among various NS populations are not properly understood either
in vivo or in vitro. This chapter intends to give an insight in the intrinsic varieties of NSC
populations. As examples, fairly distinct features of in vitro propagated early embryonic and
adult-derived mouse neural stem/progenitor populations will be presented.

2. Diversity of neural stem cells from early embryonic tissue genesis to
adult-hood cell production

2.1. Neural stem cells in the neural plate and in primary geminative zones

The earliest neural stem populations, the cylindrical neuroepithelial cells of the early embry-
onic neural plate (Fig.1) appear in the embryonic disc soon after embedding. As it was learned
from studies on chick embryos, the anterior epiblast cells acquire , pre-neural” fate [3] as it is
indicated by Sox2 expression [4] under the influence of morphogen gradients established by
two early organizers, the anterior visceral endoderm (AVE) [5] and the primitive streak and
later by the node. The different morphogen concentrations result in different activation of
positional (region-specific) genes, predestinating regions for different future fate in both chick
and mammalian embryos [6,7] (Fig.1). Accordingly, despite of the apparent morphological
homogeneity [8], neuroepithelial cells are not identical from the very beginning of neural tissue
genesis.
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Figure 1. Scheme of formation and regionalization of the neural plate. The neural plate forms from the anterior epi-
blast in response to morphogens produced by the anterior visceral entoderm (AVE), the primitive streak and nodus
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and the non-neural ectodermal ridge of the epiblast. The positions along the anterior (A) and posterior (P) body axes -
imply regional differences among neuroectodermal cells.

During neural folding, a single layer of proliferating pre-neural stem cells called radial
neuroepithel cells compose the neural plate and rapidly enlarge the neural primordium. These
cells will give rise to primary neural stem cells, the embryonic radial glia (Fig.2), during the
formation and closing of the neural tube (7-10 pcd in mouse). While the anterior cells of the
epiblast of vertebrates were shown to generate neurons, if separated from their natural
environment, (“default neural fate” [9]), or by blocking mesoderm-inducing morphogen
actions, the mechanisms behind the transition of radial neuroepithel cells to radial glia cells

are not properly understood.

Embryonic radial glial cells line the lumen of the neural tube in a single cell layer and compose
the primary neural germinative zone (ventricular zone; VZ). The first neurons are generated
in this layer by asymmetric mitoses of radial glial cells (Fig.2). Such division produces a
daughter cell, which preserves radial glia characteristics and another one, a neuronal precur-
sor, which looses proliferation capability and migrates outward from the lumen along a radial
glia neighbour [10]. These early neuronal precursors will develop mainly to large, projecting
type neurons [1]. Immediate cell-to cell interactions including Notch/Delta signalling [11] and
growth factor — receptor signals (as neuregulin — ErbB; [12]) play inevitable roles in the
determination and maintenance of asymmetric commitment of the two daughter cells.
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Figure 2. Formation of the primary neurogenic zone from radial neuroepithelial cells and generation of the first post-
mitotic neuronal precursors by asymmetric division of radial glial cells in the ventricular zone.
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The early radial glial cells express several “marker” features (Table 1), which together with
cell shape and localization may identify them. In contrast to later neural stem/progenitor
populations, radial neuroepithelial and early radial glial cells express Oct4 and nanog
embryonic stem cell genes and the anterior epiblast-characterizing Otx2 and En1,2 “positional”
genes (see ref. in Table 1). These cells span the whole thickness of the early neural tube, and
can divide without changing their spanned shape [8].

These early neural stem cells proliferate rapidly (with cycle time of about 14-16 hours), but not
continuously, and with both symmetric and asymmetric divisions. The symmetric mitoses
assure the expansion and maintenance of neural stem populations at the given stage of
commitment. Intermittent non-mitotic periods help the attachment and out-migration of
neuronal precursors. During the formation and closure of the tube, the neural primordium is
composed by a single neurogenic zone, but with heterogeneous cellular constituents [13]
comprising asymmetrically and symmetrically dividing stem/progenitor cells, and migrating,
differentiating neuronal precursors.

The cellular diversity of the early neural tube is further enhanced by the time-delay in
development along the anterior — posterior and dorso-ventral body axes. The tube formation
and closure proceed with a delay from the zone of brachial arches (the region for future hind
brain) to both, rostral and caudal directions, and the production and maturation of neural cells
on the ventral face always precede those on the dorsal part in each neural domain [14]. It means
that even small samples of the tissue will contain diverse populations of (stem/amplifying/
differentiating) neural cells.

The cellular heterogeneity is further increased by the ongoing regional specification, which
results in well-distinguishable domains with characteristic gene expression patterns along
both the anterio-posterior and dorso-ventral axes of the growing CNS [28, 29]. Differential
expression of positional master genes results in diverging expression patterns of “down-hill”
genes including those coding for adhesion receptors and extracellular matrix proteins, and
leads to the formation of morphological boundaries between the expression domains: the
developing CNS is composed by segments called neuromeres [7, 30]. Along the A-P body axis,
transversal segments will delineate primary brain vesicles (prosencephalon, mesencephalon,
rhombencephalon) first, and smaller neuromeres later on. Inside the larger segment bounda-
ries, smaller developmental / morphological entities will develop as the prosomeres in the
telencephalon or rhombomeres in the hindbrain. In parallel with the anterior-posterior
segmentation, dorso-ventral specification will identify longitudinal domains in the develop-
ing CNS. Dorso—ventral specification is initiated by the early lateral-medial determination of
the neural plate, namely, the midline expression of sonic hedgehog and the lateral expression
of bone morphogenic (BMP) proteins (Fig.3). With tube formation, progenies of midline plate
cells become the ventral-most tube cells composing the notoplate. Derivatives of lateral-most
neural plate cells will compose the neural crest and the closing dorsal lip of the tube, the later
roof plate. Notoplate cells produce Shh, while roof plate cells produce BMPs and Wnt
morphogenic factors, establishing dorso-ventral morphogen gradients throughout the
developing CNS (for a recent review: [31]).
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~Marker” features References

Elongated, bipolar shape; Adherent junctions at the lumen-face; laminin
cell shape ] [10,8]
receptors at the apical and basal ends;

) interkinetic nuclear migration; mitotic nuclei at the lumen face; cell division
cellular motion ) [15, 8]
with spanned shape

vimentin (characterizes many non-differentiated cells)

GFAP (characterizes astrocytes; expression by radial glia cells is species-
intermediate dependent)

) ) [refsin 1]
filament proteins
nestin (expressed by many progenitor-type cells including muscle progenitors)
RC (1,2) nestin-associated protein-epitope; radial glia marker in the CNS
Oct3/4, nanog (embryonic stem cell/pluripotency genes; expressed in the (6]
epiblast and sporadically in the forming neural plate)
Otx2 (anterior positional gene; expressed in the anterior epiblast and in the (17, 18]
neural plate; later restricted to the forebrain regions) '
En1,2 (engrailed positional gene; expressed in the anterior epiblast, in the (19, 20]
neural plate; later restricted to isthmus and mesencephalic, cerebellar areas) '
master-gene
expression Sox2 (codes for a HMIG box transcription factor; expressed generally by CNS (4.21,22]
neural stem cells) o
Pax6 (codes for a paired-box transcription factor; plays important roles in CNS
patterning and eye development; expressed by multiple neural stem/ [23,24]
progenitor cells)
Hes1,3,5 (code for a basic helix-loop-helix transcription factor repressing tissue- (25]
specific cell differentiation)
Notch1,3 (protein product: cell surface receptor with cleavable intracellular (1]
Cell surface transcription fragment (NICD)
receptors and ]
ErbB (Neuregulin Trk receptor); [12]
transporters
GLAST (Glutamate-aspartate transporter; astrocytes also express) [26]
Intracellular BLBP (brain lipid binding protein; Intracellar transporter of hydrophobic 27]
transporter molecules including small nuclear ligand molecules)

Table 1. Radial glia “marker” features for characterization of radial glial cells
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Figure 3. Schematic presentation of the establishment of dorso-ventral specification (longitudinal segmentation) in
the neural tube. The lateral-medial (L-M) regionalization turns into dorso-ventral (D-V) regionalization when the neu-
ral plate folds and forms the neural tube. BMP: bone morphogenic proteins; SHH: sonic hedgehog protein; Zic, Gli-3,
Pax6, Emx2, DIx, Nkx are examples of genes expressed in different dorso-ventral domains.

The position along the antero-posterior and dorso—ventral axes determines the identity of
future brain regions and seems to predict the phenotype of neurons through the orchestrated
expression of defined region-specific, pro-neural and neuron-specific genes [28]. Boundaries
between embryonic segments provide routes for the elongation of pioneer axons and delineate
the paths for future fiber tracks.

For the time being, it is not clear whether the early embryonic position can (or how far can)
determine the intrinsic developmental potential of individual cells. There are contradictory
results on the “positional memory” of stem/progenitor cells if removed from their original
position [32]. Our own data [33] indicate that neural stem-like cells isolated from early
embryonic (E9) mouse forebrain do not display regional “memory” after in vitro propagation.
In the course of in vitro neuron formation they express divergent region-specific genes, those
not expressed in overlapping regions of the developing CNS. The data suggest that permanent
presence of region-specifying factors is required for maintaining regional commitment, atleast
in case of early embryonic neural stem cells. This finding, however, does not compromise the
fact that in vivo, neural stem/progenitor cells of the primary germinative (VZ) zone display
important molecular and cell biological differences.

2.2. Diversity of stem/progenitor cells in the secondary germinative zones of the developing
brain

With the thickening of the neural wall, increasing number of proliferation-capable cells loose
contact either with the lumen-face (outer progenitors; OSVZ progenitors) or the pial surface
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(short progenitors; SNPs) or both (inner progenitors; ISVZ progenitors), and accordingly,
change morphology and developmental characteristics [34, 8]. The number of primary radial
glial cells decreases gradually, while their derivatives dividing at a distance from the luminar
surface generate a novel germinative zone, the subventricular zone (SVZ). While a few SNP
cells remain in contact with the luminar surface and thought to preserve “ancient” (primary)
stem cell properties, the layer lining the ventricle wall transforms to the future ependyma and
neural cell production is transposed to the secondary germinative layer, the SVZ. The SVZs
along the entire neuraxis generate large number of progenitors and precursors including
smaller projecting-type neurons, interneurons, astrocytes, oligodendrocytes and produces also
enough stem cells to maintain an appropriate neurogenic capacity (for review see [1]). Novel
precursors migrate from the SVZs to final destinations along defined routes in the developing
neural parenchyma. While the lineage relations among different SVZ progenitors are not fully
explored [8, 35], it is clear that evolutionary new SVZ progenitors provide the cell generating
capacity for the enlarged interneuron and glia populations of the avian and mammalian CNS
and provide cell-pools for the enormous expansion of the cerebellar cortex and the mammalian
forebrain. With the appearance of SVZs, the developing CNS comprises a large variety of
coexisting neural stem/progenitor cells both, in multiple neurogenic zones and inside / around
the cell migratory routes.

While secondary (SVZ) germinative zones form all along the wall of brain ventricles and the
spinal canal, the time of formation and the cell productivity of these zones are not uniform
along the neuraxis. At most parts of the developing CNS, SVZs generate neuronal and glial
precursors for local tissues, and the cell-generating activity decreases with the maturation of
the local neural parenchyma. Such zones, still containing “resting” stem/progenitor cells, can
restore cell-generating activity in response to tissue loss or specific (not yet properly under-
stood) physiological/pathophysiological stimuli. The most productive secondary germinative
zones, including the ventral forebrain SVZ [36], the external germinative layer (EGL) of the
cerebellum [37] and the subgranular zone (SGZ) of the hippocampus [38], however, generate
huge amounts of novel neural cells and function for a relatively long time, in case of the ventral
forebrain SVZ and the SGZ, for the entire life-time.

The SVZ at the latero-ventral wall of the forebrain vesicles forms in a relatively early period
(second embryonic week in mouse) of forebrain development [36]. It derives from the primary
germinative (VZ) zone of the highly regionalized subpallial ganglionic eminences (LGE, MGE
and CGE,) [39]. The enhanced cell production with preserved regional characteristics results
in the formation of a variety of neuronal progenitors/precursors for developing subcortical
and cortical tissue formations [39]. This zone generates neurons for the striatum and globus
pallidus, provides the vast majority of interneurons of the cortex [40, 41], produces small
connecting neurons for the ventral amygdala complex [42, 43] and, exclusively in humans, also
for the dorsal thalamus [44]. Large number of forebrain oligodendrocytes also derives from
the ventral SVZ complex [45, 46].

In contrast to the early appearance of the ventral forebrain SVZ, the external germinative layer
(EGL) of the cerebellum appears around birth [47]. Secondary stem/progenitor cells from the
dorsal lip of the IV ventricle migrate on the top of developing Purkinje cells, and produce
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basket and stellar neurons and billiards of cerebellar granule cells [37] for the cerebellar cortex.
The third “professional” secondary neurogenic zone of the mammalian brain is the subgra-
nular zone (SGZ) of the hippocampus [38], which derives from the ventricular (primary
germinative) zone of the most dorsal forebrain structure, the hem [48, 49]. In addition to
astrocytes and oligodendrocytes, SGZ produces a single type of projecting neurons, the
granule cells of the dentate gyrus.

2.3. Neural stem/progenitor cells in the adult mammalian brain

At most sites, the subventricular zones cease producing neurons and reduce their glia-
production after a short postnatal period of normal development, except the external germi-
native layer (EGL) of the cerebellum, where cerebellar granule cells are generated for at least
10 days after birth in mouse and 1-2 years in human [47], the SVZ of the ventral forebrain [50]
and SGZ of the hippocampus [51], where neuro- and gliogenic capacity is maintained for the
entire life-time. The adult SVZ generates neuronal precursors mainly for regularly remodelling
forebrain circuits, as the higher voice centre of singing birds [52] or the olfactory bulb in rodents
[53]. Incorporation of adult SVZ-derived novel neurons, however, had been reported also in
the neocortex, piriform cortex, olfactory tubercle and amygdala in rodents and in primates, as
well [42, 43,54, 55]. In contrast to the SVZ, available data indicate that SGZ produces precursors
solely to the dentate gyrus. Both, the SVZ [46] and the SGZ [51, 56], however, contain consec-
utive descendent populations of progenitor cells, which seem to mutually regulate each other’s
generation [57].

The routes of migration and integration of newly generated “adult” neuronal precursors into
olfactory and hippocampal networks have been explored in many details [51, 53, 58, 59, 60],
and the exploration has been highly facilitated by the use of multiple transgenic reporter mouse
straits (reviewed in [35]). Novel neurons are integrated by functioning neuronal networks and
tune the physiological parameters of functional circuits in both, the olfactory bulb [61] and the
hippocampus [59, 60]. As it is widely accepted, continuous neurogenesis in the adult SVZ and
SGZ plays organic roles in the physiological performance of the olfactory bulb and the
hippocampus of mammals. In case of SVZ-derived precursors, however, further studies
should explore the mechanisms behind the detachment of novel progenitors from the common
migratory paths and the acquirement of different mature phenotypes.

Outside of adult neurogenic zones and migratory routes, developing novel neurons have been
described in many regions of the adult brain, both in rodents (for ref. see [62]) and primates
[54]. Local neuron formation was found at the striatum [63], hypothalamus [64], associate
cortex [54, 65], ventral forebrain [43] and the substantia nigra of the midbrain (for review see
[66]. Beside sporadic neuron formation, ongoing astroglia production and low-rate but
permanent oligodendroglia replacement [67] also indicate that differentiation-capable neural
stem/progenitor cells are scattered throughout the adult nervous tissue. Many of these
progenitors might derive from continuously active (“professional”) adult neurogenic zones [1,
45]. Quiescent cells with stem/progenitor capabilities however are present in the wall of brain
ventricles and spinal canal [68] along the entire neuraxis, in large fibre bundles [69, 70] and in
the functioning CNS parenchyma [71], as well. In response to stimuli, many quiescent tissue-
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resident neural cells can re-enter the cell cycle [72], can renew themselves and generate
different — more than one - types of mature neural cells in vivo [69, 71, 73].

While such cells are regarded as neural stem cells according to , neural stemness” criteria, the
time of birth, the route of migration, the conditions for settlement and quiescence are far from
clear. The multiplicity of CNS derived stem/progenitor cells has been indicated also by the
diversity of neural stem/progenitor cells investigated in vitro [74]; the data argue for a massive
presence of tissue-resident neural cells with “stemness” properties throughout the CNS. To
find single scattered quiescent cells in the healthy brain tissue or to determine their lineage
relations are hard tasks, even with the use of transgenic reporter mice [35]. These neural stem /
progenitor cells may have different origin, may represent different stages of neural cell
differentiation and may adopt different cell physiological characteristics depending on the
host environment. As they serve as resident progenitor pools for tissue repair and limited
remodelling, it is of primary importance to explore their physiological characteristics and
environmental requirements in order to understand local neural tissue reactions to physio-
logical stimuli and various pathophysiological effects.

3. Neural stem cells in vitro: Experimental data on diverse clones

In vivo lineage analyses can hardly determine whether divergent fate decision could be made
by a single cell or diversity was resulted by selective interactions inside a group of mixed cells
[75]. Sophisticated cell isolation/propagation methods helped to prove the existence of
multipotent neural stem cells. In vitro studies can describe neural stem cell features appearing
under artificial conditions and can predict the potential phenotypes which can be acquired by
the investigated cells. The in vivo fate and the phenotype manifested under in vivo conditions,
however, can not be forecasted from in vitro data. For the time being, our knowledge on local
microenvironmental factors governing the fate of differentiating neural cells or our under-
standing on characteristics and cell physiological requirements of differentiating cells do not
allow extrapolating in vitro data to in vivo cell fates.

Neural stem/progenitor cells had been isolated and investigated in many laboratories using
different methods and divergent source materials including developing or adult brain tissues
and embryonic stem (ES) cells. Excellent recent reviews summarize the collected data includ-
ing the expression of various gene clusters, the inducibility of different neuronal phenotypes
and the growth factor requirements of various neural stem/progenitor preparations (for a
recent review see [76]). Recent knowledge on differentiation-dependent changes in require-
ments for O, and adhesive environment has been also summarized [77]. The diverse experi-
mental approaches, however, hinder comparative characterization of neural stem/progenitor
populations derived from different CNS regions and developmental ages.

Based on more than 10 different neural stem cell clones isolated and characterized in our
laboratory, this chapter presents a comparative summary on important differences displayed
by one-cell derived neural stem cell populations isolated from different ages and/or from
different regions of the mouse brain.
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3.1. Lessons from primary brain cell cultures

From the middle of the last century, “primary” neural cell cultures gave a statistical insight
into the cellular composition of many studied brain area and gained high importance in
understanding the cellular characteristics of neural tissue constituents. It became clear that
neuron-enriched cultures can be easily initiated from early stages of development (embryonic
brain material), while tissue samples from later stages of brain maturation provide mainly glial
cultures.

As terminally differentiated neurons and oligodendrocytes do not divide and display poor
regeneration potential, primary neural cell cultures gave a hint on the presence and distribu-
tion of non-differentiated cells in the brain tissue, which served as precursors for the majority
of cultured neurons and oligodendroglia cells. The in vitro preservation of many neuronal
characteristics of the source region including the size, shape, neurotransmitter phenotypes and
specific vulnerability of neurons [78] indicates either a relatively stable fate commitment of in
vitro surviving progenitors/precursors or continued production of factors, which help to
maintain some region-specific features.

In case of astrocytes, usually identified solely by GFAP expression, it was clear that in vitro
propagation results in a “juvenile”, “de-differentiated” phenotype, fairly distinct from in vivo
astroglial cells [79]. In purified (90-95% GFAP-positive) mouse astroglial cultures many cells
express nestin, and a few of them express also SSEA-1 stem cell antigen (Fig.4). After longer
(2 -3 weeks) propagation, “epithel dome”-like structures of rapidly dividing cells and GFAP-
negative process-bearing O2A bipotential glial progenitor cells [69] often appear in purified
astroglial cultures (Fig.4) [80,81].

FpDIY 7 mstroglia

Figure 4. Non-differentiated cells in purified cultures of newborn (P1) mouse forebrain astroglial cells. Left: a SSEA-1
and GFAP double-immureactive cell on the 7™ day in vitro. Middle: an "epithel dome"-like cellular expansion on the
215t day in vitro. Right: 02A-type progenitor cells in a 15-day old hypothalamic astrocyte culture.

Aslong-term propagation selects for rapidly proliferating cells, the size of such populations can
be enlarged and one-cell derived clones may also emerge from such cells. Proliferation-based
cloning from long-term propagated cultures, however, favours the selection for tumorigen,
transformed cells and also, hinders the identification of in vivo origin of selected cells.

If primary neural cultures are prepared form early embryonic (E9-12 mouse) forebrain vesicles,
clusters of rapidly proliferating non-differentiated cells occur with high frequency. From early
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embryonicsource tissue, the larger frequency and rapid proliferation of non-differentiated cells
allow isolating “almost primary” neural stem/progenitor cells after short-termin vitro propaga-
tion. Using the “serial splitting” method [82], we established and cloned various neural stem cell
lines from E9- E11.5 mouse forebrain vesicles from, both, p537[83] and wild-type embryos.

While non-differentiated cells from the early embryonic (E9-12) brain attach readily to poly-
L-lysine or collagen coated surfaces in the presence of serum, cells isolated from more
developed (E14-15) mouse forebrain form aggregates under such conditions indicating that
the surface of neighbouring cells provide better adherence than the provided artificial surface.
The majority of cells exist inside the aggregates (e.g. in completely unknown microenviron-
ments), for a 2-3 day period before large-scale migration starts from the aggregates.

Rapid attachment of freshly seeded cells from “older” forebrain suspensions was achieved, if
pre-patterned integrin-ligands were provided as adherent surfaces. Brush-like peptide-
conjugates built on a poly-L-lysine backbone and carrying rigid integrin-ligands (cyclic RGDfC
pentapeptides) at the N-termini of regularly spaced poly-D/L lanine “spacer” side-chains (AK-
c[RGDfC]) [84] proved to support the attachment and serum-free propagation of a number of
non-differentiated cells including mouse and human ES cells (manuscript in preparation). As
neurons do not attach to the peptide-coated surface and differentiated glial cells do not
proliferate in serum—free conditions, non-differentiated cells of brain cell suspensions could
be selectively propagated under serum-free conditions on the peptide-coated surface (Fig.5).
From forebrain suspension of transgenic mouse embryos (E14.5) carrying the human GFAP-
promoter-driven GFP construct [85], GFP-labelled but GFAP-negative cells grew rapidly on
AK-c(RGDfC)-coated surfaces indicating that the surface-attached populations comprised
neural progenitor-type cells (Fig.5) [74].

Figure 5. Embryonic (E 14.5) mouse"#*¢# forebrain cells on the 3™ day on poly-L-lysine coated surface with serum (A)
and on AK-c(RGDfC) coated surface without serum (B). After two passages on AK-c(RGDfC) sureum and in serum-free
conditions, the cultures were composed by GFP-expressing morphologically homogeneous, surface-attached cells (C).
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The “selective adhesion and serum free propagation” method allowed isolating and cloning cell
lines from various parts of the embryonic (E 14-15) and adult (P50-75) mouse brains (Table 2).

3.2. Comparative characterization of neural stem/progenitor clones

Our first neural stem cell clones (NE-4C [ATTC CRL 2925] and NE-7C2) were established 15
years ago, from early embryonic (E9) anterior brain vesicles of p53-deficient mouse embryos
[82,86]. The lack of p53 tumour suppressor protein did not prevent the in vitro formation of
postmitotic neuronal precursors and later neurons [82], as did not hinder normal neural
development of transgenic animals despite of increased tumour frequency in aging animals
[83]. For control, however, similar cell lines had been established from wild-type mouse
embryos (WNE cell lines) and were proved to display similar characteristics including
morphology, chromosome-stability, cell cycle-time, regional gene expression and the schedule
of in vitro neuron and glia formation. NE-4C, NE-7C2 and WNE cells showed similarities to
P19 EC and embryoid body-derived ES cells in many aspects [33,87], and showed marked
differences if compared to AK-c(RGDfC) adherent stem/progenitor cells isolated either from
late embryonic or adult brain regions (Table 2). All clones shown on Table 2 can be propagated
in vitro without differentiation or changing phenotype, and can generate neurons, astrocytes
and oligodendrocytes in response to appropriate inducing stimuli.

Cell clone tissue origin age of source tissue method of isolation
NE-4C
(ATTC:CRL-2925) anterior brain vesicles; E9 Serial splitting;
p53” mouse embryo serum-supported growth on
NE-7C2 ,
poly-L-lysine
WNE forebrain E115
RGI-1 whole forebrain
A2 ventral forebrain E14.5
c4 dorsal forebrain
HC_A hippocampus
SVZ_I AK-c(RGDfC) adherence;

serum-free growth on AK-

SVZ_K )
ventral forebrain SVz ¢(RGDfQ) coated surfaces in the
SVZ_T presence of EGF
P 50-75
SVZ_M
CTX_H parietal cortex
dorsal mesencephalon (colliculus
MES_D

superior)

Table 2. Neural stem/progenitor clones investigated in the presented studies
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Multiple differences were found among the characterized cell lines indicating important
diversity of neural cells, those fulfilling the criteria of “stemness”.

3.2.1. Morphological and cell biological characteristics of cloned stem/progenitor cell populations

Early embryonic neuroectoderm-derived (NE-4C, NE-7C2 and WNE) cells display epithel
morphology (Fig.6), and produce uniform monolayers. These cells divide continuously (16-
hour cycle-time in average) on poly-L-lysine in 10% FCS containing medium, but can not be
propagated in serum-free conditions on AK-c(RGDfC) coated surfaces. NE cells express nestin
intermedier filamentum protein [82,86] and two-third of the cells carries the mouse stem cell
antigen, SSEA-1 [88]. In non-induced stage, the cells express Oct4, carry blbp and glast mRNAs
(proteins could not be demonstrated), but do not express pax6, mashl or neurogenins and do
not produce GFAP and RC2 proteins [87].

In contrast to NE cells, embryo-derived AK-c(RGDfC)-adherent cells (RGI-1, A2, C4) prolifer-
ate on AK-c(RGDfC)-coated surfaces in serum-free, EGF (20 ng/ml) containing medium (cycle-
time: 18-20 hrs) (Fig.6). The cells show elongated morphology, display nestin, RC2 and Sox2
immunreactivity, but are immune-negative for GFAP. They transcribe large amount of blbp,
glast, pax6, olig2 and also gfap mRNAs [74]. All clones express mash1, while neurogenin (ngn2)
isnot transcribed in the ventral forebrain-derived A2 clone. Oct4 or nanog expression was never
detected. According to the above characteristics, these cells were identified as embryonic radial
glia-like (eRGl) cells.

Adult-derived AK-c(RGDfC) adherent cells were prepared from the ventral forebrain SVZ
(clones: SVZ_I, SVZ_K, SVZ_M, SVZ_T) from the hippocampus (HC_A), from the parie-
tal cortex far from corpus callosum (CTX_H) and also from the dorsal midbrain parenchy-
ma (colliculus superior), far from the wall of the ventricle (MES_D). As it was expected,
AK-c(RGDfC) adherent cells were much less frequent in the adult brain-derived cell
suspensions, than in the embryonic preparations. The selective adhesivity and EGEF-
supported proliferation, however, resulted in several clones from the adult mouse brain.
Isolation of CTX_H and MES_D clones indicates that cells with stem/progenitor features
are present in the non-neurogenic adult brain parenchyma at a frequency high enough to
sort them out easily.

Regardless of origin, adult-derived clones display GFAP-, nestin- and RC2 immunpositivity,
and carry immunocytochemically detectable Sox2 and Pax6 proteins [74]. None of the cloned
cells express Oct4 or nanog pluripotency genes. According to these features, the cells are
regarded as adult-derived RGI cells (aRGl). Adult RGI cells grow in two dimensional clusters,
where elongated cells line up along each other (Fig.6 right panel) and divide with a cycle-time
of 20-22 hours in average. By today, eRGI and aRGl clones are over 50-80 passages without
pheno- or genotypic changes; they preserved 2n (40 chromosome) euploidity, morphological
features and neural inducibility.
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Figure 6. Phase-contrast view of NE-4C early embryonic neuroectodermal stem cells, the embryo-derived radial glia
like RGI-1 cells and the adult cortex-derived CTX_H cells.

NE-4C RGI-1; A2 HC_A; SVZ_ M
nestin + + +
RC2 - + .
Cytochemical markers

GFAP - - +

Blll-tub - - -

Oct4 + - -

Nanog + - -

Sox2 + + +

Pax6 - + +

Gene expression Blbp + + +
GLAST + + +

Ngn2 - + +

Mash1 - + +

Math2 - - -

EGF withdrawal (neurons);
Induction of neural differentiation retinoic acid serum (astrocytes);

PDGF+FGF+forskolin/T3+AA (oligodendrocytes)

Table 3. Similarities and differences between NE and RGI cells

Beside marked differences in shape, proliferation activity, pluripotency gene expression and
GFAP and RC2 immunreactivity, RGI cells display different electrophysiological properties in
comparison to early embryonic neuroectodermal (NE) cells. While both NE and RGl cells exist
in multiple gap junction coupling, and consequently, display symmetric passive conductance
in response to current injections [88], voltage-dependent K-currents (Kpy) can be registered in
RGI cells [74], but not in NE cells.
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3.2.2. Generation of neural tissue-type cells by NE and RGI type neural stem/progenitor cells

Studies on neuron and glia formation revealed further important differences between early
embryonic neuroectoderm (NE) derived and embryonic or adult radial glia like stem/progen-
itor cells (Table 3).

Neural differentiation of NE cells is induced by retinoic acid (all-trans retinoic acid; RA;
104-10° M) [82, 86, 89]. A short (6-hour) RA treatment initiate aggregation of cells and the rate
of aggregation increases at higher RA-concentrations and/or longer treatment. Forced aggre-
gation of cells without RA, however, does not induce neural development, and, if initial
aggregation is prevented, RA-treatment alone results in severe cell decay without differentia-
tion [89]. It seems, that RA primes the cells for intercellular inductive signalling, what takes
places inside RA-primed aggregates. After RA-priming, neural differentiation proceeds along
an apparently stable program (Fig.7), in the absence of RA, in both serum-containing and
serum-free culture conditions. RA-priming is required also for the formation of astrocytes from
NE cells, even if glia genesis starts only 7-10 days after RA-priming [87].
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Figure 7. The scheme of RA-primed neural differentiation of NE cells.

20 hours after RA-priming, RC2 radial glia marker protein appears in the aggregated NE cells,
and the first IIIB-tubulin- and MAP2-positive neuronal precursors appear on the 3%- 4 day
of induction, inside the aggregates. Expression of the proneural bHLH transcription factor
ngn2 is detected soon after induction (24-48 hours), increases during the first 5 days and
decreases thereafter, when the “neuron-specific” math2 transcription starts and increases
gradually. The proportion of neurons reaches 50-55% of total cells during the second week of
induction, and the first GFAP-positive cells appear around the 9* day of induction. Non-
differentiated stem/progenitor cells persist during the entire period of neural differentiation
as groups of SSEA-1 immunreactive epithelioid cells (Fig.8.) [33, 82, 87].

In contrast to NE cells, tissue-type differentiation of RGI cells is not induced by RA-treatment,
regardless of the age and region of the source tissue [74, 90]. In RGlI cells, neuronal differen-
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Figure 8. Imnmunocytochemical characterization of differentiating NE cells cells and the expression of some develop-
mental neuronal “master” genes in the course of in vitro induced neural development. Developmental stages are indi-
cated by days after RA-priming.

tiation is induced by withdrawal of EGF from the medium of dense cultures. Large-scale
astroglia formation is initiated by adding serum (10% FCS), and oligodendroglia production
is achieved by treating the cells with FGF, PDGF and forskolin followed by treatment with
thyroid hormone (T3) and ascorbic acid, according to the protocol of Glaser [91] (Fig.9.).
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Figure 9. The scheme of in vitro neural tissue-type differentiation of RGI cells.
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Regardless of origin, RGI cells give rise to neurons in a 5-day period after withdrawal of EGF,
to astrocytes in 3 days after treatment with serum, and to oligodendrocytes 8 days after the
onset of oligodendroglia induction (Fig.9 and 10).

Figure 10. Neurons and oligodendrocytes generated by adult hippocampus- and mesencaphalon-derived (HC_A and
MES_D) RGlI cells are hown after neuron-specific IlIB-tubulin and oligodendroglia-indicating O4 immunostaining, re-
spectively.

RGI cells generate neurons in smaller proportion than NE cells; the ratio of neurons among
total cells does not exceed 20-30%, and the yield varies among the different clones. Significant
differences among the RGI clones were found also in the rate of oligodenroglia production [74].
The time-course of formation of “mature” phenotypes, however, is shorter in RGI cells than
in NE cells.

3.2.3. RA-production and RA-responsiveness of NE and RGI cells

The retinoid-dependent and independent neuron formation is a striking difference between
NE and RGl clones, respectively [90]. During development, RA regulates the formation of the
neural tube and interferes with the patterning of the future hindbrain and spinal cord [92].
Important morphogenic roles of retinoids were demonstrated also in the developing forebrain
[93], and the presence and production of RA were described in the developing lateral gan-
glionic eminence (LGE) [94,95]. RA-responsive cells persist in the main neural stem cell niches
of the postnatal rodent brain including the SVZ and the dentate gyrus [96]. Depletion of RA
in adult mice results in impaired neuronal differentiation in the dentate gyrus [97,98] and RA
synthesis seems to regulate proliferation and gene transcription of at least a subset of neural
stem cells in the SVZ [99,100]. As retinoid signalling seems to influence the fate of neural stem
cells throughout life, the fundamental differences in RA-responsiveness between NE and RGI
type neural stem/progenitor cells have been investigated in details.
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Non-differentiated NE cells do not produce detectable retinoids [101], but differentiating
daughter cells produce considerable amounts of RA [87, 90]. In contrast, RGI cells produce
well-detectable amount of RA and retinoid production increases further with the advancement
of neuronal differentiation. Endogenous RA production, on the other hand, does not influence
the neuron formation by RGI cells: treatment with retinoic acid receptor (RAR) antagonist
(AGN193109) does not result in significant changes in the number or morphology of RGI-
derived neurons [90]. Expression of genes coding components of the retinoid metabolism and
signalling revealed significant differences between NE and RGI cells. NE and RGI cells express
non-identical sets of retinaldehyde-dehydrogenases (RALDHs) and nuclear retinoid receptor
subunits. Moreover, some defined retinoid transporters (as STRA6), and catabolising enzymes
(as CYP26s) are not expressed by RGI cells [90]. In accordance with Haskell and LaMantia [99],
we concluded that retinoid metabolism and responsiveness are distinctive characteristics of
defined subtypes of neural stem/progenitor populations.

3.2.4. “Regional memory”

NE-4C cells, in non-induced , stem cell stage”, express only otx2 and en from the investigated
“region-specific”, positional genes. In differentiated NE-4C cultures, however, many positional
genesincluding hoxb2 are actively transcribed (Table4) [33] indicating that these early embryon-
ic stem cells are “open” for a variety of “position-determined” development. Accordingly,
glutamatergic, GABAergic and also serotonin producing neurons develop from NE-4C cells.

Non-induced RGl cells, on the otherhand, express gbx2, dlx2, emx2, butnot hoxb2 or nkx2.1 (Table
4), regardless of origin. The pattern of investigated genes indicates an “anterior to hindbrain”
(lack of active hoxb2), and a “not caudo-ventral” (lack of nkx2.1 expression) origin, but does not
distinguish between forebrain regions and between forebrain and mesencephalon derivatives.

NE RGI
Clone -
Embryonic (E14.5) Adult (P 50-75)
gene NE-4C
c4 RGI-1 HCA CTX_H MES_ D SVZI1l SVZK SVZT SVZM
Gene expression
Emx2 - + + + + + + + + + +
Nkx2.1 - - - - - - - - - -
Gbx2 - ni ni + + + + + + + +
DIx2 - + + + + + + + + ni ni
Hoxb2 - ni ni - - - - - - ni ni
Ngn2 - -
Mash1 - + + + + + + + +

(ni: non investigated)

Table 4. Positional gene expression by non-induced stem/progenitor cells.

The neurotransmitter phenotype of neuronal progenies, on the other hand, still indicates
preservation of some fine region-restricted commitment. All RGI cells give rise to GABA-
producing, VGAT-positive neurons. In adult-derived clones, vesicular glutamate transporter
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(vglut) expression and VGLUT-immunpositivity [102] however was found only in the hippo-
campus-derived HC_A clone. As HC_A neurons express only vglutl [74], it seems that these
cells preserve some regional, neurotransmitter-related identity, even after long-term in vitro
propagation. Similarly, all adult SVZ-derived clones give rise to tyrosin-hydroxylase(TH)-
expressing neurons [74]. This observation might be in accord with the known production of
TH-positive olfactory neuron-precursors [103] in the adult SVZ.

The embryo-derived RGI-1 cells, on the other hand, express both, vglut1, vglut2 and also TH.
The finding may indicate a less advanced stage of commitment of these cells, but needs further
studies.

Available sporadicresults do not allow deciding on the preservation or loss of regional identity
of in vitro propagated stem/progenitor cells. As clones comprise progenies of single cells, for
far-range conclusions we need further studies on statistically sufficient number of clones from
each brain region.

4. Distinct neural stem/progenitor stages require distinct environmental
conditions

One cell derived, cloned populations are useful subjects to show the types of cells which can
or can not derive from a given stem cell population, but neither of such studies can predict
what sort of phenotypes can be manifested in vivo. In the course of in vivo tissue genesis,
differentiating cells and their environment change in an orchestrated way: the conditions either
help tissue integration or kill the differentiating cells assuring the survival of the right types
and number of cells at the right places.

In our experience, NE-4C cells give rise to neurons with large frequency if implanted into early
embryonic brain vesicles, but produce non-differentiating, tumour-like expansions in the
subcortical regions of newborn mice. Moreover, the same cells diminish from the adult mouse
forebrain, except the forebrain SVZ, where some cells reside for longer than 3 weeks [104]. The
data demonstrate that the fate of NE stem/progenitor cells is strictly governed by environ-
mental factors provided by the host tissue, and which are far from being explored.

In addition to initial requirements for stem/progenitor survival, the successive progenies need
different environment and change basic physiological demands including O, -supply [105; 77].
Under hypoxic conditions, NE-4C stem cells survive and proliferate, but do not generate
neurons. Soon after the onset of in vitro neuronal differentiation (48 hrs after RA-priming),
however, hypoxia severely impairs cell survival [105] indicating that the basic metabolic
characteristics of cells change soon after neural fate decision. The in vitro results were
supported by data obtained on the sporadic neuron formation by NE-4C cells implanted into
the adult mouse forebrain in response to hyperbaric oxygenation [105].
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5. Conclusions

The presented results on some selected NS populations demonstrate that neural stem/
progenitor cells derived from different brain regions and different ages may display significant
diversity in many aspects including cell physiological and developmental features. The
selected clones represent derivatives of a single stem cell and had been propagated under fairly
artificial in vitro conditions; accordingly, none of them can represent “the” stem cells in
general of the region of origin. From the data obtained on 3 different NE and 10 RGlI cell clones,
however, we could conclude that early embryonic neuroectoderm-derived stem cells display
distinct in vitro features from those isolated by selective adhesion from later CNS tissues. In
case of RGI cells, the adhesive preference-based selection and EGF-supported growth, imply
a strong selection. Cells corresponding to such selection could be isolated from fairly distinct
brain regions including areas not listed among “professional” neurogenic zones. Correspond-
ingly, RGI cells may not represent a defined lineage of stem/progenitor population, rather a common
stage of neural progenitor-succession, which may appear in many lineages. The integrin-based
adhesion, EGF-supported proliferation, voltage-dependent K*-flux, RA-production and RA-
insensitivity may be characteristics of stem/progenitor cells in a defined stage of tissue

integration.

While many NS populations have been characterized in vitro [76], were implanted into
different brain regions of healthy and disease-model animals and have been considered also
as potential tools for clinical cell therapy (for critical review: [106, 107]), the basic physiology
of such cells, their needs for survival in successive developmental stages as well as the
harmonization of such needs with conditions provided by the host tissue are rarely taken into
account. As a further task, physiological demands of various NS populations and descending
progenies should be explored and the roles of basic physiological factors in tuning differen-
tiation should be understood.
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1. Introduction

Regenerative medicine has become a driving force in the treatment of disease and injury over
the last decade [1]. This is due to the accumulation of knowledge in several key areas; 1) the
mechanisms of disease processes, 2) creation of stem cells/induced pluripotent stem cells that
might be used for therapeutic purposes, and 3) factors that are necessary for the proper
differentiation of specific cell types. In any tissue, it might be possible to regenerate lost cells
from exogenous stem cells, endogenous stem or progenitor cells, or endogenous cells that can
dedifferentiate, proliferate and re-differentiate. Several endogenous populations of cells
localized to the eye have been shown to be capable of replacing some or all retinal cell types
in various species; 1) an endogenous population of progenitor cells in the periphery of the eye
referred to as the ciliary marginal zone (CMZ), 2) the retinal pigmented epithelium, 3) non-
pigmented cells adjacent to peripheral retina, 4) NG2* glial progenitors of the optic nerve, and
finally 5) Miiller glia of the retina [2]. This chapter will focus specifically on the responsiveness
of Miiller glia to disease or injury to the retina with a special emphasis on signals that have
been shown to lead to the injury response and changes to the extracellular matrix that play a
role in dedifferentiation and proliferation.

2. Miiller Glial cell basics

Miiller Glia, named after their discoverer Heinrich Miiller, were first described in 1851 [3].
Miiller Glia are a unique blend of radial glia, astrocytes, and oligodendrocytes that span the
width of the mature retina from the outer limiting memberane in the outer nuclear layer to the
inner limiting membrane at the edge of the retina and vitreous humor [4]. Miiller cells are one
of three possible macroglial cells that can be found in the retina. Astrocytes also migrate into

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
I m EC H Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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the retina from the optic nerve and some species also contain oligodendrocytes in the nerve
fiber layer [5]. However, Miiller glia are the only glial cells that are derived from retinal
progenitors. Miiller cells play a wide variety of roles in both the developing and mature retina.
In order to consider the full effect of gliosis in the diseased or injured retina, we must first
understand their function in the normal retina.

2.1. Retinal histogenesis

Lineage analysis of retinal progenitors using various techniques have shown that many retinal
progenitors have the capacity to produce all retinal cell types [6-10]. Retinal cells undergo a
stereotypical pattern of differentiation in which some cells leave the cell cycle (are born) very
early in retinal histogenesis, such as cone photoreceptors, ganglion cells, and horizontal cells,
while other cells are generated at later timepoints [6, 7, 9-12]. Miiller glia are born in the group
of cells that are generated late in the ontogenic period.

Vertebrate retinal cells are arranged in a specific fashion in both layers and in columns [6-8,
13-17]. Figure 1 shows the arrangement of mature retinal cells in the outer, inner and ganglion
cell layers. However, some of the cells are also arranged in a columnar fashion. The later-born
cells, which include the rods, bipolar, and subpopulation of the amacrine cells, all migrate
along the radially arranged Miiller glial cells. These cells remain in close contact with the
Miiller glia even as differentiation continues and are thought to comprise a metabolic and/or
processing circuit within the retina [17]. The early-born cells are not a part of this columnar
unit. Rather than relying on the Miiller glia to migrate to the correct layer of the retina, these
cells undergo nuclear translocation in the relatively thinner early retina [18, 19].

Miiller glia also share properties that allow them to organize the laminar structure of the retina.
Cultured Miiller glia or Miiller glial conditioned-medium are capable of organizing the retinal
neurospheres into a layered pattern which closely resembles that seen in the mature retina [20,
21]. While these experiments suggest that there may be a secreted factor which may mediate
the organizational properties of Miiller glia, recent experiments done in zebrafish suggest that
the apico-basal polarity that is inherent in the development of Miiller glia is also a critical part
of its organizational capacity [22]. A disrupted apical Miiller glial cell process in zebrafish
mutated in the P50 subunit of dynactin leads to a disruption in the normal laminar develop-
ment of the retina [22]. In mice, disruption of the outer limiting membrane that is comprised
of the apical Miiller glial endfeet disrupts the placement of photoreceptors such that misplaced
photoreceptor nuclei are found adjacent to the retinal pigmented epithelium, in a region where
photoreceptor outer segments would normally be located [23].

2.2. Synapse formation

The role of astrocytes in synaptogenesis in the CNS has been established by many investigators
[24-26]. Miiller glial cells have been considered by many to be astrocyte-related cells (See Table
1), hence Miiller glia may play some role in synapse formation and/or maintenance in the
retina. This idea has been tested in zebrafish retina with somewhat contradictory results [27,
28]. While it appears that the Miiller glial cell processes do not invade the outer plexiform later
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Figure 1. Organization of the mature retina: The retinal cells, which consist of neurons and glia, are organized into the
outer nuclear layer (ONL), inner nuclear layer (INL) and the ganglion cell layer (GCL). The ONL consists of the rod and
cone photoreceptor cells. The INL is made up of the horizontal cells, amacrine cells as well as the bipolar cells. The
Muller glial cell bodies are also present in this layer. However, the processes of the Miiller glial cells extend outward
into the adjacent layers, extending throughout the thickness of the retina. The GCL is primarily consists of the gan-
glion cells which send out their axons out of the eye through the optic disc.

until after synapses have already formed and deletion of Miiller glia during early retinal
development does not affect cone synaptogenesis, a separate study examining the role of
harmonin (USH1C) in zebrafish which is found in the retinal Miiller glia, have disrupted ribbon
synapses [27, 28]. Until this conflict can be resolved and the role of these cells have been
investigated in other species, the role of Miiller glia remains open.
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Astrocytes Miiller glia
Location * Throughout the nervous system, including the e Found exclusively in the inner nuclear
retina and optic nerve [226] layer of the retina with the process
spanning the entire width of the retina
[227,228]
Origin  Originate from the glial restricted neural stem e Originate from the neural retinal
cells or the bipotent O2A progenitor cell type progenitor cells [227, 228]
[229]
Morphology * Have a stellate or star like morphology [226] e Have a radial morphology [227]
Functions o Scaffolding for migration of developing o Serve as a scaffolding for retinal
neurons [230] organizations [227]
e Aid in the formation of synapses [231-233] ¢ Help direct light through the retinal layers
e Aid in the formation of the blood brain barrier to the photoreceptor cells [240]
[234] ¢ Help in recycling photopigments [241]
e Serve as a source of nourishment and energy  ® Aid in the formation of the blood retinal
reserve for the neurons by providing glucose and barrier [242]
storing excess glucose in the form of glycogen e Similar to astrocytes serve as a source of
[235, 236] nourishment and energy reserve in the
® Possess various channels and transporter (Na  form of glucose and lactate respectively
*/K* channels, aquaporins etc.) which aid in the  [227]
maintenance of homeostasis, pH levels and ¢ Help in maintenance of homeostasis and
removal of toxic metabolites [237, 238] removal of toxic metabolites in a manner
® Possess transporters for neurotransmitters similar to astrocytes [115]
(such as GABA, glycine, glutamate)which aid in e Neurotransmitter receptors (AMPA,
clearance and release of these molecules into GluR4, NMDA, GABA-A etc.), transporters
the synaptic space which can affect synaptic and modulators (GLAST, GS, GAT etc.) help
transmission[232, 239] in neutransmitter recycling and also aid in
glia-neuron communication [115]
Changes during ¢ Changes in gliosis based on extent of injury o Similar to astrocytes following retinal

reactive gliosis

which ranges from mild to moderate to severe

[243]
o Cells hypertrophy (particularly by increasing

the expression of GFAP), change in morphology

and upregulate various markers [244]

e Increase proliferation and in severe cases form

the “glial scar” [245]

damage, cells hypertrophy, change
morphology and upregulate various
markers [246]

® Based on the ability or the lack of cells to
proliferate, Muller cell gliosis is referred to
as non conservative or conservative gliosis,
respectively [115]

e Glial scar is not a prominent feature of
gliosis of the Mdiller glia [114, 115]




Reactive Muller Glia as Potential Retinal Progenitors
http://dx.doi.org/10.5772/55150

Astrocytes Miiller glia

Stem cell potential Following injury — Following retinal injury —

o Cells dedifferentiate and have the potential to e Mdiller glial cells re-enter cell cycle and can

re-enter cell cycle [111] proliferate [111, 114]

* Begin to express proteins associated to neural e Following targeted ablation of

stem cells or radial glia (NG2, BLBP, nestin, DSD1, photoreceptor and ganglion cells,

CD15)[99] regeneration of the respective cell types
was observed from the Muller glia [111,
247]

Table 1. Comparison of Astrocyte and Muller glial Characteristics

2.3. Blood retinal barrier development and maintenance

The blood-brain barrier refers to the separation between the circulating blood and extracellular
fluid found within the central nervous system. In the brain, this barrier is formed through the
interactions between astrocytes and endothelial cells that form the vasculature [29]. In the eye,
the blood-retinal barrier is maintained at two junctures; 1) an ,,outer barrier” in the form of the
retinal pigmented epithelium (RPE), and 2) the ,inner barrier” that is comprised of the
endothelial cells of the retinal vasculature [30]. The endothelial cells of the retinal vasculature
form tight junctions that are selectively permeable to hydrophobic molecules such as O,, CO,,
and hormones, while restricting the entrance of bacteria and large or hydrophilic molecules
(See Fig 2). Endothelial cells and pericytes that adhere to the outside of the endothelial cells
are both encompassed by a basal lamina as well as the astrocytic endfeet. There is evidence
that inner barrier is induced and maintained by both Miiller glial and retinal astrocytic endfeet
that ensheath retinal blood vessels [31]. The processes of retinal astrocytes, however, are
limited to the never fiber and ganglion cell layer and can only interact with superficial
vasculature near the inner surface of the retina [32]

Miiller glia (as well as retinal astrocytes and retinal pigment epithelium) express factors that
are critical to the formation of the deep plexus vasculature in the retina [33]. Angiogenesis is
the result of a balance between the pro-angiogenic factor vascular endothelial growth factor
(VEGF) and anti-angiogenic factor pigment-epithelium derived factor (PEDF) [33, 34]. The
ratio of these factors carefully controls the growth of the deep plexus retinal vasculature. Not
surprisingly, misregulation of these factors can lead to pathological neovascularization, a topic
which will be covered later in this chaper. Many other interactions between Miiller glia/
astrocytes and the vasculature have been proposed and/or documented. For instance, Paulson
and Newman simulated a process whereby the activity of neurons indirectly regulated blood
vessel dilation [35]. In a process referred to as siphoning, the Miiller glia are proposed to take
up K* released by active neurons and then release the K* at the endfeet that are in close
proximity to the vasculature [35]. Thus the astrocyte can effectively redistribute the K* from
the neuron, which may be some distance away from the nearest blood vessel, to a region
immediately adjacent to the arteriole in a manner that is faster than would otherwise take place
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if the K* was undergoing simple diffusion. Further, this could also concentrate K* released over

a wider area to the smaller area of the endfeet.
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Figure 2. Aquaporin-4 (AQ-4), bipolar cell/ horizontal cell (BC/HC), excitatory amino acid transporter (EAAT), excitato-
ry amino acid carrier (EAAQ), glial cell derived neurotrophic factor (GDNF), glutamate transporter (GLT), glycine trans-
porter(GlyT), glutamine synthetase (GS), interleukins (IL), L-type amino acid transporter (LAT), matrix
metalloproteinases (MMP), photoreceptor cell (PC), pigment epithelium derived factor (PEDF), Na+ coupled neutral
amino acid transporter (SNAT), glutamate aspartate transporter (GLAST), vascular endothelial growth factor (VEGF).

Miiller glia are also known for releasing many growth factors, and many of these factors effect
the endothelial cells. Transforming growth factor 31 (TGFf1) is released by Miiller glia and
can increase the expression of tissue plasminogen activator inhibitor-1, which could potentially
have the protective effect of reducing hemorhaging in the brain [36-38]. TGF-31 also has been
shown to have a morphological effect on cultured endothelial cells, inducing them to form
capillary-like structures [39]. Mice with a loss of the integrin a V(38 that is necesary for TGF-3

activation within the retina also have abnormal superficial as well as deep plexus formation
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[40]. Glial-derived neurotrophic factor (GDNF) and neurturin are also released by Miiller glia
and appear to enhance barrier function as measured by transendothelial resistance [41].

Communication between Miiller glia and endothelial cells is not a one-way street. There also
appear tobeinductive signals released from the endothelial cells that effect Miiller glial differen-
tiation/function. It is well established that leukemia inhibitory factor (LIF) is secreted from
endothelial cells and thatithelps toinduce astrocyte differentiation in opticnerve astrocytes [42,
43]. LIF and ciliary neurotrophic factor (CNTF) share a part of their receptor complex and
intracellular signaling pathway; therefore it is not surprising to find that CNTF has also been
shown to have effects on astrocyte development [44, 45]. Both CNTF and LIF are present in the
developing retina and CNTF does increase the production of Miiller glia [46]. However, an
increase in the expression of LIF from thelens during retinogenesis inhibited the development of
retinal vasculatureandincreased theexpressionof VEGFinretinalastrocytesand Miiller glia[47].
Henceitis unclear whether LIF plays a role in Miiller glial cell differentiation.

2.4. Metabolic coupling with neurons

The brain is a high energy consuming organ, using approximately 25% of the glucose present in
thehumanbody [48]. Thereis very tight coupling between the demand and supply in the central
nervous system (CNS), and most of this expenditure is due to neuronal activity [48, 49]. Howev-
er, neurons do not store much glycogen and therefore are reliant upon external sources to fuel
their oxidative metabolism. In the retina, this need is met by both the Miiller glia and retinal
astrocytes. Glucose enters Miiller glia via glucose transporter-1 (GLUT-1) and is phosporylated
by hexokinase to produce glucose-6-phosphate (Fig 2). From here, part of the glucose-6-phos-
phate is stored with the Miiller glial cell body as glycogen and the rest is metabolized to various
carbohydrate intermediates [50-52]. Neurons can use a variety of substrates to fuel their oxida-
tive metabolism, including lactate, pyruvate, alanine, glutamine, and glutamate [53, 54]. Miiller
glia metabolize glucose and glycogen deposits predominantly to pyruvate and lactate which is
released to the extracellular milieu by the monocarboxylate transporter MCT2 [55, 56]. Neurons
canthentakeup pyruvateand useitdirectly in the Krebs cycle to compensate during times of low
glucose [50, 57]. Lactate generated by Miiller glia is converted by lactate dehydorgenase and
pyruvate kinase to pyruvate to power the Krebs cycle [55].

Active neurons, in turn, release glutamate, NH,", K*, and CO,, all of which are taken up by the
Miiller glial cells and are either disposed of or recycled [4]. Glutamate is an excitatory neuro-
toxin, even at low extracellular concentrations, and is tightly regulated by Miiller glia in the
retina [58]. Miiller cells take up glutamate via the glutamate/aspartate transporter, GLAST,
and NH," via an ammonia transporter (AMT) [59, 60]. In addition to transporting glutamate
into Miiller glial cells, the GLAST protein co-transports 3Na* ions and one H* and counter-
transports one K*®!l. The influx of Na* into the Miiller cell activates the Na*/K* ATPase which
further stimulates glycolysis [4, 62]. Both the NH4+ and glutamate are use to create L-glutamine
by glutamine synthetase [60, 63-65]. The glutamine produced by Miiller glia is then transported
back to neuronal cells to aid in the synthesis of neurotransmitters glutamate and GABA [54].
The presence of glutamate and NH,* have a combined action of increasing glycolysis by the
Miiller glia, in part by increasing the expression levels of glutamine synthetase [54, 66, 67].
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Miiller glia also act as a sink for excess extracellular K* in the retina, which is taken up by the
inwardly rectifying K* (Kir) channels and the Na’/K* ATPase of the Miiller cells [62]. This
elevation of K* concentration increases the glycogenolysis in cultured Miiller glia, tightly
coupling the breakdown of glycogen to neuronal activity [17]. The K* is then disposed of by
passing K* into the subretinal space, the vitreous body, or the blood. [68, 69]. Finally, carbonic
anhydrase converts CO, to bicarbonate which is then released by way of the H/HCO;
exchanger into the vitreous or blood (Fig 2) [70-73].

2.5. Regulation of neurotransmission

In the retina, glutamate is the primary excitatory neurotransmitter [74]. Miiller glia have
transporters for a wide variety of transmitters, including glutamate, GABA, Glycine, D-serine,
dopamine, and ATP [75, 76]. The Miiller glia take up neurotransmitters and other neuroactive
substances and convert them to substances that can be supplied to retinal neurons as neuro-
transmitters or neurotransmitter precursors (Fig 2). The modulation of neuronal excitability
through regulation of neurotransmitter availability is thought to serve three functions; 1)
termination of neuronal signaling, 2) prevention of neurotransmitter spread to adjacent
synapses, and 3) prevention of neurotoxicity resulting from prolonged presence of a trans-
mitter at a synapse [4, 75]. In this section, we will briefly cover transport of the major retinal
neurotransmitters into Miiller glia, processing of the transmitter by the Miiller glia and
transport of products back to retinal neurons.

Miiller glia express several glutamate transporters, depending upon the species, including the
previously mentioned GLAST protein (also known as excitatory amino acid transporter 1 or
EAAT1). In humans for instance, the dominant transporter is EAAT1, but EAAT2 and 3 can
also be found [77]. Glutamate is the most widely used neurotransmitter used by retinal
neurons, including photoreceptors, bipolar and ganglion cells. Both the photoreceptors and
the bipolar cells have graded potentials, hence the amount of neurotransmitter released is
directly correlated to the amount of stimulus. In addition, photoreceptors are wired a little
differently than other neurons that transduce sensory information; they release glutamate in
the dark and less glutamate upon transduction of light signals. Hence, removal of glutamate
from the synaptic region is critical for normal tranmission of light signals to take place.
Knockdown and knockout studies in the retina have indicated that a loss of GLAST leads to a
loss of the electroretinogram b-wave, primarily because it aids in signal processing between
photoreceptors and bipolar cells, rather than any neurotoxicity associated with high levels of
glutamate [78, 79]. Consistent with the idea that Miiller glia are critical for clearing away
glutamate released at synapses are studies in which clearance of D-aspartate was tracked first
to Miiller glia followed by a redistribution into other neuronal cell types of the retina [80].
Glutamate can be converted to glutamine by glutamine synthetase, and is then transported
back to neurons as a precursor to glutamate [63, 81]. Loss of glutamine synthetase activity leads
to a loss of glutamate content in retinal neurons which leads to functional blindness within 2
minutes [82, 83].

There are several other neurotransmitters used in the retina, such as GABA, glycine, and
dopamine. Since the interactions of these neurotransmitters are not as heavily studied as
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glutamate, only their uptake mechanism and potential processing within Miiller glia will be
discussed here. GABA is used by horizontal and amacrine cells within the retina and termina-
tionof GABA activityisbroughtaboutthroughtheuptakeof GABAbyNa*/Cl-dependent GABA
transporters (GATs) found in presynapticneurons, Miiller glia, and retinal astrocytes[76, 84, 85].
AfteruptakeintoMiillerglia, GABA canbe converted to glutamine viaglutaminesynthetaseand,
as specified above, is returned to neurons to act as substrates for neurotransmitters [86]. Miiller
glia also express glutamate decarboxylase which catalyzes the decarboxylation of glutamate to
GABA. Itisunclear, however, whether GABA can be released by Miiller glia [76].

Dopamine performs a large number of functions in the developing and mature retina that are
well out of the scope of this chapter. A full discussion of this topic can be found elsewhere [87].
Both the transporter and enzymes necessary for converting tyrosine to dopamine are expressed
in Miiller glia [88]. Likewise, ATP also performs a large number of functions in the developing
and mature retina [89-91]. Miiller glia express a subset of the P2X and P2Y ATP receptors and
they also have the ability to convert ATP to adenosine and release both ATP and adenosine
into the intracellular space [91, 92].

Miiller glia also carry glutamate, GABA, purinergic, glycine, dopaminergic, noradrenergic and
cholinergic receptors [76]. In some instances these receptors have been shown to coordinate
release of neurotransmitters by neurons with enzymatic activity and or gene regulation in the
Miiller glial cells. An excellent example of this coordination is the regulation of glutamate
receptors on GLAST activity and expression of GLAST. When glutamate receptors are
activated on Miiller glial membranes it leads to an increase in intracellular Ca® and protein
kinase C (PKC). The activation of metabotropic glutamate receptors in Miiller cells leads to an
increase in Ca?" and protein kinase C, and phosphorylation of GLAST by PKC leads to an
increase in transport of glutamate [82, 93]. The increased transport of glutamate through
GLAST appears to regulate activation of mammalian target of rapamycin (mTOR), which
activates DNA binding of the transcription factor activator protein-1 (AP-1) and an increase
in GLAST mRNA [94].

2.6. Other

Miiller glia perform a variety of other functions beyond those already mentioned. For instance,
in addition to siphoning K* released by retinal neurons, the Miiller glia are also responsible
for the transport of water that accumulates in the tissue as the end product of ATP synthesis
[95]. The movement of water is specifically coupled to the movement of Na* and K* and, like
K*, is released into the bloodstream. Miiller cells are also involved in phagocytosis of debris in
the retina and in the release of antioxidant glutathione [96, 97]

3. Properties that are similar to stem cells/astrocytes

Studies using reactive astrocytes have shown the potential to dedifferentiate into cells having
neural progenitor or stem cell like properties (Table 1) [98, 99]. Following stimulation, these
cells show activation of signaling pathways such as EGF, FGF, SHH and Wnts, previously
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shown to be associated with the neural stem cells [98, 100-102]. Similarly, activated Miiller glial
cells following retinal injury have also shown the capacity to dedifferentiate into retinal
progenitor cells [103]. Studies in lower vertebrates such as fish, amphibians and birds have
shown the presence of a stem cell niche in the ciliary marginal zone (CMZ) of the retina
[104-107]. Mammals, however, do not have a CMZ [108]. In mammals, a small group of cells
in the non-pigmented portion adjacent to the retina can proliferate up to postnatal day 21, but
these cells are low in abundance and are not thought to generate many cells [103, 109]. It may
be more feasible to generate many retinal progenitor cells from activated Miiller glia. Expres-
sion profiling of proliferating Miiller cells suggests a stem cell like role for these cells [110,
111]. Culture of the Miiller cells in an enriched medium generated “multipotent neuro-
spheres”, elucidating the stem cell role of Miiller cells in vitro. Further transplantation of
enriched Miiller glial cells into injured retina generated cells with neuron like characteristics
[112]. Miiller cells have been shown to dedifferentiate, proliferate and give rise to amacrine
cells, bipolar cells, retinal ganglion neurons as well as the photoreceptor cells. [110, 111, 113].
One important factor aiding the transformation of the Miiller glial cells is the membrane
depolarization due to a reduction of potassium ion conductance, primarily due to downregu-
lation of the Kir channels in the Miiller cell [114]. The dowregulation of the Kir channels leads
to a decrease in the p27kip1 cyclin kinase inhibitor, which is then succeeded by re-entry into
cell cycle. The downregulation of the Kir channels pushes these cells towards the proliferative
stage [115].

4. Response of Miiller Glia to injury or disease states

When there is injury or disease within the CNS, astrocytes respond by entering a state referred
to as reactive gliosis. Reactive gliosis is an ill-defined set of molecular changes that alters the
homeostatic role of the cells and their interactions with neurons, vasculature, and the immune
system. Reactive gliosis is thought to be the result of signals received from the injured or
diseased tissue that begins a molecular cascade within the glial cells resulting in a change of
state [103]. There are a mulitude of questions that have arisen as a result of our limited
understanding of gliois, and investigators are currently working to answer these questions.
Among them:

* Is reactive gliosis one condition, or a host of related conditions?
* What are the molecular triggers of gliosis?

* Do all the triggers that appear to be involved in gliosis converge on one or two pathways
that mediate the changes in Miiller glial state, or, are their multiple pathways that can
mediate multiple changes?

* Do different signals mitigate mild, moderate or severe reactive gliosis? How are these forms
of gliosis related?

* Can severe reactive gliosis be attenuated, even when triggers are chronically present?
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* Can the reactive gliosis be used to ,supply” multipotent stem cells to the retina to replace
dead or dying neurons?

* Can the multipotent stem cells that arise from Miiller glial cells be directed in their differ-
entiation in vivo and can the number of progenitor cells differentiating into cell types other
than Miiller glia be increased substantially?

There appears to be a continuum in the states of reactive gliosis, from mild to severe. In the
mild to moderate forms of gliosis, the cells may hypertrophy and show some changes to their
functionality, but, if the trigger is removed, the cells may revert back to their former condition
without altering the tissue [116]. In the more severe forms of reactive gliosis, cells hypertrophy,
lose functionality, form glial scars that are inhibitory to axonal regeneration and neuronal
surivival, and may also proliferate [116, 117]. The severe state is marked by the persistance of
these characteristics. Within the mammalian retina, both the Miiller glia and retinal astrocytes
display reactivity to injury and disease. In this section we will talk about triggers of Miiller
glia, evidence that BMP7 may also be a trigger, and the changes in retinal homeostasis that
result from reactive gliosis in the retina.

5. Triggers of reactive gliosis

5.1. Known triggers

Miiller glial reactivity can be found in every identified disease and injury that plagues the eye,
including diabetic retinopathy, glaucoma, age-related macular degeneration, retinitis pig-
mentosa, and many many others [118-122]. In considering reactive gliosis, there appears to
multiple levels of complexity. For instance, there are a wide range of factors which have been
shown to trigger reactive gliosis in Miiller glia (Figure 3 and Table 2). Some of these triggers
can have concentration-dependent effects upon astrocytes [116]. Further, different triggers can
lead to specific molecular and functional changes in the Miiller glia that may correspond to
the various aspects of reactive gliosis [123]. Not only are there multiple triggers, but there is
heterogeneity in the response of Miiller glia to the same factor [118].

5.2. Bone morphogenetic proteins in Miiller cell gliosis

Studies in the injured spinal cord have indicated a role for another family of growth factors;
the bone morphogenetic proteins (BMPs). The BMPs are members of the TGF-$ superfam-
ily of growth factors. The receptors include two basic types, Type I and Type 1II, both of
which are serine-threonine kinases. Receptors from each type must form heterodimers in
order for signaling to occur, although the Type I receptors are downstream of the Type II.
There are two non-canonical signaling pathways, BMP-MAPK and FRAP-STAT, that have
more recently been identified in addition to the canonical SMAD-related pathway [45,
124-129]. Three type I receptors have been associated with the BMPs, activin-like kinase 2
(ALK2), ALK 3 and ALK6. Accumulated evidence has shown that in regards to the Type
I receptor, BMP 6 and 7 activate the ALK2 receptor preferentially, whereas BMPs 2 and 4
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Growth Factors and Cytokines

Ciliary Neurotrophic Factor/Leukemia Inhibitory Factor [86,
248-251]

Epidermal growth factor/HB-EGF [84, 87, 180]

Fibroblast growth factor 2 [250, 252]

Brain-derived neurotrophic factor [250]

Transduction Pathways and Transcription Factors

STAT3 [248, 253, 254]

NF-kB [255, 256]

Toll-like receptor 2 [257]

TRPV1 (Vanilloid Receptor) [85]

Gp130[249]

Epidermal growth factor receptor [87]

Fibroblast growth factor receptor [179]

MEK [179, 258]

Other

Oxidative Stress/Ischemia [38, 254, 255]

ATP

Glucose [88, 259]

Amyloid Beta [260]

Endothelins [261]

Nitric Oxide

Table 2. Triggers of Muller Glia Cell Activation

activate either ALK3 or ALK6 [130]. In addition to the canonical SMAD pathway, ALK3
and 6 also activate the BMP-MAPK and FRAP-STAT pathways [45, 124, 129]. The BMPs
have been shown to act as a gliosis trigger in penetrating spinal cord injuries, and a
differential role for ALK3 and 6 receptors has been ascribed to various aspects of gliosis,
including hypertrophy, inflammation, and tissue loss [131, 132]. While BMPs have been
studied in retinal injury, primarily as a survival factor for retinal neurons, it has not been
studied as a potential trigger for reactive gliosis in Miiller glia [133].

My lab has investigated the role of BMP7 as a potential trigger for reactive gliosis in Miiller glia
and retinal astrocytes. We and others have documented changes in BMP expression and signal-
ing following injury or disease in the retina and optic nerve [134]. We have determined expres-
sionlevelsof BMPsand BMPintracellularsignaling pathway membersinadiabeticmousemodel,
the Akitamouse model (Ins**™). These mice contain anaturally occurring missense mutationin
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Figure 3. Schematic representation of various signaling mechanisms which trigger and regulate reactive gliosis in
Muller glia. Growth factors such as TGF-B, BMP, EGF and CNTF; interleukins; as well as reactive oxygen species and free
radicals are known factors to trigger gliosis in Muller glial cells. Activator protein-1 (AP1), adenosine triphosphate
(ATP), bone morphogenetic protein (BMP), ciliary neurotrophic factor (CNTF), calcineurin (CN), cCAMP response ele-
ment binding protein (CREB), epidermal growth factor (EGF), endothelin 1 (ET1), extracellular-signal-regulated kinase
(ERK), fibroblast growth factor (FGF), interleukin (IL), inhibitor of differentiation (ID), janus kinase (JAK), mitogen acti-
vated protein kinase (MAPK), mammalian target of rapamycin (mTOR), nuclear factor of activated T-cells (NFAT), nu-
clear factor kappa-light-chain-enhancer of activated B cells (NF-kB), nitric oxide (NO), reactive oxygen species (ROS),
tumor necrosis factor-a (TNF-a), transforming growth factor-B (TGF-B), uridine triphosphate (UTP), uridine diphos-
phate (UDP).
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the insulin 2 gene that causes a switch from a cysteine to a tyrosine residue at amino acid 96,
removing one of the cysteines necessary for an intramolecular disulfide bond [135]. Heterozy-
gous mice are severely insulin deficient and become diabetic at about 6 weeks of age [135]. For
these studies we used two stages; mice that are 3 weeks of age have mild to no reactive gliosis,
while 6 weeks of agehas moderate gliosis. Levels of BMP expression were determined by reverse
transcription—quantitative polymerase chain reaction (RT-gPCR) of RNA samples from 3 and 6
week old wild type and heterozygous mice. The graphs show changes in mRNA levels in the 3
and 6 week Ins*¥™ mice relative to levels of mRNA in wild type samples (Fig 4A, B). Further,
genes that are known downstream targets of the BMP pathway, such as inhibitor of differentia-
tion (ID) 1, 3, and MSX2 are also increased, consistent with an increase in BMP signaling (Fig 4A,
B). To verify there was an increase in canonical BMP signaling, an increase in nuclear localiza-
tion of phospho-SMAD1 (p-SMAD],5,8) sections through wild-type and 6 week Ins**'™ retina
wereimmunolabeled for p-SMAD1,5,8 and glutamine synthetase (Fig 4C-N). The Ins**"™ retina
showed a clear increase in p-SMAD1,5,8 expression in the inner nuclear layer at 6 weeks of age,
some of which was coincident with cells glutamine synthetase-expressing Miiller glia (Fig 4L-
N). There wasalso clearincreasein p-SMAD1, 5,8 in other cells of theinnernuclear layerand cells
of the ganglion cell layer.

To test the role of BMPs in reactive gliosis in vivo, adult murine eyes were injected intravitreally
with vehicle or BMP7 and analyzed 3 or 7 days post injection. At both 3 and 7 days post vehicle
injection, there were the normal low levels of GFAP expression and moderate levels of gluta-
mine synthetase in Miiller glia (Fig 5A, B, G, H). Alow level of the chondroitin sulfate proteogly-
can, neurocan, is present throughout the retina (Fig 5C, I). Three days post BMP7 injection, no
increasein GFAPwasdetected, butanincreaseinboth glutamine synthetaseand neurocanlevels
were detected (Fig 5D-F). Immunolabel of BMP7-injected eyes showed an increase of GFAP,
glutamine synthetase and neurocan in comparson to vehicle-injected eyes (Fig 5J-L).

6. Characteristics of reactive gliosis in Miiller Glial cells

Miiller glia display many changes during reactive gliosis (Fig 6). We have grouped these
changes into 6 broad categories; 1) hypertrophy, 2) loss of functionality, 3) neuroprotection, 4)
inflammation, 5) proliferation, 6) remodeling.

6.1. Hypertrophy

Hypertrophy refers to the swelling of the Miiller glial cell body and processes. The swelling
is, in part, brought about by an increase in the expression of two type Il intermediate filament
genes, GFAP and vimentin. As with many changes that occur with reactive gliosis, upregula-
tion of intermediate filaments and the ensuing hypertrophy has both good and bad charac-
teristics associated with it. Hypertrophic glia help to form and maintain a barrier around
injured tissue which helps to protect surrounding tissues from inflammatory signals [136,
137]. On one hand, there is evidence that the increased production of GFAP does not lead to
diminished neuronal metabolism, eletrophysiology or visual function [138]. However,
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evidence from injured spinal cord indicates axonal regeneration and functional recovery was
increased in GFAP/vimentin double-knockouts in comparison to wild type controls [139].
Further, the retinas of GFAP/vimentin double knockouts were also protected from retinal
degeneration following retinal detachment, and integration and neurite extension from
transplanted cells is also enhanced [140].

In addition to increased intermediate filament expression, hypertrophy is also the product of
a loss of K* conductance into the blood stream as already covered in section 1.3, Miiller glia
take up K* released by retinal neurons and release it into the bloodstream. Water in the tissue,
created through the process of oxidative synthesis of ATP, is removed through the pigmented
epithelium and Miiller glia. The movement of water is coupled to the movement of osmolytes,
including Na* and K* ions, and are subsequently removed from the Miiller cell bodies via
release into the bloodstream [4]. Miiller glia undergoing gliosis downregulate the K* channel,
Kir4.1, that delivers K* to the vasculature, which uncouples the movement of K* and water into
the blood. The end result is swelling of the Miiller cell body.

6.2. Loss of functionality

Loss of functionality is a part of the general response of the cells to undergo dedifferentiation.
However, the response of the Miiller cells can vary depending upon the disease or injury
present. A good example of this is the regulation of the glutamate transporter in disease and
following mechanical injury. Downregulation of glutamate transporters is observed in
glaucoma, ischemia and diabetic retinopathy, due to a decrease in the activity of the glutamate
transporter GLAST. This in turn downregulates the activity of glutamine synthetase, an
enzyme involved in glutamate recycling [141]. However, following mechanical nerve injury,
as seen with the optic nerve crush model, glutamine synthetase was found to localize to the
ganglion cell layer, aiding in the recycling of the excess glutamate released due to neuronal
injury. [142].

The Kir channels (potassium channels) in the Miiller glial cell membrane play an important
role in the gliosis response as well. Decrease in conductance of the potassium ions due to down
regulation of Kir 4.1 leads to an increase in potassium ions outside the membrane. This, in turn,
decreases the transport of glutamate, glucose and water across the Miiller glial cell surface.
Consequently, an increase in the glutamate toxicity, decrease in glutathione synthase activity
and osmotic swelling were observed in the retina, which contribute to the loss of glia/neuron
interactions [97, 114, 120, 143-146].

There is also a reduction in the blood-retinal barrier function under hypoxic conditions. This
appears to be driven by changes Miiller cell expression of growth factors that regulate
endothelial cell tight junctions. The balance between factors that increase endothelial cell tight
junctions (PEDF, glial derived neurotrophic factor (GDNF), transforming growth factor Beta
(TGEFp), thrombospondin, etc) and factors that decrease barrier function (VEGF, TNFa, FGF2,
etc) is disrupted by reactive gliosis [34, 41, 147-153]. VEGF appears to be the dominant factor
released from Miiller glial cells in decrease of barrier function and angiogenesis that occurs in
many forms of retinal injury and disease [153].
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Figure 4. Analysis of retinas of the Ins244t diabetic mouse shows increase in BMP signaling in the diseased eye when
compared to the wild type eye. A and B: gPCR results analyzing the levels of various BMP molecules shown to be regu-
lated during reactive gliosis and some of the targets of the canonical BMP signaling pathway, using RNA obtained
from whole retinas in 3 week and 6 week diseased eye, respectively, normalized to their respective wild types. At the 3
week stage (A), when little or no gliosis is observed (data not shown) levels of BMP 2, 4 and 6 appear to be high. At
the 6 week stage (B) when we do seen an increase in expression of GFAP, GS and neurocan (data not shown), there is
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an increase in levels of BMP7 with a subsequent decrease in the levels of other BMP molecules, indicating a role for
BMP7 in reactive gliosis in the diseased state. Immunohistochemistry was performed to determine the localization of
phospho SMAD with glutamine synthetase in the retinas (C - N). The 3 week retinas show similar nuclear phospho
SMAD levels in both the wild type and the Ins244® (C, E, F and H). In the 6 week Ins2A4®, there is a clear increase in the
phospho SMAD levels in the inner nuclear layer nuclei (L and N) when compared to the wild type (I and K), possibly
due to the increase in BMP7 shown previously (B).
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Figure 5. Effect of intra vitreal injections of BMP7 into normal mouse eyes — Retinal sections of eyes injected with ei-
ther vehicle or BMP7 were analyzed 3 days (A - F) and 7 days (G - L) post injection via immunohistochemistry for the
localization of glial fibrillary acidic protein (GFAP), glutamine synthetase (GS) and neurocan. Retinas isolated 3 days
post injections do not show an increase in GFAP (A and D) or neurocan (C and F), although GS does seem to show an
increase when compared to the vehicle injected eyes (B and E). Retinas isolated 7 days post injection did show a clear
increase in GFAP (G and J), GS (H and K) and neurocan (I and L) in the BMP7 injected eyes compared to the control
eyes, suggesting the BMP7 was able to trigger gliosis in these retinas.
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Figure 6. Schematic representation of reactive gliosis response in Mller glia depending on the extent of the injury.
Mild changes in reactive gliosis comprises of hypertrophy of the cells due to an increase in glial fibrillary acidic protein
and changes to the function and morphology of the cell, with little or no proliferation which has the potential to re-
solve once the stimulus subdues. Severe reactive gliosis occurs following tissue damage and induces Mdller glial cell
proliferation, overlapping of cell processes, hypertrophy, functional and morphological changes. Under severe gliosis
conditions reactive Miller cells have shown the ability to dedifferentiate and give rise to some of the retinal cells

types.

6.3. Neuroprotection

Reactive gliosis in Miiller cells is a complex response dependent on the injury or disease.
Diseases which lead to retinal degeneration such as retinal detachment, retinitis pigmentosa
or physical damage to the retina elucidate such a response from the Miiller cells to aid in
neuoprotection and prevent apoptosis [114, 141]. A wide range of growth factors secreted by
the reactive Miiller cells, including bFGF, GDNF, CNTF, and VEGF [114, 141, 150, 154, 155].
Upregulation of CNTF and bFGF have been observed following mechanical injury, ischemia
and NMDA mediated neuronal death [156-158]. These growth factors help to increase neuron
survival and inhibit apoptosis, either directly as is the case for bFGF, or indirectly in the case
of CNTF and GDNF [159, 160]. GDNF also upregulates GLAST, thereby, protecting neurons
from excessive glutamate excitotoxicity [160]. VEGF is another factor which is upregulated
following gliosis. Hypoxia as well as diabetes has shown to increase the VEGF secretion by
Miiller glial cells [161, 162]. VEGF may act directly by increasing the permeability of the
endothelial cells [163]. VEGF may also be regulated by TGF-f released during hypoxia, which,
along with other cytokines such as TNF-a, increase the expression of matrix metalloproteinases
which can clear the basement membranes of these cells generating leaky vessels [38, 164].
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Miiller cells also protect retinal neurons from oxidative stress, excitotoxicity and from dam-
aging reactive oxygen species via conversion of glutamate to glutamine as well as synthesis
and release of antioxidants such as glutathione [165, 166]. However, concomitant with an
increase in the antioxidant glutathione, during hypoxia, diabetic retinopathy, hyperglycemia
and ischemia there is also an increase in the expression of inducible nitric oxide synthase and
cyclooxygenase-2 [167, 168]. These enzymes can lead to production of nitric oxide, prosta-
glandins and superoxides which are detrimental to retinal neurons and may induce apoptosis
in neural cells [169]. Nitric oxide also has a beneficial role as it increases blood flow by dilating
blood vessels and prevents glutamate toxicity by closing N-methyl —D-aspartate (NMDA)
receptors [170].

6.4. Inflammation

Miiller cells also play a role in the inflammatory response observed in the retina, primarily
seen in the diabetic retina. Under these conditions, the activated Miiller cells begin expressing
pro inflammatory cytokine interleukin-6 (IL-6) and IL-1B [171, 172]. They also increase
expression of TNF-a which increases the expression of the chemokine IL-8 and MCP-8, and
promotes infiltration of inflammatory cells [173]. The inflammatory response is further
supported by the decrease in glutamate uptake in diabetic retinas. This increases the expression
of glutaredoxin, which translocates NF-«B to the nucleus and increases the expression of pro-
inflammatory proteins [141].

6.5. Proliferation

Dedifferentiation and proliferation of Miiller glia is known to occur in many different
species, including chick, fish, and even mammalians [108, 110, 174-177]. Several aspects of
Miiller cell proliferation are of interest here; 1) the molecular pathways that result in the
release of the cells from their normally quiescent state, 2) extrinsic signals that are necessa-
ry for the proliferative reponse, and 3) directing progenitor cells to differentiation and
integration into retinal tissue.

Several intracellular signaling pathways have been investigated to determine those that may
be important for the proliferative response in dedifferentiating Miiller glia. The FGF-MAPK
pathway appears to be indespensible for the proliferative activity seen during reactive gliosis
[178, 179]. The heparin binding epidermal growth factor (HBEGF)-MAPK pathway is be also
induced in the Miiller glia found in injured areas and appears to be associated with regener-
ation-associated genes [180]. Further, the HB-EGF pathway appears to be upstream of the
WNT-B-catenin pathway, which has been very clearly associated wth re-entrance of Miiller
glia into the cell cycle [181]. More specifically, Miiller glia that are poised to re-enter the cell
cycle accumulate B-catenin in injured zebrafish retina, whereas those Miiller cells that remain
quiescent do not accumulate (-catenin [181]. Further, activation of the WNT/f-catenin
pathway stimulates a loss of Miiller glia and a concomitant increase in newly generated
photoreceptors [181].
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In order for Miiller glia to re-enter and progress in the cell cycle, the cells would also have to
suppress some of the cell cycle check-points that are responsible for the quiescent state of the
cells. Inhibition of the cyclin kinase inhibitor p27 has been shown to play a pivitol role in the
ability of Miiller glia to re-enter the cell cycle. P27 regulates the cell cycle by blocking cell cycle
progression into the S-phase, and hence is necessary for maintainance of the quiescent state
[182]. Knock-out mice for p27 show many of the characteristics of reactive gliosis, including
an increase in GFAP expression and proliferation and migration of cells into the subretinal
space [138, 182-184].

6.6. Remodeling

There appears to be three elements of the retina which can undergo remodeling as a result of
gliosis; 1) vasculature, 2) the Miiller glia themselves, and 3) the extracellular matrix. The
neovascularization is, for the most part, due to an imbalance between the antiangiogenic factor
PEDF and and the angiogenic factor VEGF [162, 185-190]. Under hypoxic conditions, tran-
scriptional activation of VEGF occurs by translocation of the newly stabilized hypoxia
inducible factor-la (HIF-1a) and it’s partner HIF-1f to the nucleus where they bind to the
hypoxia responsive element (HRE) in the 5 flanking regions of the VEGF gene [191, 192]. VEGF
isreleased into the extracellular mileu, where it penetrates the basal laminae and interacts with
retinal endothelial cells. This interaction results in an increase in the release of a family of zinc-
dependent endopeptidases called the matrix metalleoproteinases (MMPs), plasminogen
activators, and other proteinases which degrade proteins, such as occludens, which necessary
for the tight junction formation between endothelial cells [192-196]. The VEGF activates the
MAPK pathway via phospholipase C-y, which mediates proliferation of the endolthelial cells
[197]. The MMPs also degrade the basal laminae, removing contact inhibition of the endothelial
cells and permitting proliferation [38].

The Miiller glia participate in remodeling themselves by extending hypertrophied processes
into areas they are not typically found. For instance, processes can protrude into the subretinal
space, plexiform layers, the vitreous, into occluded blood vessels, and even into the choroid
[122, 198-203]. In some respects, the Miiller glia are expanding into areas where degenerating
neurons and/or axonal processes are found, such as the subretinal space or plexiform layers
[204]. If these new processes persist, the end result is the formation of scar tissue, which can
permanently block the reattachment of the retina, regeneration of outer segments or regener-
ation of synaptic contacts in the plexiform layers [118, 122, 205-209]. The extension of processes
onto the vitreal surface of the retina results in the formation of periretinal membranes that may
under epithelial to mesenchymal transformation into myofibrocytes that spread and become
contractile [210]. The contractility leads to folds and/or deformations in the retina, causing
visual distortions at the very least, and, at worst, can cause retinal detachments [211, 212]. Glial
membranes/scars are a significant issue in the treatment of visual disorders in humans,
occuring in appoximately 15% of retinal detachments [213].

The last element of the retina that undergoes remodeling during reactive gliosis is the extrac-
ellular matrix (ECM). During reactive gliosis, Miiller glia upregulate expression of MMPs and
the gene products are secreted and activated [196, 214-218]. Each MMP specifically targets and
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proteolytically cleaves one or more ECM molecules. The activity of MMPs is regulated by
activators as well as inhibitors; the precursor molecules must be processed, either by already
activated MMPs or by one of a variety of serine proteases and the MMPs can be inhibited by
the tissue inhibitors of metalloproteinases (TIMPs) [219]. When activated, the MMPs degrade
the existing ECM in preparation for replacement with an ECM that partially inhibits neurite
outgrowth or supports abnormal neurite outgrowth [141]. In the normal adult retina heparin
sulfate proeoglycans (HSPGs) are typically found on Miiller glial endfeet and in retinal basal
lamina, serving as a substrate for axonal outgrowth. The HSPG, via the HS chains, is also a
ligand for the protein tyrosine phosphatase-sigma (PTP-0), used in signaling in axons and
growth cones in response to matrix cues. The HSPGs involved are agrin and collagen XVIII
[220]. The HSPGs are lost in favor of the axonal outgrowth inhibitory molecules known as the
chondroitan sulfate proteoglycans (CSPGs). The CSPGs include phosphacan, aggrecan, NG2,
brevican, versican, and neurocan [221]. In addition to turning over the ECM, the degradation
of the ECM also releases growth factors that are bound to the ECM, such as EGF, FGFs, BMPs,
insulin, and VEGFs [219].

Miiller glia can form new neurons in a process said to involve dedifferentiation of the Miiller
glia. Tenascin C (TNC), a matricellular protein, influences the dedifferentiation behavior of
Miiller glia in response to FGF2 in vitro, affecting the composition of the ECM. Sulfated
chondroitin glycosaminoglycan chains in CSPG are the main target. Chondroitin sulfate
increases in TNC-deficient mouse ECM [222]. The proteoglycan most affected by TNC is the
CSPG Phosphacan/RPTPB/C which bind to TNC [223]. TNC shows overlapping expression
with phosphacan [224]. In a TNC knock out mouse TNC level rise. Studies using immunocy-
tochemistry for phosphacan, Western Blots and PCR for mRNA levels show that it is the
chondroitin sulfate chains that increase, not the amount of mRNA for CSPG core protein.
Proliferation rates also increase in the TNC-deficient mice, but it is not clear if this affects exit
from the cell cycle and differentiation [222].

SPARC (secreted protein, acidicandrichincysteine)/osteonectinisalsoamatricellular.Itinteracts
with growth factors and ECM forming a link that modulates the cell cycle and other cell behav-
ior. SPARCremainsexpressed atsignificantlevelsin the adult CNS, moreso thanin mostnormal
adult tissues. SPARC is widely expressed in remodeling injured tissue and in morphogenesis in
development[225]. Innormalnewborn and adultbovine retinas SPARCis found in ganglion cell
soma and in ganglion cell axons, with higher expression in the adult tissue. SPARC is thought to
have a function in maintaining healthy retinas and is localized to the ganglion cell layer (GCL),
nerve fiber layer (NFL) and some retinal capillaries. Miiller glia showed no immunoreactivity,
but the GFAP-positive retinal astrocytes were SPARC-positive [225].

7. Conclusion

The evidence to date has shown that Miiller glia undergo dedifferentiation and generate retinal
progenitors that may be capable of differentiating into retinal neurons. Several potential
problems have arisen that impact on the ability of those progentiors to effectively be used to
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regenerate large numbers of neurons following injury or during disease. Of the proliferating
population that arise from dedifferentiated Miiller glia, a very small percentage go on to
become retinal neurons [4, 141]. The inability of the cells to differentiate into retinal neurons
implies that either the signals and/or competence necessary for differentiation have been lost
or there are signals present that direct progenitor cells away from differentiation into retinal
neurons. Further, if the progenitor cells can be induced to differentiate, they will have to
functionally integrate into the diseased or injured retina. This, in and of itself, will be a
challenge if glial scars are present in the tissue as the glial scars will prevent ntegration by
inhibiting migration, placement, and/or synapse formation. Clearly, investigators have been
untangling which signaling pathways are critical for various aspects of reactive gliosis to occur.
If signals that are necessary for proliferation can be separated from those necessary for glial
scars to form, there is the possibility that therapeutic approaches could be engineered that will
block scar formation while allowing proliferation to occur. There are many challenges ahead
before the potential of Miiller glia as a source for retinal regeneration can be realized.
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1. Introduction

1.1. Neurogenesis, stem cells and cellular models of diseases

In a study published in 1992, Weiss and Reynolds at University of Calgary, demonstrated for
the first time that cells isolated from the brain of adult mice have the ability to proliferate in
vitro and differentiate into neurons, astrocytes and oligodendrocytes using a specific cocktails
of growth factors [1]. In 1999, similar stem/progenitor cells were isolated from the human adult
periventricular subependymal zone and expanded in vitro [2].

Neural stem cells (NSC) are self-renewing, multipotent cells residing in the nervous system.
NSC during development produce the enormous diversity of neurons, astrocytes and oligo-
dendrocytes within the developing nervous system. However, accumulating evidence has
clearly shown that a number of newborn neurons can be generated also from adult NSC,
integrates into pre-existing neural circuits and is functional [3]. In the adult brain, neurogenesis
is not a diffuse event and occurs in restricted regions, where classical developmental signals
and morphogens such as, Bone Morphogenic Proteins (BMPs), ephrins, Noggin, Sonic
hedgehog homolog (Shh), and Notch expression are maintained even after differentiation [4].
In particular, the Notch pathway is a highly conserved arbiter of cell fate decisions and is
intimately involved in developmental processes [5]. Thus, besides its pivotal role in neural
development, it is also involved in the control of neurogenesis, neuritic growth [6], neural stem
cell maintenance [7], synaptic plasticity [8] and long term memory [9] both in the developing
and adult brain.

In the adult brain the well-established restricted regions of neurogenesis, named niches, are
the sub ventricular zone (SVZ) of the lateral ventricle wall and the dentate gyrus subgranular
zone (SGZ) of the hippocampus [9]. Several reports describe that neurogenesis may also occur
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in other brain areas, including substantia nigra [10], and neocortex [11] even if these studies
have not been confirmed by others.

In the currently prevalent view, primary adult SVZ NSCs in vivo are slowly dividing, long-
term 5-bromo-2’-deoxyuridine (BrdU)-retaining progenitors that exhibit several common
features of subventricular radial glia-like astrocytes and ventricular ependymal cells, including
morphological characteristics and expression of the glial fibrillary acidic protein (GFAP) and
the glycoprotein CD133, also known as Prominin-1.

Adult neurogenesis in either the SVZ or the SGZ is highly sensitive to environmental cues,
physiological stimuli and neuronal activity, suggesting that the tailored addition of new
neurons might serve specific neuronal functions. In fact, the complex dynamic equilibrium
present in healthy adult CNS involves also the participation of functional NSC niches [12, 13].

The occurrence of major events breaking niches homeostasis may overcome their adaptive
capacities and contribute or lead to disease. In CNS, various pathogenic events acting by
different mechanisms may cause neural cell loss and chronic inflammation. Several agents and
mediators sustaining these mechanisms also act on niche homeostasis and it is therefore
expected that these two conditions may have a deep impact on NSC biology and niche
properties. The neurogenesis within SVZ niche is differentially activated in various neurode-
generative pathologies. An increase in endogenous neurogenesis in the lateral ventricular
walls occurs in several diseases including traumatic brain injury, vascular dementia, Hun-
tington’s disease, multiple sclerosis or epilepsy and physiological events such as ageing.
[14-19]. In these pathophysiological conditions, a common feature leading to neurogenesis is
represented by the upregulation of inflammatory cytokines production. In several cases it has
been shown that the niche reaction to inflammation leads to generation of new neurons that
integrate within the pre-existing circuitry [20].

In pathological conditions, such as stroke, NSC niches can appear also at unexpected ectopic
sites as in brain parenchyma. In particular, part of the stroke-induced ectopic cells positive for
doublecortin, a widely accepted marker of neurogenesis, originates from the SVZ resident
NSCs that have migrated to the injured site where they differentiated into mature neurons [21]
However, it is also possible that part of this ectopic pool may originate locally, leading to an
injury-induced ectopic NSC niche formation [22]. Niche reaction to injury may thus proceed
by amplification of pre-existing NSC niche and migration toward the damaged site or by
activation of local and pre-existing quiescent NSC niches or by conversion of a normal tissue
into a newly established NSC niche. The mechanisms and signals driving these reactions are
many, some of them peculiar to the pathological condition and most of them endogenous to
the NSC niche and already acting in physiological condition.

Altogether the findings described above lead to speculate that NSC may be therapeutically
useful for CNS self-repair if properly mobilized and can supply cells for neuronal substitution
in CNS injury or degeneration, providing potential therapeutic tools in CNS diseases. NSC,
on the other hand, can be also useful for studying the mechanisms and molecules involved in
neuronal differentiation, regulation of neurotransmitter biosynthesis and also physiopathol-
ogy of brain diseases. Indeed, to date, deciphering the molecular and cellular basis of CNS
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disorders has been met with success in animal models for neurological disease. However,
while the continued importance of animals in translational research is unquestionable, genetic
and anatomical variation between rodents and humans have led to imperfect phenotypic
correlations between genetic models and the human disease. Moreover, most neurodegener-
ative diseases are sporadic and depend on the complex interaction of genetic and environ-
mental risk factors. Thus, it may be difficult to fully clarify these conditions in animals. For
these reasons, it would be advisable if neurological disease cellular models should be devel-
oped and studied in concert with existing animal models. Recent advances in the areas of stem
cell and reprogramming biology seem to provide a novel route to the generation of a wide
variety of neural cell types for studying neurological diseases.

A critical point of neurological disease modelling using NSCs is the availability of reliable
protocols that efficiently direct stem cells differentiation into the specific neural cell types
affected in disorders of interest. Knowledge of the pathways that drives neural differentiation
has led to rational approaches now routinely used to direct the differentiation of NSCs in vitro.
It appears that a variety of neural phenotypes can be achieved, depending on the combination
and timing of the inductive signals to which progenitors are exposed. Recently, several disease-
related cell types have been generated in vitro by directed differentiation of NSCs such as
spinal motor neurons, midbrain dopaminergic neurons, basal forebrain cholinergic neurons,
cortical progenitors and oligodendrocytes [23-38]. Moreover, Lee and co-workers also
generated sensory neurons and Schwann cells [39]. One of the first differentiation method has
been developed for the production of spinal motor neurons. In particular, NSCs can be directed
to differentiate into functional spinal motor neurons when challenged with retinoic acid and
Sonic Hedgehog. Retinoic acid induces neuralization and caudalization of stem cells, while
the induction of Sonic Hedgehog signalling converts spinal progenitors cells into motor
neurons [40]. The NSCs derived spinal motor neurons, when transplanted in developing chick
embryos, were able to form long axonal projections into skeletal muscle [27]. The ability to
direct the differentiation of NSCs into specific motor neurons could have important implica-
tions for modelling of diseases such as amyotrophic lateral sclerosis (ASL) and understanding
molecular mechanisms of selective vulnerability. Another clinically relevant neural subtype
that has been generated in vitro from NSCs is dopaminergic neurons which could be used as
cellular model of Parkinson Disease (PD). One of the strategies used to obtain dopaminergic
neurons from NSCs rely on the combined activity of Sonic Hedgehog and FGFS, as first shown
by Lee et al. [27]. Methodological improvements to enhance dopaminergic differentiation in
vitro include co-culture with immortalized fetal astrocytes and dual inhibition of BMP/TGF
beta signalling during neural induction. The in vivo functionality of dopaminergic neurons
derived from NSCs has been demonstrated by transplantation assays into the striatum of 6-
hydroxydopamine-lesioned parkinsonian rats showing partial recovery of motor function
[41-46]. A recent study reported the controlled differentiation of NSCs to basal forebrain
cholinergic neurons, the neuronal population affected in Azheimer’s disease (AD) and
associated with cognitive decline [33]. In particular, two methods have been applied to obtain
basal forebrain cholinergic neurons from NSCs: the use of the diffusible ligand BMP9 and the
transfection of two developmentally relevant transcription factors, Lhx8 and Gbx1, which were
further shown to act downstream of BMP9 signalling. Basal forebrain cholinergic neurons
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obtained in these ways were also shown to stably engraft into murin hippocampal slice cultures
and to generate electrophysiologically functional cholinergic synapses [33]. In addition, NSCs
are also able to differentiate into glial cell types of the CNS. However, directed differentiation
protocols and functional characterization of astrocytes derived from NSCs have yet to be
reported. In contrast, there are already many approaches to obtain oligodendrocytes from
NSCs [47-50]. The ability of these differentiated cells to myelinate axons has been demonstrated
both in vitro by co-culture with rat hippoampal neurons [51] and in vivo by transplantation
into the mouse model of dysmielination [52]. Moreover, studies evaluating NSCs-derived
oligodendrocytes transplants into adult rats have reported improvement of locomotor
recovery in both thoracic and spinal cord injury models [53].

Neural progenitors generated in vitro can also be directed towards cell types of the peripheral
nervous system (PNS).

Disease modeling using pluripotent stem cells might greatly benefit if the genome of these cells
could be readily modified. For instance, the generation of transgenic ““reporter” cell lines using
fluorescent reporter genes under the control of cell type-specific promoters could enable the
purification, tracking, and functional characterization of disease cells models after directed
differentiation. Indeed, most in vitro differentiation strategies result in a heterogenous popula-
tion of differentiated cells, which can include progenitors and a variety of cellular intermedi-
ates. Thus, having the ability to prospectively identify, purify, and easily track the desired cell
type by means of reporter-gene expression can facilitate downstream disease-specific assays,
which could be hindered by the presence of other cell types. However, in spite of their self-
renewal properties, NSCs cells can still be difficult to genetically manipulate. Various techni-
ques for stem cell genetic modification have been reported, and these can resultin random (i.e.,
transgenic) or targeted integration of the DN A construct [54]. Transgenicapproachesinclude the
useof plasmid transfection, lentiviral transduction, transposases, and bacterial artificial chromo-
somes (BAC) asDNA delivery systems[55-59]. In particular, Placantonakis and colleagues used
BAC transgenesis of different reporter constructs to generate motor neuron lineages [59]. Some
of the limitations associated with transgenic approaches include the possibility of insertional
mutagenesis, transgene silencing or ectopic expression of the transgene due to position effects,
and lack of faithful expressionof areportertransgene duetoabsence of regulatory elementsin the
promoter fragment driving its expression [56].

Development of methods to accurately correlate how a stem cell-derived neuron in culture
correlates ontologically with the in vivo equivalent could be useful. In fact, neuronal dysfunc-
tion and degeneration as a result of the neurodegenerative process probably occurs much
earlier than the initial neurological manifestations that characterize the disease. For example,
prior to the onset of the motor component of the Parkinson disease (PD), a significant number
of dopaminergic neurons have already been lost. Moreover, non-motor manifestations can
predate motor manifestations by years. In PD, one of the earliest symptoms of disease may be
olfactory and autonomic dysfunction and initial alpha-synuclein positive Lewy body pathol-
ogy may occur in the dorsal motor nucleus of the glosso-pharyngeal and vagal nerves and
anterior olfactory nucleus [60]. It would seem reasonable, in addition to studying midbrain
dopaminergic neurons, to dissect the molecular causes that lead to degeneration of the motor
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component of PD, to obtain the cell types affected earliest in the disease. Methods to accelerate
the time of the pathology in vitro will probably be important in adult-onset disease. Cellular
stressors such as oxidative stress, growth factor withdrawal, starvation, selective neurotoxins,
and heat shock may reveal differences in NSCs models. Dopaminergic neurons obtained from
a neural stem cell line with a known mutation in LRRK2, typical of an early-onset PD,
demonstrated increased proportions of caspase-3 activation suggesting a selective vulnera-
bility when exposed to a variety of cellular stressors including hydrogen peroxide, proteosome
inhibition, and 6-OHDA exposure [60].

In addition, with better methods to direct differentiation of pluripotent stem cells to non-
neuronal cells, it may be possible to recapitulate the relevant microenvironments that are
important in several neurodegenerative diseases [61]. In this regard, NSC cell-based co-culture
models have provided informative models of the effects of glia in SOD-1-related Amyotrophic
lateral sclerosis (ALS). For example, NSC-derived spinal motor neurons cultured in the
presence of glial cells, either derived from SOD-1 transgenic mice or primary astrocytes
genetically modified to express mutant SOD-1, are selectively vulnerable to the toxic effects
[62, 63]. Furthermore, these culture models allowed subsequent searches for candidate
mechanisms by which mutant glia exerted its effects and testing of drugs to rescue motor
neuron death. Thus, future NSC-based models composed of titrated populations of neurons,
glia, and skeletal muscle to create a functional motor unit in vitro would be informative for
studies on several neurologic diseases.

2.Isolation and establishment of pluripotent neural cell line endowed with
stemness properties

Here we describe briefly, the establishment of a novel neural cell line obtained from mesen-
cephalic primary cultures generated from 11-day-old mouse embryos and showing staminal
properties when appropriately cultured.

In particular, these cells were infected with a replication-defective retrovirus bearing c-myc
and neomycin resistance genes. Neomycin-resistant clones were isolated and a stable cell line
was further characterized and named mes-c-myc Al (A1). The proto-oncogene c-myc was
chosen because of its efficiency in immortalizing cells including neuroepithelial cells without
neoplastic transformation. Al cells deprived of serum and treated with cAMP show arrest of
cell division, which is considered a prerequisite for neural cells to enter a differentiation
program. Under both conditions, Al cells express nestin and vimentin, markers of neural
precursors, and the glial fibrillary acidic protein (GFAP), a marker of glial cells. A1 cells present
numerous neuronal features, such as peripherin, neuron specific enolase (NSE), microtubule-
associated protein 1 (MAP1), N-CAM. In addition, morphologically differentiated Al cells
show functional voltage-gated channels, a neuronal hallmark. Finally, these cells synthesize
and accumulate GABA, the principal inhibitory neurotransmitter in CNS. Al cells present
features of neural progenitors and have a broad potential because they may represent a new
tool in CNS developmental studies and could be useful in therapeutic applications.
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Figure 1. a) Proliferating/undifferentiated A1-mes-c-myc cells and (b) unproliferating/differentiated A1 mes-cmyc
cells with their phenotypic profiles. [64].

When cultivated in suspension in a serum free medium with the addition of epidermal growth
factor (EGF) with or without basic fibroblast growth factor (bFGF), these cells are able to form
neurosphere.

NSCs express EGF and bFGF receptors. The stimulation of these EGF and FGF cell-surface
receptors promotes the activation of specific signal transduction pathways, such as the mitogen
activated protein kinase (MAPK) and the phospholipase C (PLC) signal pathways [65]. Thus, Al
cells similarly to NSC derived from brain respond to such growth factors by generating neuro-
spheres. Moreover, neurosphere are cellular clones derived from a single neural stem cell which
divides to produce other NSC and/or other progenitors cells. Neurospheres can form not only
from the clonal progeny of a single NSC, but also by the aggregation of cells into neurospheres
[66]. For these reasons, the neurosphere assay (NSA) is one of the most frequently used methods
toisolate, expand and also calculate the frequency of neural stem cells (NSCs). Furthermore, this
serum-free culture system has also been employed to expand stem cells and determine their
frequency from a variety of tumors and normal tissues. In our system, cells were counted and
cultured insuspension (2,5x10°/ml) withneurosphere medium [MEM/F12, N,, bFGF and EGF]in
25 cm? flasks with no substrate pre-treatment. Primary neurospheres formed after 4-5 days in
vitro once every 7 days they were gently spun down [75 g), mechanically dissociated, and the
mediumwaschanged. Toevaluateneural differentiation potential, neurospheres weredissociat-
ed and plated on poly-D-lysine precoated platesinneurosphere medium. After 6 daysin culture,
cells were kept for additional 3 days without b-FGF and EGF, and neuronal, astroglial and
oligodendroglial differentiation was assessed by immunocytochemical analysis. Immunostain-
ing formarkers of neural (3-11I-tubulin), astrocyte (GFAP) and oligodendrocyte (O4) cells clearly
showed the presence of all three CNS cell types among the neurosphere derived cells. Further
characterization of neuronal, astroglial, oligodendroglial and stem cells markers has been
performed by real-time PCR. In particular, our analysis identified several stem cell genes and
pluripotency-associated geneinneurosphere cells, including nestin, Nanog, and Sox2. By means
of real-time PCR we also confirmed the presence of genes of neural cells such as g-III-tubulin and
astrocyte such as GFAP. Finally, to definitely confirm the NSCs features of A1 mes-c-myc cells,
we determined the self-renewal ability of secondary neurospheres. In particular, primary



Neural Stem Cell: Tools to Unravel Pathogenetic Mechanisms and to Test Novel Drugs for CNS Diseases
http://dx.doi.org/10.5772/55677

neurospheres were mechanically dissociated into single cells, counted and cultured in neuro-
sphere medium in suspension in 25 cm? flasks again. As expected from NSCs, cells dissociated
from primary neurosphere were able to generate secondary neurosphere.

Figure 2. Neurospheres originated from ATmes-c-myc cells 2 days (a) and 10 days (b) after cultured in neurosphere
medium.

It cannot be excluded that the contemporary maintainance of precursors and differentiated
markers couldbeattributed to the persistentexpression of theexogenous c-myc. However, inour
model system the exogenous expression of c-myc does not impair block of proliferation elicited
by serum deprivation and/or cAMP treatment. Moreover, it is generally accepted that c-mycis
not oncogenic by itself likely because of its dual action as a promoter of cell division and as an
apoptoticmediatorinabsence of growthfactors.Inaddition,ithasbeenreported thatin genetical-
ly manipulated NSC clones there is a spontaneous and significant down-regulation of c-mycin
concomitancewithmitogenremovaland the onsetofdifferentiation[67,68]. Moreover, itisworth
noting that c-myc is one of the genes used to generate iPS cells. Indeed, viral vectors have been
used to transfer transcription factors, such as Oct4, Sox2, c-myc, Klf4, and nanog, to induce
reprogramming of mouse fibroblasts, neural stem cells, neural progenitor cells, keratinocytes, B
lymphocytes and meningeal membrane cells towards pluripotency [69-71]. Immortalization
using the myc transcription factor has proven highly effective at extending the normal life span
of human NSCs in vitro and maintaining a stable genotype and phenotype. Long term cell
expansion with associated karyotype stability is a feature of mycimmortalization. Traditional-
ly thoughtofasaproto-oncogene, ithasbeenrecently reported thatmycmaybea 'stemness' gene
driving rapid proliferation yet maintain multipotentiality in stem cells. Indeed, two NSC lines
wererecentlyimmortalized fromhumanprogenitorsby meansof v-mycand c-myc([72], although
useful to test drugs on molecular targets, the human origin of these cells may hamper the efficacy
of transplants into mice due to species barrier.

3. NSC lines as model to test new therapeutic compounds

Given the potential of neural stem cells and their differentiated cell types to model keys aspects
of neurological diseases, an obvious extension of this platform is represented by its use for
drug discovery and predictive toxicology. Nearly 90% of new drugs tested in humans fail to
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ultimately come to clinical approval, with central nervous system disorders as a therapeutic
area, among those with the highest rate of attrition. Arguably, these failures have resulted from
a reliance on imperfect models used during preclinical development.

Neural stem cells (NSCs) are a good model to screen effective drugs that increase neurogenesis.
Several classes of drugs have been reported to interfere with NSC homeostasis. Most of the
interest has been focused on psychiatric drugs since the early discovery of links between
neurogenesis and stress-related disorders. Several extensive reviews have already been
published on this topic in the recent years. In particular, association between neurogenesis and
depression has been the object of debate since the report of Malberg et al. showing, in 2000 by
BrdU assay, that chronic antidepressant treatment significantly increased neurogenesis in the
dentate gyrus of the hippocampus, and that the new cells became neurons [73-75]. These effects
were in agreement with previous data showing that serotoninergic depletion decreased
neurogenesis in the dentate gyrus and the SVZ [76]. The effects on neurogenesis were consis-
tent with the time course for the therapeutic action of antidepressants. Chronic treatment with
the classical antidepressant fluoxetine accelerated the maturation of immature neurons and
enhanced a specific form of long term potentiation in the dentate gyrus; neurogenesis was also
linked to the behavioral effect of fluoxetine measured by the novelty-suppressed feeding test
[77,78]. We have recently demonstrated, by means of western blotting and real time PCR, that
Al immortalized cell line is able to express serotonergic markers before and after differentia-
tion. In particular, we demonstrated that A1l cells express the transcripts of the two rate-
limiting enzymes necessary for the serotonin synthesis TPH1 and TPH2 and that the two
enzymes were differently expressed in proliferating and differentiated cells. We also found
that TPHs were modulated by fluoxetine and citalopram, two SSRI drugs widely used in
therapy [79, 80].

In addition to synthetic chemicals, recent results show that some natural products also affect
cell fate of NSCs [81]. Until recently, neuroprotective effects of natural products have been
intensely studied. In particular, methanol extracts of Jeju native plants protected apoptosis
induced by hydrogen peroxides. Visnagin, an active component extracted from the fruits of
Ammi visnaga, which has been used as treatment for low blood-pressure, showed protective
effects on kainic acid-induced mouse hippocampal cell death by reducing inflammation. BE-7
extracted from a sericultural product has significant protective effects on amyloid (3 peptide
induced apoptosis through reduction of ROS generation and diminished caspase activity
[82-85]. On this issue, also in our lab, we are in progress to test the biological effects of a natural
compound on NSCs. In fact, in CNS, aberrant proliferation causes cancer whereas impaired
survival of differentiated neurons induces neurodegenerative disorders. In order to find novel
therapeutic targets able to inhibit aberrant cell proliferation and/or enhance differentiated cells
survival, we analyzed properties of the aqueous extract of Ruta graveolens (Ruta g. a.e) on
differentiated, non-proliferating and undifferentiated, proliferating neural cells. Ruta g. is
currently used for its diuretic, sedative, and analgesic effects and recent studies described
antiproliferative effects on different cancer cells.

In A1 cell system, Ruta g. a.e. induces increase of ERK 1/2 (ERKs) phosphorylation and death
of Al proliferating cells. In presence of the ERKs pathway inhibitor, Ruta g. a.e.-induced cell



Neural Stem Cell: Tools to Unravel Pathogenetic Mechanisms and to Test Novel Drugs for CNS Diseases
http://dx.doi.org/10.5772/55677

death decreases, indicating that ERKs is involved in the Ruta g. effect on A1 proliferating cells.
Moreover, when Ruta g. a.e. is added, the number of differentiated Al cells appears signifi-
cantly higher as compared to control conditions and the analysis of the cell cycle showed an
increased number of cells in G2/M phase in differentiated cells treated with Ruta g. a.e.

Thus, our data suggest that Al cells could represent a model system of neural stem cell line
able to allow a deep insight into the mechanisms of regulation neural gene expression and to
identify novel therapeutic targets in the development of more useful drugs for the manage-
ment of disorders of the CNS

4. Conclusion and future perspectives

Research in the area of stem cell biology and regenerative medicine, along with developmental
and molecular neuroscience, will further our understanding of drug-induced effects ( i.e.
death, survival, neurotransmission) on neurons during their development. Moreover, in vitro
models of stem cell-derived neural cell lines allow investigators, under control conditions and
during intense neuronal growth, to delve deep into molecular mechanisms underlying the
actions of various drugs and pathophysiological conditions at various developmental stages.
In addition, since NSCs lines are capable to differentiate into non proliferating neuronal
phenotypes, they represent a powerful tool to screen drugs exerting different effects according
to the cell cycle.

In conclusion, the use of this models will likely lead to fewer pharmacological risks and/or
identification of new compounds exerting biological effects on healthy and diseased neurons.
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1. Introduction

Neurogenesis is the production of new nerve cells or neurons, a specialized class of cells that
make up the functional components of the central nervous system (CNS). Throughout most
of the CNS this process of neurogenesis is limited to the developmental period before birth,
after which time no new cells are added to the pre-established circuitry. In mammals including
humans however, neurogenesis persists into the early postnatal period in two discrete brain
regions: the subgranular zone in the hippocampus and the subventricular zone (SVZ) lining
the lateral ventricles [1-5]. It is unknown why neurogenesis continues in such discrete locations
yet is excluded from most other brain regions. A finite number of neurons is thought to afford
us a stable set of circuitry that is able to accumulate and assimilate experiential information
throughout our lifetimes. However, this predetermined number of neurons is also our Achilles’
heel as any accidental or pathological damage to the CNS often results in irreparable damage
to neurons. Consequently, there is a great unmet need for endogenous sources of brain repair,
for conditions such as neurodegenerative disorders, cognitive neurological impairments,
epilepsy, and cancer. This reason is one of the primary driving forces behind the study of
postnatal neurogenesis and it is hoped that once the mechanisms are understood, this process
can be harnessed to provide therapeutic avenues for intractable neuropathologies. Consider-
able progress has been made in the last twenty years to unravel the mechanisms that both
define and limit postnatal neurogenesis.

In this chapter we will limit our discussion to therapeutically relevant regulators of SVZ
neurogenesis. We will first start with potentially manipulable intracellular and extracellular
factors that have been found to control SVZ neurogenesis. Then, we will evaluate the signaling
cascades downstream of neurotransmitter receptor activity that have also been shown to play

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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regulatory roles within the SVZ. Finally, we will discuss the neuropathologies in which SVZ
neurogenesis has been implicated.

In the two neurogenic regions, resident pools of slow-dividing, astrocyte-like stem cells
generate highly proliferative transit amplifying progenitors that then give rise to fate-com-
mitted neuronal or glial precursors [1-4]. These precursors (called neuroblasts or glioblasts)
then migrate to their final destinations and differentiate into postmitotic neurons, astrocytes
and oligodendrocytes. In the case of neurogenesis, newborn neurons undergo additional
maturation steps to develop an appropriate dendritic morphology, receive and form synapses,
and survive an activity-dependent competitive process to integrate into the local circuitry [5].
Thus, neurogenesis may be broadly divided into two phases: an early phase that includes (a)
stem cell proliferation, neuronal vs. glial fate commitment and migration; and a later phase
that involves the (b) morphological and synaptic development and survival of newborn
neurons. Throughout this chapter, astrocytic stem cells are defined as the self-renewing,
multipotent cells present in the SVZ that express glial markers, including the glutamate
aspartate transporter (GLAST), the intermediate filament proteins glial fibrillary acidic protein
(GFAP) and nestin, and the carbohydrate Lewis X (Lex) [1,6]. Intermediate progenitors, also
called transit amplifying progenitors, express epidermal growth factor receptor (EGFR) and
mammalian achaete-scute homolog 1 (Ascll/Mash1), while neuroblasts, or neuronal precur-
sors, are defined by the presence of immature neuronal markers, including doublecortin (DCX)
and BlII-tubulin (Tuj1) [7-10].

In the SVZ, astrocytic stem cells reside in-between the striatal parenchyma and the ependymal
cell layer that lines the lateral ventricles [11]. These stem cells generate rapidly dividing transit
amplifying progenitors, which give rise to neuroblasts that migrate by moving tangentially
through the rostral migratory stream (RMS) and into the olfactory bulb (OB) [12-14]. During
migration these proliferative cells travel in chains, and are ensheathed by specialized astrocytes
[15]. In the OB the neuroblasts exit the RMS, change direction and migrate radially outward
to differentiate into dopaminergic and GABAergic periglomerular and granule interneurons
[16-20]. Granule cells form dendrodendritic reciprocal synapses with mitral and tufted neurons
in the bulb and inhibit their activity to fine-tune their output, ultimately playing a role in
olfactory discrimination and learning [21]. Periglomerular cells make one-way as well as
reciprocal synapses with the apical dendrites of the mitral/tufted cells and the terminals of the
olfactory nerves that converge into the glomeruli [20;22;23]. The progression from astrocytic
stem cell to neuronal progenitor to synaptic integration requires tightly coordinated, complex
regulation by a multitude of factors.

2. Progenitor proliferation, fate commitment and migration in the SVZ

2.1. Intracellular factors

SVZ neurogenesis is subject to tight regulation, confined to isolated microenvironments and
sensitive to neuronal activity, stress, and aging. This control may be required to prevent
network instability, maintain experience-driven memory and behavioral patterns, and prevent
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tumorigenesis. To this end, cell-intrinsic factors comprise a major component of this regulation
and help coordinate neurogenesis by forming the bulwark of how cells make choices and adapt
to changes in their environments. Importantly, these intracellular factors may represent
clinically tractable opportunities for the treatment of neuropathologies.

In the postnatal SVZ, progenitor fate commitment is sequentially driven by a family of
proneural proteins called the basic helix-loop-helix (bHLH) transcription factors, such as
Mash1/Ascll, neurogenin2 (Ngn2), Neuro-D1, Neuro-D2, Tbrl and Tbr2, in a pattern similar
to cortical and hippocampal neurogenesis [24;25]. This bHLH-driven fate commitment is
thought to develop in a temporally successive fashion, from more broadly proneural proteins
(Mash1/Ascll) to more neuronal and subtype-specifying (Neuro-D1) [26]. Although more
work needs to be done to fully flesh out the role of bHLH proteins in the postnatal SVZ, in
vitro transient expression of bHLH proteins is sufficient to induce neuronal fate commitment.

Recently, a synthetic small molecule isoxazole 9 (Isx-9) has shown promise in enhancing
hippocampal neurogenesis in vivo, by targeting a family of regulatory interactors of Mash1/
Ascll, the myocyte-enhancer family (Mef2) [27]. This study heralds future therapies that can
target and harness specific intracellular pathways within the neurogenic niche to direct
neurogenesis.

The bHLH proteins are thought to induce differentiation in part by activating cyclin-depend-
ent kinase inhibitors that then induce cell cycle exit. This finding has been shown in culture
and awaits confirmation in vivo [28]. Cdk inhibitors p27KIP1 and p19INK4d have also been
shown to modulate proliferation in the SVZ. Mice lacking p27KIP1 show increased progenitor
proliferation and a reduction in neuroblast number [29;30]. Furthermore, mice deficient for
both p27KIP1 and p19INK4d display renewed proliferation of post-mitotic neurons and
increased cell death- causing seizures, movement disorders, and death by postnatal day 18
[31]. This indicates that cdk inhibitors positively regulate cell cycle exit in SVZ progenitors and
their absence prolongs or renews cell cycling. Cdk inhibitors mediate cell cycle exit by
inhibiting phosphorylation of the retinoblastoma protein (Rb) [32]. Dephosphorylated Rb
binds to and sequesters the E2F transcription factor that normally functions in the nucleus to
positively regulate cell cycle progression, thereby promoting cell cycle exit. In the SVZ, E2F-
deficient mice show reduced progenitor proliferation and neuroblast numbers, suggesting that
E2F transcriptional activity is required for cell cycle progression and the maintenance of
neurogenic ability [33]. Additionally, mice lacking the gene encoding the tumor suppressor
p53, another cell cycle regulator, displayed enhanced proliferative capacity and increased
differentiation into neurons and oligodendrocytes [34]. Taken together, these results outline a
stereotyped program of cell-intrinsic mechanisms at work within the SVZ to regulate the
proliferation and fate commitment of SVZ progenitors in the early steps of postnatal neuro-
genesis. The development of therapies that can target these pathways within neurogenic niches
is the next step for endogenous sources of brain repair.

MicroRNAs (miRs) are short, non-coding, single-stranded RNA molecules approximately
19-23 nucleotides in length that regulate gene expression by binding to complementary
elements in the untranslated regions of target mRNAs and inhibiting protein synthesis. They
exert epigenetic control either to maintain the status quo in a cell, (i.e. to maintain tissue
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identity), or they act in dynamic processes occurring within cells to refine and sharpen
transitional states, (i.e. facilitating the switch in expression profile occurring at active synapses
that were previously silent) [35-37]. Their role in shaping the temporal dynamics and pheno-
typic outcome of gene regulatory networks means that the functions of particular miRs become
especially resolvable in plastic processes like postnatal neurogenesis, and miRs have recently
been implicated in regulating the fate commitment of SVZ progenitors [38]. Although as yet
untested, one idea for how bHLH proteins are sequentially activated and repressed and the
transitions from multipotent progenitor to post-mitotic neuron more sharply defined is the
successive miR-mediated downregulation of targeted bHLH proteins. In the SVZ, micro-
RNA-124 was shown to be upregulated upon neuronal differentiation in the SVZ, and
overexpression increased the number of mature neurons at the cost of proliferative progenitors
and neuroblasts, while knockdown decreased mature neuron production and increased the
number of glia [38]. MiR-124 was shown to mediate these effects by antagonizing Sox9, a
transcription factor that directs glial differentiation. MiR-124 has also been shown to target
SCP1, a component of the REST/NRSF complex that represses neuronal genes in non-neuronal
cells and PTBP1, a repressor of neuron-specific alternative splicing [39-42].

Together these results indicate that miR-124 is a critical regulator of neuronal development
and tissue identity, acting early on in the shift from neuronal precursor to mature neuron.
Synthetic miR anologues composed of locked nucleic acid technology (LNA) demonstrate a
robust half-life and good tolerance in animal models and may prove a good strategy to induce
neurogenesis in a therapeutic setting. Furthermore, transplantable cells stably expressing a
complement of miRs may prove beneficial in cellular replacement strategies. Cell-intrinsic
factors and their roles in the early phases of postnatal neurogenesis have only begun to become
amenable to experimental dissection, and exciting developments are forthcoming.

2.2. Extracellular factors

Neurotrophic factors have long been implicated in the dynamic regulation of postnatal
neurogenesis. In the SVZ, fibroblast growth factor 2 (FGF-2) has been shown to affect the early
steps in neurogenesis, positively regulating progenitor proliferation and leading to an increase
in the number of neurons migrating from the SVZ into the OB [43;44]. Furthermore, FGF-2 is
known to interact with epidermal growth factor (EGF) receptor signaling in neuronal progen-
itors, wherein prior FGF exposure is necessary for progenitors to respond to EGF or trans-
forming growth factor 3 (TGFf3), the endogenous ligand for EGF receptors [45-49]. EGF has
been shown to also increase proliferation specifically in the SVZ transit amplifying progenitor
population at the cost of neuronal differentiation. Exposure to EGF induces transit amplifying
progenitors to increase their cycling and downregulate neurogenic markers [50]. Vascular
endothelial growth factor (VEGF), an angiogenic protein that can produce neurotrophic effects,
has been shown to stimulate proliferation and neuroblast production in the SVZ, while insulin-
like growth factor-I (IGF-I), a growth factor implicated in mediating the positive effects of
exercise on adult neurogenesis, has been also implicated in enhancing proliferation and
migration in the postnatal SVZ [51;52].
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Apart from modulating proliferation, diffusible factors have also been shown to affect the
initial establishment of the neurogenic niche itself, by influencing stem cell self-renewal and
cell fate decisions. The factors that regulate such homeostatic effects within the niche may
comprise a separate class of growth factors and unlike FGF-2, VEGF and IGF-], are not
circulating systemically in the bloodstream at appreciable levels nor produced in an acute,
dynamically regulated manner. Based on this hypothesis, sonic hedgehog (Shh), Wnts, bone
morphogenic proteins (BMPs) and Notch/Delta are extracellular factors possibly acting in a
more local fashion. Sonic hedgehog signaling is required for establishing and maintaining the
quiescent pool of stem cells in the postnatal SVZ. Ablating Smoothened, the transmembrane
protein required for hedgehog signaling, specifically in the SVZ results in the depletion of stem
cells and proliferative transit amplifying progenitors by postnatal day 8 and the depletion of
neuroblasts by postnatal day 30 [53]. The Notch-DSL (Delta/Serrate/LAG-2) pathway is a very
highly conserved cell-cell signaling system that acts through single-pass transmembrane
proteins. Binding of Notch to its ligand causes cleavage of an intracellular domain that
translocates to the nucleus where it interacts with transcriptional regulators to initiate
expression of target genes like Hes1 and Hes5. In mammals, Notch ligands like Delta-like and
Jagged bind Notch on stem and proliferative cells to maintain self-renewal and prevent
terminal differentiation. In the neonatal SVZ, retrovirally delivered activated Notch enhances
the numbers of quiescent SVZ progenitors at the cost of migratory neuroblasts [54]. Another
study shows that conditional ablation of Notch signaling in the ependymal cells reprograms
these cells and enables them to leave their position in the epithelium, take on SVZ stem cell
characteristics and differentiate into granule and periglomerular neurons in the OB [55]. BMPs,
a family of growth factors within the transforming growth factor  superfamily, have been
shown to instruct a glial lineage in SVZ stem cells, and noggin, a BMP antagonist secreted by
the adjacent ependymal cells, blocks glial differentiation of stem cells in favor of neurogenesis
[56]. However, deletion of Smad4, a downstream target of BMP signaling, instead of increasing
neurogenesis has been shown to result in oligodendrocyte production and a neurogenic deficit
[57]. Therefore, it seems that BMP signaling can have divergent effects in the SVZ.

Exciting justification for these disparate lines of research is now beginning to emerge. Small
molecule inhibitors of glycogen-synthase kinase 3 (GSK-3) inhibitors have shown promise in
enhancing neurogenesis in human neural progenitor cells [58]. GSK-3 is involved in the notch,
Shh, Wnt/p-catenin and FGF signaling pathways and represents a movement of the field
toward a more clinically oriented direction.

In the SVZ, neuroblasts have to migrate a greater distance than do their analogues in the
dentate gyrus, to arrive at their ultimate destinations in the OB. Furthermore, the migration
behavior exhibited by SVZ neuroblasts has two phases; it is tangential from the SVZ to the
RMS-OB, and then becomes radial-like as the neuroblasts exit the RMS and begin synaptic
integration into the granule cell layer. For our purposes in this review both phases of this
migration are being considered within the “early” phase of neurogenesis, prior to dendritic
arborization, reception of synaptic inputs, and survival. This feature of SVZ neurogenesis
distinguishes it from hippocampal neurogenesis where the neuroblasts migrate very short
distances, and has allowed for the isolation of a few important guidance molecules that enable
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this directed migration. Slit-1 and Slit-2 expression in the SVZ and septum is thought to repel
neuroblasts away from the SVZ and towards the OB, while netrin expression in the mitral cells
of the OB, and the coincident expression of netrin receptors neogenin and deleted in colorectal
cancer (DCC) in neuroblasts may form a chemoattractive cue drawing neuroblasts towards
the OB [59-61]. The secreted protein prokineticin2 (PK2) has also been shown to act as potent
chemoattractant for SVZ neuronal progenitors. PK2 is expressed in the OB, and attracts SVZ
cells to the OB through the two G-protein coupled prokineticin receptors (PRK1 and PRK2]
[62]. Both ephrins and their Eph tyrosine kinase receptors are expressed in the SVZ and have
been shown to play a role in both regulation of progenitor proliferation and neuroblast
migration. EphA7, EphB2 and ephrin-B2 are associated with astrocytic progenitors in the SVZ,
while ephrin-A2 is expressed in the neuroblasts. Ephrin-B2 and EphB2 signaling seem to
positively regulate progenitor proliferation while also disrupting neuroblast migration in the
postnatal SVZ, while ephrin-A2 seemed to positively regulate progenitor proliferation [63;64].
Tangential migration in the RMS has also been shown to involve the a6p1 integrin [65]. Once
in the OB, neuroblasts have to reorient from tangential to radial migration into the GCL. This
process has been shown to involve the expression of tenascin-R, in both the GCL and internal
plexiform layers of the OB, and reelin, expressed by the mitral cells [66-68].

There is now a large amount of information regarding the effects of neurotrophic factors on
early stages of SVZ neurogenesis, all of which is not discussed here. Many exciting avenues
are emerging for therapeutic intervention into neurodegenerative diseases and psychiatric
illnesses and knowledge of how neurogenic niches are formed, maintained, and neuronal and
glial programs directed is fundamental for devising a clinical paradigm of directed neurogen-
esis. However, these data on extracellular factor-based modulation of postnatal neurogenesis
needs more critical validation within the context of in vivo experiments and behavioral
analyses.

2.3. Dopamine

The SVZisinnervated by dopaminergic fibers originating in the substantia nigra, while the SGZ
is innervated by dopaminergic fibers coming from the ventral tegmental area (VTA). Dopami-
nergic signaling has been shown to regulate progenitor proliferation through D2 receptors in
both the SVZ and SGZ and D3 receptors in the SVZ [69-71]. In patients with Parkinson’s Disease,
SVZproliferationismarkedlyreduced. Thiseffectonproliferationhasbeenshowntobemediated
through the induction of EGF and CNTF secretion from SVZ stem cells in response to dopami-
nergicactivity [72;73]. Dopaminergic deafferentiation reduces proliferation in the SVZ, and one
study reports that this decrease in overall SVZ cell proliferation is nonetheless accompanied by
an increase in numbers of cells expressing Pax6 in the dorsal SVZ. Pax6 is a transcription factor
responsible for enabling a dopaminergic differentiation program in postnatally generated
periglomerular neurons. Therefore, dopaminergicactivity may not only affect proliferation but
may also impact cell fate choice in the SVZ [74]. Drugs that potentiate dopamingergic signal-
ing may represent one strategy to maintain neurongenesis postnatally. Dopaminergic regula-
tion of postnatal neurogenesis is only beginning to be uncovered, and its role in neurogenesis
has not been conclusively established as yet.
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2.4. GABA

GABA, a major inhibitory neurotransmitter in the mature CNS, has a well-established role in
the development of neuronal circuits in both the embryo and adult [8;75-77]. Its ambient release
in the form of spillover from synaptic and extra-synaptic sources has led researchers to its role
in regulating the functional integration of new neurons into both immature and mature
networks. Owing to the initial abundance of the Cl' importer NKCC1 and the low expression
of the Cl exporter KCC2, internal Cl" concentrations are higher in immature neurons than
mature neurons [76]. The resultant high equilibrium potential for CI" in neuroblasts causes
GABA, acting through GABA , receptors, to depolarize immature cells in the first few weeks
after fate determination. The depolarizing effect of GABA on young neurons and progenitors
has been shown to regulate key stages of neurogenesis such as proliferation, migration and
morphogenesis, in both the embryonic and adult neurogenic zones [78-80].

Adult neurogenesis in the SVZ recapitulates the embryonic role for GABA [8;81;82]. In the
SVZ, both astrocytic stem cells and their neuroblast progeny express GABA, receptors [5;83].
Electrophysiological evidence indicates that neuroblasts release GABA in a non-synaptic and
non-vesicular fashion, and that this tonically activates GABA, receptors on SVZ astrocytic
stem cells [84;85]. The SVZ astrocytes also express GABA transporters that may further
regulate levels of ambient GABA within the niche. Pharmacological inhibition of GABA,
receptors in SVZ slice-culture preparations increases mitotic activity within the SVZ [85;86].
Blocking GABA transporters or enhancing GABA release from neuroblasts on the other hand,
slows the speed of their own migration, in a paracrine/autocrine fashion in the SVZ and RMS
[87]. Furthermore, knocking down Na-K-2Cl cotransporter NKCC1 and thereby reducing
GABA(A)-induced depolarization in the SVZ reduced proliferation, migration as well dendrite
development [79;80]. These data together suggest that GABA has a role as a negative regulator
of early stages of neurogenesis in the SVZ, where it reduces neuroblasts and SVZ astrocyte
proliferation and decreases the speed of neuroblast migration. This is analogous to the role of
GABA, activation in the developing cortex, where it also serves to limit proliferation of
ventricular zone progenitors and migration of postmitotic neuroblasts [88-90].

GABA's role in regulating early phases of neurogenesis such as proliferation and migration
has been examined more extensively in the SVZ where it has been shown to act as a negative
regulator of early neurogenesis. Whether these effects are corroborated in the SGZ is as yet
unknown. An attractive hypothesis explaining GABA’s disparate roles in development,
postnatal neurogenesis, and at the synapse is that neurotransmitter-based signaling may serve
as a bridge that brings an activity-dependence to cell-autonomous and locally present
instructive signals that drive neurogenesis and network plasticity. In this way, neuronal and
metabolic activity may loop back onto the SVZ and SGZ.

2.5. Glutamate

During embryonic neurogenesis, glutamate signaling has been shown to influence prolifera-
tion, fate commitment, and migration of newborn neurons [88;89;91-93]. During postnatal
neurogenesis, in the SVZ neuroblasts have been shown to express functional NMDA receptors
as well as functional mGluR5 and GLU,;-containing kainate receptors, using both electro-
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physiology and calcium imaging [94;95]. Evidence from our lab suggests glutamate released
spontaneously from SVZ-RMS astrocytes generates phasic NMDA receptor activity in
neuroblasts migrating towards the OB [96]. Both mGluR5 and GLU,; activation have also been
shown to mediate increases in intracellular Ca* transients in SVZ neuroblasts [95;97]. A mosaic
of GABA,, NMDA, mGluR5, and GLU,; (now known as GluK2) receptor-expressing cells
reside in the SVZ, where most cells express GABA, receptors in caudal SVZ and moving
rostrally, a greater proportion of cells begin to express a combination of receptors. Ultimately,
nearly half of all cells in the rostral RMS express all four types of receptors, indicating the
continuing maturation of newborn cells along the SVZ-OB neurogenic axis. Mice lacking
mGluRS5, or in which mGluR5 was pharmacologically blocked, displayed a marked decrease
in the number of proliferating cells in the SVZ [98]. This indicates a role for glutamate -acting
tonically through metabotropic receptors- in positively regulating SVZ progenitor prolifera-
tion and antagonizing tonic GABA,-ergic receptor-induced anti-mitotic activity; perhaps
acting as a positive regulator of early neurogenic processes. Blocking GLU,; in the RMS on the
otherhand, increased the speed of neuroblast migration, suggesting that tonic GLU,s-mediated
glutamatergic transmission decreases neuroblast clearance from the SVZ and acts in concert
with GABA’s effect on migration in the SVZ [97]. mGluRb5 activity however, does not influence
migration speed. It could be that GLU,s-mediated signaling activated different Ca*-dependent
intracellular cascades than mGluR5 signaling. It remains to be seen whether AMPA /kainate
or NMDA receptor activity can have a positive effect on migration in the SVZ/RMS. These data
together suggest that although glutamate receptor heterogeneity and the multiple intracellular
pathways they may activate introduce ambiguity into what role glutamate may play in early
neurogenesis in the SVZ, metabotropic glutamate receptor signaling enhances proliferation,
while AMPA /kainate receptor signaling acts together with GABA to decrease migration of
neuroblasts. More work is needed to fully flesh out the roles that the three different glutamate
receptor families (NMDA, mGluR and AMPA /kainate) have in the SVZ. Work also is needed
to elucidate how glutamate receptor heterogeneity parses among the different SVZ sublineages
(Emx-1, Gsh2, Nkx2.1).

The diversity of glutamate receptors, the myriad intracellular pathways that they may activate
and the many mechanisms by which levels of ambient glutamate are regulated suggests that
glutamate, despite being nearly ubiquitously present, can have very specific and differential
effects on SVZ cells. The data so far suggests glutamate may regulate the early phases of
neurogenesis in manner that reflects this complexity. However, further work will involve
clarifying some of the associated ambiguity surrounding glutamate availability, the receptor
complement, the different intracellular pathways, and their effects on neurogenesis.

3. Morphogenesis, synaptogenesis and circuit integration in the OB

3.1. Intracellular factors

Later stages of neurogenesis include the survival, synaptic integration and dendritic elabora-
tion of neuronal precursors within their target sites. CREB (cAMP response element binding)
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is a long-studied transcription factor known for underlying the later stages of synaptic
plasticity and memory formation, as well as for linking neuronal activity to survival. In the
postnatal SVZ-OB, CREB has been shown to be important in the survival and dendritic
arborization of SVZ neuroblasts [99]. CREB phosphorylation is transient and parallels
maturation, increasing during migration towards the OB and decreasing once radial migration
and synaptic integration are completed. CREB-deficient mice show deficits in neuroblast
survival in the OB, and CREB inhibition in vitro severely attenuates neurite outgrowth,
suggesting that CREB positively modulates survival and dendritic elaboration in the OB and
plays an important role in the later phases of SVZ neurogenesis. Data from our lab and others
suggests that a CREB-regulated microRNA, miR-132, is involved in mediating some of the
effects seen by impairing CREB activity in the SVZ. miR-132 expression is upregulated along
the migratory route of the SVZ neuroblasts, peaking in the OB, and miR-132 overexpression
enhances morphological complexity, spine density and survival of newborn neurons in vivo
[100]. These data suggest that CREB and a CREB-regulated miRNA may form the basis of a
structural plasticity program seen in SVZ postnatal neurogenesis. Intrinsic mechanisms
regulating later stages of neurogenesis are some of the least elaborated aspects of postnatal
neurogenesis. Additionally, with the emergence of inducible and conditional manipulation
techniques, it has become possible to discretely assay the roles of many factors within the
context of postnatal neurogenesis. Work is also emerging that utilizes the stop-flox-mediated
overexpression of factors in a conditional and inducible manner. MiR-132 and other recently
identified miRs that promote synapse maintenance because of their ease of delivery represent
therapeutic strategies for the stable maintenance of newly generated neurons in disease states.

3.2. Extracellular factors

Later stages of postnatal neurogenesis have also been shown to be responsive to neurotrophic
factor signaling. A single nucleotide polymorphism in the human brain derived neurotrophic
factor (BDNF)-encoding gene (Val66Met) has been shown to correlate with mood disorders
and memory deficits, and knock-in mice possessing the human SNP showed reduced activity-
dependent BDNF secretion ultimately resulting in reduced survival of SVZ neuroblasts and
impaired spontaneous olfactory discrimination [101]. In this study, activity-dependent BDNF
signaling in the SVZ was shown to exert its effects on survival and olfactory function through
TrkB receptors on neuroblasts. BDNF signaling and Trk receptor activity have been widely
shown to have neurotrophic and synapse-potentiating effects in neurons and may represent
a general strategy to promote the survival and maintenance of newly generated neurons.

Later stages of neurogenesis are poorly studied in the SVZ. Knowledge of molecules regulat-
ing the survival, synaptic integration and morphogenesis of newborn cells is more limited in
comparison to the literature covering the DG. However, BDNF-signaling is an example of
emerging data within the field that unites hypotheses between the two neurogenic niches. It is
also interesting to note the sustained differences between the two niche microenvironments.
NT-3-signaling is exclusive to the DG and may promote excitatory versus inhibitory neurogen-
ic potential. It has also been suggested that the convergence of dopaminergic and serotonergic
fibers defines the SVZ, while convergence of noradrenergic and serotonergic projections may
define the SGZ [68].
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3.3. GABA

GABA-mediated depolarization of immature neurons has been shown to be critical for synapse
formation in the developing cortex [102]. Postnatally, following migration into the OB SVZ
neuroblasts begin the process of integrating into the local circuitry by radially migrating out
of the RMS core, elaborating a complex dendritic structure and establishing appropriate
synapses [5;103]. A role for GABA , signaling in the initiation, elongation and stabilization of
dendritic structures in immature neurons has been established in the OB. Specifically, it was
discovered that ambient GABA-induced depolarization and Ca*-influx was necessary for the
stabilization of emerging dendritic protrusions and enhanced the number and length of
preexisting dendrites, in SVZ culture as well as OB slice preparations [104]. This effect was
specific to the immature neuron population because six days following plating, KCC2 levels
had increased sufficiently to block the depolarizing effects of GABA and the modulatory effects
of GABA-depolarization on dendrite development. Furthermore, GABA activity promoted
initiation and elongation of immature neuroblast dendrites in culture by stabilizing tubulin in
its polymerized form. Knockdown of NKCC1 and prevention of GABA-mediated depolari-
zation in immature neurons also resulted in dendritic morphological deficits. However, this
effect was transient and dendritiric morphology recovered in adults [80].

This regulation by GABA in both the OB and DG helps shape neurogenesis as an activity-
dependent process where GABA is involved in regulating later stages of postnatal neurogen-
esis orchestrating synapse formation and dendritic outgrowth. However, although GABA's
role in the synaptic integration of postnatally generated neurons is becoming clearer, more
work is needed to fully flesh out the internal mechanisms by which GABA activity leads to
modulation of actions as disparate as proliferation, migration, synaptic integration, and
dendritogenesis.

3.4. Glutamate

Glutamate has been shown to be important for neuroblast survival, dendritic development, and
synaptogenesis in the developing CNS [105]. In the postnatal SVZ, spontaneous glutamate
release from astrocytes onto neuroblasts results in phasic NMDAR activation that increases in
frequency and amplitude upon migration towards the bulb. Genetic ablation of the NR1 subunit
in migrating neuroblasts results in 60% of these NR1-deficient newborn neurons entering
apoptosis, suggesting that NMDAR-dependent glutamatergic signaling is an important factor
inregulating neuroblast survival and numbers of new neuronsin the OB [106]. Once in the bulb,
newly generated neurons begin to integrate synaptically into the local circuitry, generate action
potentials and first establish GABAergicinputs followed by glutamatergicinputs ~4 weeks after
birth [103]. Recently, newborn granule cells in the OB were shown to express a transient form of
LTPinresponse to focal glutamatergic stimulation in the granule cell layer. This type of LTP was
notpresentinmature granule cellsand wasobservedin cellsbetween2 and 8 weeksold, implying
that new neurons have a capacity for synaptic plasticity that is different from their mature
counterparts[107]. Perhapsthissortofsynapticenhancementcanhelpexplainthepositiveeffects
olfactory learning has on SVZ neuroblast survival, as well as the negative effects anti-mitotic
activity in the SVZ has on olfactory discrimination.
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4. Responsiveness and involvement of postnatal neurogenesis in distinct
neuropathologies

4.1. Alzheimer’s disease

Alzheimer's disease (AD) is a late-onset neurological disease with a heritable component
characterized by deposition of -amyloid peptides (Af3), formation of neurofibrillary tangles,
reactive astrocytosis, activation of microglial cells and cholinergic deficits [108]. The effect of
AD is a progressive neurodegeneration throughout the neocortex and hippocampus, and
severe dementia [109]. SVZ neurogenesis is reduced in mouse models of AD and has also been
shown to be diminished in postmortem tissue from human AD patients. Mice harboring
familial mutations in amyloid precursor protein (APP) and presinilin 1 (PS1) show decreased
proliferation in the SVZ [110;111]. Infusion of AP peptide into the lateral ventricles also
decreases proliferation in the postnatal SVZ [112]. SVZ-derived neural progenitor cells from
PS1 mutants and the APPSwe/PS1AE9 double-mutants showed decreased cycling in vitro [112;
113]. In postmortem tissue, AD patients showed decreased numbers of proliferative (Ki67*)
cells in the SVZ [114]. Anosmia or hyposmia, the inability or reduced ability to perceive smell,
are predictive indicators of Alzheimer’s progression in the clinic. However, it remains to be
conclusively established whether altered SVZ neurogenesis is the cause of this disrupted
olfaction in AD patients.

4.2, Parkinson’s disease

Parkinson’s disease (PD) develops due to the specific loss of dopaminergic neurons in the
substantia nigra (SN) and results in impaired regulation of movement, mood, and motivation
[69]. In mouse models of PD SVZ proliferation is reduced. This is thought to be due to the loss
of dopaminergic inputs to the SVZ from the SN via the nigrostriatal pathway, as chemical
ablation of these fibers results in decreased proliferation in the SVZ and decreased numbers
of mature granule neurons in the OB [69;74]. This effect on proliferation was partially rescued
with the application of the dopamine precursor levodopa. Furthermore, in postmortem tissue
from human AD patients SVZ proliferation was reduced, as were numbers of immature
neurons in the granule cell layer of the OB [69]. However, increases in numbers of periglo-
merular dopaminergic neurons have also been reported in mouse models of PD using chemical
ablation, and in PD postmortem human tissue [74;115]. Because dopaminergic activity of
periglomerular cells generally inhibits the transmission of olfactory information, it is thought
that the decreased numbers of granule cells and the increased numbers of periglomerular cells
together contribute to the hyposmia and disturbed olfaction seen in PD patients.

4.3. Huntington’s disease

Huntington’s disease (HD) is caused by expansions in CAG repeat elements in the gene
encoding huntingin. This leads to aggregation of mutant huntingtin and neurodegeneration
in the striatum [116]. In mouse models of HD there is little striatal neurodegeneration and
consequently SVZ neurogenesis remains unchanged. However, in rat models of striatal
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degeneration SVZ proliferation is increased [117;118]. Some cells from the SVZ are seen to
ectopically migrate into the damaged striatum and begin expressing markers of newborn
neurons, although any functional recovery was not reported [118]. In HD patients an increase
in proliferation in the SVZ is observed that corresponds with the number of CAG repeats, and
SVZ cells are seen to migrate into the damaged striatum where they express both proliferative
as well as mature neuronal markers. It remains to be seen whether the expression of both
proliferative and mature markers in SVZ-derived cells within the HD-damaged striatum is
symptomatic of HD or in fact, can contribute to functional recovery [119-121]. However, the
potential for endogenous repair for HD can still be seen as promising, as newborn neurons
would take a long time to develop huntingtin inclusions and in the meantime participate in
the maintenance of striatal circuitry.

4.4. Ischemic stroke

A stroke results from either a hemorrhage or blocked cerebral arteries, leading to diminished
local blood flow (ischemia) in a brain region and loss of neurons. In stroked tissue, the core
infarcted area is distinguishable from the surrounding penumbral area by the exaggerated
necrosis and little potential for regeneration. In the penumbral region on the other hand,
neuronal regeneration has been demonstrated as it is perfused by collateral arteries and not
wholly dependent on the occluded artery for oxygen. As ischemic stroke is one of the most
frequent causes of mortality in industrialized countries, a lot of research has been undertaken
to probe the capacity for regeneration in this condition. In rodent and primate models of stroke
where the medial cerebral artery is occluded (MCAQ), SVZ proliferation and the numbers of
neurons in the OB are increased [122-124]. In addition, ectopic neurogenesis is also observed
in the penumbral areas, such as the striatum [125]. Some groups have also reported ectopic
neurogenesis in cortical regions following stroke (Gu 2000, sun 2003) but this has been denied
by others [125]. In the stroked striatum, SVZ-derived cells differentiate into medium spiny
GABAergic neurons which represent 90% of striatal neurons and are lost there, although once
in the striatum many of the newborn neurons undergo cell death [125]. However, this finding
is greatly encouraging for the continued study of an effective neuronal replacement strategy
as a means to treat stroke damage in the CNS. As proof of this idea, ablating neurogenesis in
mouse models of stroke greatly exacerbated cell death and postischemic sensorimotor deficits,
suggesting that neurogenesis can account for some amelioration of stroke-induced damage
[126]. In human stroke patients, increased proliferation has been observed in the ipsilateral
SVZ and traces of ectopic neurogenesis were seen in the cortex [127-129]. The functional
recovery that this observed increase in neurogenesis following stroke is able to accomplish
remains to be validated, but it does suggest that some measure of recovery is endogenously
possible and may be drawn out with continued research and more-tailored therapeutic
intervention.

4.5. Epilepsy

Epilepsy has also been shown to alter SVZ neurogenesis. In rats, pilocarpine-induced seizures
increased SVZ proliferation as well as expanded the extent of the RMS. Ectopic migration and
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increased immature neurons were also observed [130]. In humans, increases proliferation and
ectopic migration have also been observed in organotypic slice preparations [131]. These effects
on neurogenesis seem to be symptomatic of epilepsy, whether they can be harnessed as a way
to treat the damage caused by repeated seizure activity remains to be seen.

4.6. Precancerous lesions and cortical heterotopias

It has long been suggested that the SVZ is the source of origin for malignant gliomas. The
prognosis for these cancers is very poor and for glioblastoma, the most common variant in
adults, the median survival rate is only 9-12 months [132-134]. A few years ago, in a mouse
model of malignant astrocytoma that included a p53 deletion and a conditional disruption of
the neurofibromatosis type 1 (NF1) gene, researchers conclusively established that the
originating tumorigenic mutation arises within the SVZ atrocyte-like stem cell [135]. Recently
it was further shown that although the mutation arises in the neural stem cell, the cancer begins
at a subsequent stage, when these stem cells have committed to the oligodendrocytic lineage
[136]. Studies of the molecular characteristics of low-grade human astrocytomas suggested
that most often in these conditions p53 is deleted and Ras signaling is elevated. Since NF1 is a
negative regulator of Ras, its deletion would result in increased Ras activity and in conjunction
with the p53 deletion more accurately model human astrocytomas. In mice, this genetic
strategy produced astrocytomas with complete penetrance, suggesting that NF1 and p53
deletion are sufficient to induce cancer. When tumor development was closely followed in
these mice, it was discovered to arise from the SVZ in nearly every instance before dispersing
to other brain regions. These results demonstrate that therapeutic intervention utilizing SVZ
neurogenesis must guarantee against the elevated risk of tumorigenesis, and that continued
research is necessary to manipulate the proliferation, fate choice, migration and differentiation
of SVZ progenitors. Perhaps one day a therapy can be conceived to induce cell death in
progenitors that have become transformed into precancerous cell types.

Ithas alsobeenrecently demonstrated that SVZ dysfunction can contribute to the pathophysiol-
ogy of neuropsychiatric conditions like tuberous sclerosis complex (TSC). TSC is caused by loss
of eitheroneof two tumorsuppressorgenes, TSCIand TSC2, whichencodehamartinand tuberin,
respectively. Mutations in these genes lead to hyperactivity of the mammalian target of
rapamycin (mTOR)signaling pathway.Neurologicalsymptomsof TSCincludeseizures, autism,
psychiatric problems and the presence or subendymal nodules, heterotopias and giant,
ectopically localized cells with both neuronal and glial characteristics. A recent study mod-
eled TSC in mice by conditionally ablating Tscl specifically in the postnatal SVZ. This pro-
duced ectopic migration and differentiation of neuronal precursors, resulting in hetertopias and
micronodules containing neurons with a hypertrophic dendritic tree in aberrant locations.
Furthermore, TscI-mutant cells were shown to be rerouted to forebrain structures where they
differentiated into neurons and glia. This remarkable rerouting of SVZ cells to the cortex is
thought to be occurring at a very low rate under normal circumstances, but becomes elevated
when mTOR activity is pathogenically increased [137]. It is hypothesized that these ectopic cells
inthe cortex contribute tonetwork malfunctionin higher-order cognitive function. Thisresearch
also opens up the exciting idea of actively rerouting cells to the cortex, or other desired brain
regions, for directed endogenous circuit repair.
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5. Conclusion

New neurons continue to be produced throughout life in two regions of the mammalian CNS
and a plethora of research has accumulated demonstrating how this amazing propensity for
plasticity is orchestrated and regulated. Postnatal SVZ neurogenesis has been shown to make
important contributions to coordinated network activity in the OB as well as serving as a sensor
for different neurological disease states. But most importantly, it continues to provide
tantalizing potentials for a source of endogenous repair within the CNS.
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1. Introduction

Nitric oxide (NO) is a gaseous free radical that acts as a second messenger having an important
biological role in intercellular communication and in intracellular signaling in many tissues,
including the brain (reviewed by [1]). NO is synthesized by the nitric oxide synthase (NOS)
family of enzymes, which convert L-arginine to L-citrulline and NO. There are three different
isoforms of NOS: a) neuronal NOS (nNOS or NOS I), b) endothelial NOS (eNOS or NOS III),
and c) inducible NOS (iNOS or NOS II) (reviewed by [2]). Different members of the NOS family
control different functions of NO (reviewed by [1]).

In the central nervous system (CNS), NO has been linked to the regulation of synaptic
plasticity and cognitive functions, and it is also associated with the control of biological
functions including sleep-wake cycle, appetite, body temperature, and modulation of hor-
mone release as reviewed by [3]. In the last decade, there has been a growing interest in
the study of the role of NO in neurogenesis, the process by which new neurons are
formed in the brain. NO regulates neurogenesis in diverse ways, and the different NO
synthases are important players in the different effects on neurogenesis. Under physio-
logical conditions NO synthesized from nNOS acts as a negative regulator of neurogene-
sis [4-9], while in inflammatory conditions, such as neurodegenerative disorders or acute
brain insults, a decrease in nNOS and an increase in iNOS expression may act as a
mechanism to enhance neurogenesis [8,10-13]. In fact, depending on the source, NO has
a pro-neurogenic effect either by promoting neural stem cell (NSC) proliferation, as re-
cently described by our group [13,14], but also by favoring other steps of neurogenesis
such as migration [15], differentiation and survival [10,16]. Although the exact molecular
mechanisms underlying this dual effect of NO on neurogenesis are not fully clarified, the
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modulation of the NO system seems be a good target for the development of strategies
to improve endogenous neurogenesis following brain damage.

In this chapter, we describe the use of two different strategies for the enhancement of
endogenous neurogenesis using drugs that are linked to the nitrergic system: 1) Nitric
oxide-releasing non-steroidal anti-inflammatory drugs (NO-NSAID); 2) Phosphodiesterase
type 5 (PDES5) inhibitors. PDE5 inhibitors are suitable to be used in the clinic for the
treatment of several pathologies, such as erectile dysfunction [17] and pulmonary arterial
hypertension [18], while NO-NSAID are being studied as an alternative to NSAID in the
treatment of systemic inflammatory conditions [19]. Although little is known about the
use of these drugs for the treatment of CNS disorders, the evidence so far is encourag-
ing. Several reports describe these drugs as a good strategy to promote regeneration of
lesioned areas or to be used as an adjuvant approach in cell replacement therapies since
they favor neurogenesis [20-22]. Thus, the design of therapeutic strategies using these
drugs to efficiently enhance the different steps of neurogenesis, such as a) proliferation,
b) migration, c) differentiation, d) integration and, e) survival of NSC in the injured
CNS, seems to be a valuable therapeutic approach to improve brain repair.

2. Neurogenesis in the adult mammalian brain

The discovery of NSC in the adult mammalian brain had a strong contribution for the
understanding of adult CNS plasticity. Two regions have been classically described as having
the characteristics necessary for the maintenance of NSC: a) the subgranular zone (SGZ) of the
dentate gyrus (DG) of the hippocampus [23,24], and b) the subventricular zone (SVZ) of the
lateral ventricles [25]. NSC can be isolated from the SGZ or SVZ and cultured in vitro, since
some of the characteristics of these regions can be kept in culture in the presence of growth
factors such as the epidermal growth factor (EGF) [26] and/or basic fibroblast growth factor
(bEGF) [27].

In vivo, from the SVZ and SGZ, NSC undergo a complex process leading ultimately to the
formation of new neurons, a phenomenon referred to as neurogenesis, which enables the
continuous production of neuronal cells throughout the adult life of mammals, including
humans. Neurogenesis can be summarized into six main stages: 1) proliferation of precursor
cells; 2) fate determination; 3) migration; 4) differentiation; 5) integration in the neuronal
circuitry, and 6) long-term survival of functional newborn neurons. Each of these stages is
tightly regulated locally, and numerous agents have been described to be responsible for the
physiological regulation of neurogenesis, such as EGF, bFGF, Numb, Notch, Sox, Sonic
hedgehog, Noggin, among others (for review see [28,29]).

When trauma occurs in the CNS, new needs arise for the brain, mainly for repair, and
various signals are released from injured areas influencing neurogenic niches and the be-
havior of NSC, which can migrate to the affected sites. Brain damage may be a) acute,
such as traumatic brain injury, ischemic stroke or prolonged brain seizures, or b) chron-
ic, such as slow-progressing neurodegenerative diseases. All these conditions are fol-



Modulation of Adult Neurogenesis by the Nitric Oxide System
http://dx.doi.org/10.5772/54982

lowed by an inflammatory response [30]. Indeed, several studies have shown that adult
neurogenesis is influenced by various pathological conditions, as discussed previously
[31]. Models of brain damage were used to demonstrate that neurogenesis may be fa-
vored following injury, particularly acute injury, which is generally accepted as an at-
tempt of the brain to repair [31]. On the other hand, the neurogenic capacity is
decreased in neurodegenerative diseases, such as Alzheimer's disease, Huntington's dis-
ease or Parkinson’s disease [32-34].

However, several questions remain unclear about this issue, in particular: a) which fac-
tors regulate neurogenesis during inflammation; b) which signaling pathways are in-
volved in the recruitment of NSC for the injured sites; c) how new neurons are
integrated and are able to survive long term; d) how can neurogenesis be modulated to
improve its efficiency in an inflammatory context. The search for the answers to some of
these questions is the challenge of regenerative medicine and a major target by the scien-
tific community nowadays.

3. Neuroinflammation

Neuroinflammation is a biological response to noxious stimuli affecting the CNS, such as
stress, injury or infection by external pathogens [35,36]. The main role of the inflammato-
ry response is that of providing an harmful environment for external agents that cause
injury and to regain homeostasis, being mediated by the activation of two major groups
of cells from the immune system: a) CNS resident cells - microglia and astrocytes, and b)
hematopoietic system migrating cells - lymphocytes, monocytes and macrophages [37,38].
The activation of these cells is characterized by the release of different regulatory sub-
stances, including chemokines such as stromal derived factor (SDF)-lalpha, complement
molecules, monocytes chemoattractant protein-1 (MCP-1), cytokines such as interferon
(IFN)-gamma, tumor necrosis factor (TNF)-alpha, interleukine (IL)-1beta, IL-18 and IL-6,
glutamate, reactive oxygen species (ROS) and reactive nitrogen species (RNS) like NO
(for review see [31]). Although the main function of neuroinflammation is to protect the
brain by promoting the removal of noxious stimuli and committed/dead cells, and thus
reestablishing brain tissue homeostasis, neuroinflammation may also become deregulated
and contribute to perpetuate secondary tissue damage, as reported previously [39]. In
fact, the creation of a positive feedback loop through inflammation itself may result in
neuronal loss and/or neuronal damage.

In short, neuroinflammation may have a dual effect on the cellular environment, being
beneficial or detrimental, depending on the time and state of activation of inflammatory cells
[40]. Accordingly, the inflammatory response has been linked to the mechanisms that lead to
various CNS diseases, also affecting SVZ and SGZ niches, therefore compromising neurogen-
esis [41]. Whether this means that inflammation is always detrimental to neurogenesis, or
whether it is harmful only when the homeostasis of SVZ and/or SGZ is compromised, will be
discussed in the next section.
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4. Neuroinflammation and neurogenesis

As mentioned in the previous section, it is now widely accepted that neuroinflamma-
tion modulates neurogenesis in different ways, either by increasing or, alternatively,
decreasing it [42]. Depending on the severity and complexity of the inflammatory re-
sponse, which can range from a mild acute to a chronic uncontrolled process, neuro-
genesis may be dually regulated. Factors such as a) the type of inflammatory stimuli,
b) the type of inflammatory cells, c) the type of inflammatory mediator, d) the area of
injured tissue and e) for how long the inflammatory cells, particularly microglia, re-
main activated, are decisive for the shift from a pro-neurogenic to an anti-neurogenic
inflammatory status [43].

In this context, the involvement of a particular type of inflammatory cells such as mi-
croglia, considered by most authors as the "hallmark of neuroinflammation”, seems to
be of major importance in the modulation of neurogenesis. The main features of mi-
croglial cells are a) the expression of scavenger receptors, b) antigen presentation mole-
cules (Major Histocompatibility Complex (MHC) class II), ¢) pattern-recognition
receptors, and d) production of various cytokines and other inflammatory factors (ROS
and RNS) [44]. For a long time, microglial cells were considered as the damaging
agents of the inflammatory response, with a default response always leading to detri-
mental effects on neuronal surrounding environment. However, recent studies describe
microglial activity to be plastic (for review see [42]). In fact, the plasticity of microglia
seems to be a determining factor in this dual regulation of neurogenesis, since it can
assume different morphologies and different phenotypes and subsequently release me-
diators along an inflammatory response that may influence the physiology of the NSC
[45]. Apparently, microglial cells and factors released during inflammatory responses
appear to have a dual role in neurogenesis [13,42].

Therefore, numerous studies have reported the involvement of different microglial-de-
rived inflammatory mediators in the regulation of neurogenesis and/or neuroprotection
[31,46,47]. Moreover, it has been reported that chronic microglial activation can stimu-
late one or more stages of neurogenesis, such as NSC proliferation, migration and dif-
ferentiation, while the long-term survival of newborn neurons seems to be reduced in
this context [31].

4.1. Anti-neurogenic role of inflammation

Neuroinflammation, in particular microglial activation, was initially described to be
detrimental to neurogenesis [48,49]. Several studies have demonstrated microglia activa-
tion by lipopolysaccharide (LPS) to hinder neurogenesis in adult rats [48], by a mecha-
nism mediated through TNF-alpha increased production [50,51]. Other studies have
linked this anti-neurogenic effect of inflammation to the increased production of other
proinflammatory mediators such as interleukins IL-1 beta and IL-6, or cytokines IFN-
gamma and TNF-alpha [52-55]. In addition, ROS and RNS, in particular NO, have also
been described as being involved in the detrimental effect of neuroinflammation in the
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formation of new neurons in the adult brain of rodents [49,56,57]. In Table 1 we sum-
marize the main findings concerning the effect of the most important proinflammatory
mediators in neurogenesis.

In addition, the deleterious role of inflammation in neurogenesis was corroborated by
numerous studies which demonstrated that neurogenesis can be restored when the in-
flammatory response is controlled by the administration of: a) antibiotics, such as mino-
cycline [48,58,59], or b) non-steroidal anti-inflammatory drugs, such as indomethacin
[48,49,60,61].

4.2. Pro-neurogenic role of inflammation

Contrary to initial observations, recent studies indicate that neuroinflammation may also
support different stages of neurogenesis, thus favoring the formation of new neurons follow-
ing injury to the CNS [44]. Thus, the inflammatory microenvironment is responsible for
sending “activating signals” to NSC resident in neurogenic niches, such as SVZ or SGZ, that
thereafter migrate to the injured areas where they differentiate and integrate the neuronal
network [62,63]. In this context, microglial cells are described as central in the regulation of
this process, suggesting an ambiguous role of microglia in the regulation of neurogenesis in
inflammatory conditions [64].

Apparently, although microglia may be detrimental to neurogenesis in early stages of the
inflammatory response after acute insults, prolonged inflammatory response, also referred as
chronic inflammation, appears to have a protective effect by directing the replacement of
damaged or lost cells [45,65-68]. Thus, it was shown in several studies that inhibition of
microglial activation results in continuous production of new neurons from adult NSC [69,70].
Moreover, chronic activation of microglia is concomitant with long-term survival of newly
formed neurons [71,72].

Several proinflammatory mediators have been related to the pro-neurogenic effect of inflam-
mation, including: a) cytokines such as IFN-gamma or TNF-alpha, b) chemokines such as
SDE-lalpha and its receptor CXCR4 [69,73], or c) trophic factors such as brain-derived
neurotrophic factor (BDNF) and glial-derived neurotrophic factor (GDNF) involved in the
removal of damaged synapses [72] (see Table 1). In addition to the pro-neurogenic effect, these
studies also suggest a neuroprotective role of microglial cells for newborns cells.

4.3. Future studies

Overall, it seems clear that more knowledge about the crosstalk between inflammation and
neurogenesis is lacking. For instance, it is necessary to better characterize the genetic and
proteomics of the microglial response, as well as more targeted studies are needed to clarify
how neuroinflammation modulates each of the neurogenic stages. Identifying which genes are
expressed, and subsequently, what kind of proteins are present during an inflammatory
response will allow the development of different strategies to control or mitigate the delete-
rious effects of neuroinflammation on neurogenesis.
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Proliferation of  Differentiation Survival of

Inflammato Signaling pathwa References
v NSC of NCS NSC gnaiing p v
mediator
svz DG svz DG SVZ DG
IL-1 beta - - 0 0 + + SAPK/INK [74,75]
IL-6 - - - JAK/STAT and MAPK [48,56,67]
- 0 + - 0 ERK 1/2 pathway [52,64,76-78]
IFN-gamma
+ 0 0 0 = NF-kappaB [79,80]
+ 0 0 - 0 - 0 [50]
0 0 0 0 - - TNF-R1 and TNF-R2 [53,76]
+ 0 0 = 0 TNF-R1 [81]
TNF-alpha + + + + + + TNF-R2 [82]
+ 0 + 0 + 0 TNF-R1 (83]
0 0 - + 0 TNR-R1 [54]
+ + + + + + TNF-R2 [43,54]
SDF-1alpha + + + + 0 CXC-R4 [69,73,84]

The effects listed in Table 1 may not be direct. +, Increase; -, decrease; =, not changed; 0, not reported.

Table 1. Modulation of adult neurogenesis by inflammatory mediators.

5. Nitric oxide

NO is a short-lived gaseous free radical synthesized by different members of the nitric oxide
synthase family of enzymes. NOS are present in most tissues of the body and convert L-
arginine to L-citrulline and NO [2,85]. The NOS family of enzymes is characterized by the
existence of three different isoforms in mammalian cells: a) neuronal NOS (nNOS, type I), is
constitutively expressed in neurons, where it localizes to synaptic spines, and is activated by
calcium/calmodulin following the activation of glutamate receptors; b) endothelial NOS
(eNOS, type III), is constitutively expressed in endothelial cells and astrocytes, is regulated by
phosphorylation/dephosphorylation and/or by calcium/calmodulin; and c) inducible NOS
(iNOS, type II), which regulation is dependent on de novo synthesis of the enzyme, particularly
in inflammatory conditions [2,86,87].

Involved in a variety of physiological processes, NO has been described as an important
regulator of the activity of systems such as the cardiovascular, immune and nervous systems
[88]. There are several biological functions that depend on NO formation, including the
regulation of body temperature, appetite and sleep-wake cycle (for review see [3]). The main
mechanism regulating NO activity is at the level of its synthesis. In the CNS, NO has a distinct
action when compared to classical neurotransmitters, as it is synthesized on demand, diffusing
from synaptic terminals, acting not only in NO-releasing cells, but also in neighboring cells
[89]. Initially described as an intracellular messenger, NO has also been associated with
synaptic plasticity, which is linked to cognitive function, neuronal development and modu-
lation of hormone release [90]. In this context, the role of NO as an intracellular messenger is
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mediated by increasing cyclic guanosine 3', 5-monophosphate (cGMP) levels, following the
activation of N-Methyl-D-aspartate (NMDA)-type glutamate receptors [91]. Unlike classical
neurotransmitters, which are stored in vesicles or released by exocytosis and further inacti-
vated by re-uptake or enzymatic degradation, NO ends its action after reacting with intracel-
lular substrates [1]. According to the literature, the action of NO in the brain has been associated
with two different outcomes: a) regulation of physiological events, by its action as an intra-
cellular messenger [90], or b) regulation of cell death mechanisms, due to its action as a
cytotoxic agent [92,93]. This will be explored next in section 5.1.

5.1. Nitric oxide and neuroinflammation

As mentioned in the previous section, the action of NO in the CNS is characterized by the
interaction with multiple intracellular targets, activating or inhibiting various signaling
pathways. Thus, NO has been described to be involved in the regulation of several physio-
logical functions, but also of various pathophysiological processes [2,85]. This dual action
depends on the NOS isoform that catalyzes the formation of NO: a) nNOS and eNOS-derived
NO is more involved in the regulation of physiological functions, and b) iNOS-derived NO is
more involved in pathophysiological processes. In fact, iNOS is not normally expressed in the
healthy brain, but in the presence of pro-inflammatory stimuli such as cytokines, external
pathogens, such as bacteria or virus, or stress, such as hypoxia, iNOS may be expressed
primarily on macrophages, astrocytes, microglia and endothelial cells [3,86,94,95], but also in
neurons [96,97]. However, it should be mentioned that NO overproduction has also been
linked to nNOS activation following persistent glutamate excitatory input during an inflam-
matory response, which has also been linked to iNOS expression [3]. Once expressed, iNOS
continuously produces NO, and high levels are reached, in a process that can last for several
days, having a cytotoxic effect by inhibiting mitochondrial respiratory chain enzymes,
ultimately inducing apoptosis in target cells [95,98-101]. A key factor for the local effect of NO
is the concentration achieved. Thus, in physiological conditions, NO concentrations could
range from 0.1 to 100 nM, which is lower than those observed in inflammatory conditions,
being less reactive. Accordingly, the action of NO is accomplished primarily by binding to the
heme group of soluble guanylate cyclase (sGC), whose activation leads to the subsequent
production of cGMP [102].

Increased levels of NO have been linked to oxidative and nitrosative stress phenomena, which
have been described as involved in the development of several neurodegenerative disorders
[2,85]. Thus, a massive release of NO can lead to the production of nitrogen dioxide (NO,),
after the direct reaction between NO and oxygen. NO, is a highly reactive nitrosative specie
that can react with NO, producing dinitrogen trioxide (N,05). Moreover, NO, can also oxidize
or nitrate a wide variety of molecules, being the nitration of tyrosine to 3-nitrotyrosine a
classical example [103]. N,Os, in turn, is involved in other phenomena such as nitrosation/
nitrosylation, by reacting with amine or thiol groups, being a good example cysteine, which
may be nitrosated to S-nitrosocysteine [103]. Furthermore, NO can also react with superoxide
to produce peroxynitrite (ONOO), another extremely reactive molecule which can oxidize or
nitrate other molecules, which has been described to be involved in the pathogenesis of several

169



170 Neural Stem Cells - New Perspectives

neurodegenerative diseases, such as Parkinson's disease, Alzheimer's disease, Huntington's
disease, multiple sclerosis and amyotrophic lateral sclerosis [2,104-106]. Likewise, both S-
nitrosylation and nitration lead to alterations in the function of proteins, which may be
regarded as regulatory phenomena of its activity [103].Thus, understanding the involvement
of these phenomena in the pathoetiology of disorders affecting the brain may highlight a
potential therapeutic role in modulating these events.

5.2. Nitric oxide and neurogenesis

The involvement of NO in the regulation of neurogenesis is a matter of debate given the range
of different observations reported in the literature. In fact, the role of NO in neurogenesis only
recently has been identified [4,5,107]. Depending on the source and concentration attained
locally in the brain, NO has a dual influence in the neurogenic process both by inhibiting or
stimulating neurogenesis.

Based on the distribution of NO-producing cells in stem cell niches, several works have
proposed to study the involvement of NO produced at the perivascular niche - which includes
pericytes and smooth muscle fibroblasts, endothelial cells, microglia, glial progenitors and
astrocytic endfeet —in the regulation of neurogenesis, thus reinforcing the involvement of NO
signaling in angiogenesis and neurogenesis [4,108,109]. Indeed, the discovery of blood vessels
expressing eNOS and neurons expressing nNOS, close to SVZ and SGZ neurogenic niches,
was essential for the establishment of a causal relationship between NO and the formation of
new neurons. Moreover, it was also shown that nNOS-derived NO is involved in the regulation
of neurogenesis, particularly by regulating NSC function, so that a cytostatic function can be
assigned to NO in the CNS [4,5,107]. Thus, NO production occurs in close proximity to the
NSC. Other authors have shown that nitrergic neurons expressing nNOS are arranged in close
relationship throughout the rostral migratory stream (RMS), also describing a regulatory
action of NO in the migration of SVZ-derived progenitor cells along the RMS [110].

Although most studies initially performed reported NO as an anti-neurogenic agent in the
normal adult brain, in hypoxic ischemic stress conditions its effect can be radically different
favoring stem cell proliferation, as demonstrated in recent studies [4,12,13,108,111,112]. In fact,
the oxygen tension environment appears to modulate the effect of perivascular NO in
neurogenesis [112,113], which may vary from: a) pro-neurogenic action, dependent on the
expression of eNOS and nNOS, in physiological condition [108]; b) to anti-neurogenic action,
dependent on the expression of iNOS, in extreme environments such as hypoxic and ischemic
tissue and/or tumors [12,13,114,115]. However, more studies should be conducted to clearly
understand how NO produced by different cell types from the perivascular niche regulate
neurogenesis. In fact, it still remains to clarify the limit of oxidative stress and other redox
states that lead to the differential production of NO by each NOS isoforms - nNOS, eNOS and
iNOS - so that one can describe its perivascular action for neurogenesis.

During development, NO is differentially and transiently produced in the brain [116-118].
Moreover, the differential cellular and subcellular localization of nNOS in the CNS may explain
different functions of NO produced by nNOS [119]. In fact, in the cortex, there are two types
of NOS neurons whose distribution is of particular interest due to the relationship between
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the sites of NO production and the sites of development of particular pathologies [119].
Furthermore, its pre- or postsynaptical expression influences nNOS functions [120,121]. In the
adult olfactory bulb (OB), nNOS is highly expressed in developing neurons of the olfactory
epithelium during embryogenesis [120,122] and in the periglomerular cells and granule cells
in the OB in the adult [120,123], being necessary for the early postnatal development and for
the glomerular OB organization, respectively [123,124]. Furthermore, following a lesion in the
OB, nNOS expression is upregulated causing repopulation of this region [117,122,123].
Moreover, developing ependymal cells, which are in close association with SVZ-derived
progenitor cells, also transiently express nNOS after birth, but its activity decreases with the
maturation of the central canal [125], thus suggesting a role of NO synthesized by nNOS in the
development of ependymal cells [125]. Ependymal cells, together with astrocytes, create an
appropriate environment for neurogenesis [126].

NO production may be induced by neurotrophic factors, which results in an antiproliferative
effect on target cells by inducing cell cycle arrest/exit favoring cell differentiation [127-129].
Most of the studies on the involvement of NO in adult neurogenesis characterized its effect on
cell proliferation. However, the evaluation of survival and integration of newly-generated
neurons in the neuronal circuitry is also important, since NO is known to be an important
regulator of apoptosis [130]. In this context, different studies have shown that NO increases
short-term survival of progenitor cell progeny in the DG of adult rats by inhibiting apoptosis
after SE [131], and further preventing increases in the activity of caspase-3 [132].

5.2.1. Anti-neurogenic role of nitric oxide

The anti-neurogenic effect of NO has been attributed to its production via nNOS, as
demonstrated in several studies using in vitro and in vivo experimental models. Thus, it
was reported that nNOS-derived NO has an antiproliferative effect, and may be also in-
volved in neuronal differentiation, survival and synaptic plasticity [4-6,133,134]. The anti-
proliferative effect of NO was confirmed by several authors, which showed that the
inhibition of NO production by intra-ventricular infusion of a NOS inhibitor or by the
knockout of nNOS increase cell proliferation in the DG or in the olfactory subependymal
zone of rodents [4,6,7,108]. Indeed, other studies were performed where the selective in-
hibition of nNOS with 7-nitroindazole (7-NI) was shown to greatly increase cell prolifera-
tion in the SVZ, RMS and OB of adult rats, but not in the DG [5]. Moreover, the
inhibition of nNNOS was also shown to increase neurogenesis and to reduce infarct size,
following a stroke [135]. The presence of differentiated nitrergic neurons in the periphery
of the neurogenic areas, mainly surrounding the SVZ, and its anatomical organization,
contributes to this physiological downregulation of neurogenesis [5,110]. However, the
inhibitory role of nNOS-derived NO in neurogenesis was also demonstrated in the DG,
after cerebral ischemia [135]. In the DG, the neural precursors of the SGZ are in close
proximity with the nitrergic neurons of the hilus, also suggesting a role for NO in the
control of adult neurogenesis in this region [136]. These studies showed that chronic in-
hibition of nNOS increases neurogenesis, supporting the idea that, physiologically, NO
produced by nNOS has an anti-neurogenic effect. Recently, several studies have suggest-
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ed a mechanism for the negative effect of NO on neurogenesis in the SVZ. These au-
thors suggested the inhibition of the EGF receptor [134] by a mechanism dependent on
the nitrosylation of specific cysteine residues and the activation of the phosphoinositide
3-kinase (PI3-K)/Akt signaling pathway [9] as the main mechanisms by which NO nega-
tively regulates neurogenesis in the SVZ (Table II). Furthermore, these authors described
the antimitotic effect of NO as being related to the nuclear presence of the cyclin-de-
pendent kinase inhibitor p27%e! [9].

5.2.2. Neurogenic role of nitric oxide

The pro-neurogenic effect of NO has been reported in several studies using genetic or phar-
macological approaches, showing that increased levels of iNOS after an insult to the brain are
related to increased neurogenesis in the hippocampus, an event correlated with concurrent
decreases in nNOS levels [8,137-139] (Table 2). However, in a study regarding the effect of NO
on cell proliferation it was described the involvement of NO derived from both iNOS and
nNOS in the enhancement of neurogenesis in the DG of adult rats, following seizures [140].
Other studies also showed that NO synthesized by iNOS following ischemia or by eNOS
stimulates neurogenesis in the SVZ or DG, respectively [12,111]. Furthermore, we recently
showed that the iNOS-derived NO promotes the proliferation of NSC in the hippocampus of
adult rats following SE [13]. Following an injury, the concomitant neuroinflammation results
in the activation of microglial cells, which continuously express iNOS [141]. This event leads
to the production of large amounts of NO that was shown to be favorable to increasing
neurogenesis following acute brain injuries.

Although some questions remain to be assessed, several studies have sought to explore
the signaling pathways by which NO from inflammatory origin exerts its pro-neurogenic
effect, namely in the regulation of proliferation. Recently, we have shown that supraphy-
siological concentrations of NO induce the proliferation of SVZ-derived NSC through the
activation of at least two signaling pathways, in a biphasic manner: a) the mitogen-acti-
vated protein (MAP) kinase ERK 1/2 pathway, and/or b) the cGMP/cGMP-dependent kin-
ase (protein kinase G; PKG) pathway. Thus, the proliferative effect of NO seems to be
initially mediated by the direct activation of ERK1/2 signaling pathway [13]. The in-
creased activation of the ERK 1/2 signaling pathway after exposure to NO, leads to the ac-
tivation of several downstream targets, namely the kinase p90RSK, subsequently leading
to decreased nuclear levels of its target p275?!, allowing cell cycle progression and cell di-
vision [13]. Moreover, the activation of cGMP/cGMP-dependent kinase (PKG) pathway
appears to be involved following longer periods of exposure to supraphysiological levels
of NO [14]. NO involvement in the regulation of other stages of neurogenesis has also
been investigated. NO released in inflammatory conditions is also involved in NSC differ-
entiation into astrocytes, a process also referred to as astrogliogenesis, by a mechanism
dependent on the activation of JAK/STAT-1 signal transduction pathway [142].

Taken together, these findings show that NO is an important regulator of neurogenesis. The
effect of NO on neurogenesis seems to be dependent on the developmental period and of the
source of NO. Furthermore, depending on the local concentration and surrounding molecular
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environment NO may regulate neurogenesis in various ways, either favoring it, or impairing
it [136,143,144]. As discussed above, NO has concentration-dependent effects. Thus, under
physiological conditions NO acts as a negative regulator of neurogenesis [4,5,107], whereas in
inflammatory conditions a decrease in nNOS and an increase in iNOS can act as a mechanism
to enhance neurogenesis [12,13,134,145,146]. However, the exact molecular mechanisms
underlying this dual effect are not fully understood and more studies are needed to determine
the downstream targets of NO, particularly to identify potential therapeutic targets and to
assess whether modulation of these players is possible to improve the outcome of neurogen-
esis. Most of the drugs used in studies for the characterization of NO involvement in neuro-
genesis are therapeutically used with other purposes unrelated to brain injury recovery. So,
its implementation as a therapeutic strategy to modulate neurogenesis should be explored.
Next, some of the most promising pharmacological approaches intended to modulate signal-
ing pathways dependent on NO will be discussed.

Proliferation of  Differentiation of Survival of

Signaling pathwa References
NSC NCS NSC 9 arp y
source
svz DG svz DG svz DG
Nitrosylation of EGF
- 0 = 0 = 0 [9]
receptor
nNOS - 0 = 0 0 (P13-K)/Akt pathway [9,134]
0 - 0 - 0 PSA-NCAM and CREB [147]
0 - 0 - 0 cAMP phosphorylation [6]
+ 0 + 0 0 0 BDNF and VEGF [148]
eNOS
0 N 0 + 0 = VEGF [111]
ERK 1/2 pathway [13]
+ 0 0 0 = 0
cGMP/PKG pathway [14]
iNOS + + + + 0 = NMDA receptor [62,149,150]
+ + + + 0 0 L-VGCC [151]
+ 0 +* = 0 JAK/STAT-1 pathway [142]

The effects listed in Table Il may not be direct. +, increase; -, decrease; =, not changed; 0, not reported; Polysialylated-
neuronal cell adhesion molecule, PSA-NCAM; cAMP response element-binding, CREB; Brain-derived neurotrophic factor,
BDNF; Vascular endothelial growth factor, VEGF; L-type voltage-gated Ca2+ channel, L-VGCC. * - astrogliogenesis.

Table 2. NO-dependent modulation of adult neurogenesis.

6. The nitric oxide system as a target to enhance endogenous neurogenesis

In physiological conditions, damaged cells and tissues are continuously being repaired in order
to maintain homeostasis and normal function of the organism. A deregulation or malfunction
of self-repair mechanisms could lead to the emergence of several pathologies as referred in
sections 3 and 4. In the adult CNS, the major limitation that researchers face is the restricted
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ability for regeneration. Moreover, this process is even more limited during an inflammatory
process as the surrounding environment is detrimental to the survival of newborn cells [43].
Acute brain lesions, such as stroke, spinal cord injury, trauma and seizures, which are
accompanied by an inflammatory response, have a strong participation on neuronal loss [43].
Neuroinflammation is also a hallmark of chronic pathologies, such as Alzheimer’s disease,
Huntington’s disease and Parkinson’s disease [31]. Thus, to overcome the limited ability for
brain repair and as an attempt to revert the loss of neurons following inflammation, some
strategies have been studied. The most promising strategies include a) stimulation of endog-
enous neurogenesis, or b) transplantation of exogenous neural precursors/stem cells. Trans-
plantation of exogenous stem cells is a complex approach with several disadvantages including
ethical concerns. Furthermore, the risk of rejection and uncontrolled proliferation of grafted
cells, which may lead to tumor formation, raises some concerns about its therapeutic applic-
ability. However, although the potentiation of endogenous neurogenesis appears to be a better
approach, with higher possibility for therapeutic application, some disadvantages/limitations
should be taken into account, such as: a) low yield in the formation of new neurons, b) low
rate of long-term survival of new neurons, and c) poor specificity for increasing neurogenesis
in the target/lesioned tissue. Here we focus on the stimulation of endogenous neurogenesis by
targeting the pre-existing pools of NSC, particularly in SVZ and SGZ niches, mainly by
modulating the nitrergic pathways.

As discussed in section 5.2, NO has been widely described as a dual regulator of adult
neurogenesis, being involved in the regulation of proliferation, migration, neuronal differen-
tiation and survival of NSC (see Table II). The great majority of studies in the literature
characterized the involvement of NO in the regulation of NSC proliferation. In fact, as reported
by our group, NO from inflammatory origin has a proliferative effect in the SVZ and SGZ [13].
However, more studies about the involvement of NO in the regulation of migration, differen-
tiation in functional neurons that must correctly integrate neuronal circuits and survival of the
newly formed neurons must be performed in order to understand how these neurogenic steps
are regulated in an inflammatory context. Although little is known about the in vivo applica-
bility of this strategy, recent encouraging evidences are already in the literature where the
pharmacological modulation of different players in the nitrergic system has been proved to
promote neurogenesis. However, we believe that this approach in a regenerative context
should not be considered as an isolated approach, but instead, it could be adjuvant to other
strategies in order to ensure an efficacious therapy. Therefore, two different strategies should
be considered to enhance neurogenesis: a) controlled increase in NO levels by using NO
donors, particularly NO-NSAID and, b) prevention of cGMP degradation by the use of PDE5
inhibitors. Next, these therapeutic approaches for brain repair will be discussed.

6.1. Nitric oxide-releasing non-steroidal anti-inflammatory drugs

NO-releasing drugs have been widely used in several studies for the characterization of the
involvement of NO in the regulation of different steps of endogenous neurogenesis. These
pharmacological tools were essential to understand that NO-mediated effects on neurogenesis
are time and concentration-dependent [14,142]. A wide variety of NO-releasing compounds
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are available, being the most common the diazeniumdiolates, also referred as NONOates (such
as DEA/NO, SPER/NO or DETA/NO), that spontaneously release NO under physiological
conditions [152]. NONOates were also used in numerous studies to investigate the effect of
supraphysiological concentrations of NO on neurogenesis, thus mimicking high NO concen-
tration achieved in the brain in inflammatory conditions [13,142]. However, NO-releasing
drugs are chemically distinct, having different half-life times, releasing different amounts of
NO in vitro. The major disadvantages of the use of these drugs lie in the inability to control the
amount of NO released in vivo, and the incapacity to specifically release NO in the target tissue/
cells. Moreover, factors such as pH, temperature, some co-factors and light, are able to alter
the release of NO by these compounds [152,153]. As described above, given that different
amounts of NO have different effects on neurogenesis, it is essential to control the release of
NO in order to keep it in levels that are beneficial to neurogenesis. Thus, it arises the need to
develop new NO-releasing drugs in order to overcome these disadvantages.

More recently, a new class of NO-releasing compounds has been developed, NO-NSAID.
These drugs are synthesized by adding a nitric oxide donating group to classical NSAID.
Conventional NSAID are broad-spectrum compounds used worldwide due to their properties
as analgesics, antipyretics and, at higher doses, anti-inflammatory. However, chronic use of
NSAID is limited, mainly due to increased side effects in the gastrointestinal (GI) tract,
cardiovascular system and kidneys (extensively reviewed by [154-156]). Traditional NSAID
exert their effect by inhibiting both isoforms of cyclooxygenase enzyme (COX-1 and COX-2),
thus blocking the synthesis of prostaglandins. The great majority of side effects associated to
the use of these drugs are associated with the inhibition of COX-1 pathway, and subsequent
decrease in gastroprotective prostaglandins.

To overcome these side effects and improve safety of NSAID, new drugs were designed
a) coxibs, selective COX-2 inhibitors, and b) hybrid prodrugs, which include NO-NSAID.
The latter drugs take advantage of some characteristics of NO such as its potent vasodila-
tor effect, inhibition of leukocyte adherence to the gastric vascular endothelium and inhib-
ition of caspase activity, thus mimicking the biological effects of prostaglandins in the GI
tract [19,157,158]. Several in vivo studies have shown that NO released by NO-NSAID has
a reduced GI toxicity profile compared to NSAID alone, without affecting the anti-inflam-
matory effectiveness [159-161]. In fact, low levels of conventional NO donors were shown
to inhibit cell apoptosis in vivo by inhibiting caspase activity and, thus, sparing the gastric
mucosa from the pro-apoptotic effect induced by TNF-alpha, an effect that seems to be
dependent on cGMP formation [161-164]. In addition, NO released by NO-NSAID inacti-
vates caspases, contributing to the gastric-sparing effect of these drugs. Moreover, these
NO-donating drugs release NO in amounts that mimics in vivo NO production by constit-
utive NOS, which seems to be linked to a reduced toxicity when compared to the parent
NSAID [19,165]. In addition, the relatively slow rate of NO release by NO-NSAID when
compared to classic NO donors, such as sodium nitroprusside (SNP) [166], allows a more
controlled release of NO and a long-lasting protective effect, which should be considered
a major advantage in the use of these drugs. Since there is no massive burst in NO levels,
excitotoxic events are prevented when compared to classical drugs.
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Chronic inflammatory events were linked to Alzheimer’s disease, where several pro-inflam-
matory mediators are released, such as the cytokines IL-1beta and TNF-alpha [167], and
caspase enzymes are activated [168]. Chronic administration of NSAID appears to reduce the
risk for developing Alzheimer’s disease [169-172], also ameliorating impairment of cognitive
functions in patients (reviewed in [173]). Other studies have been performed to study the effect
of anti-inflammatory drugs in the treatment of acute brain lesions, such as status epilepticus and
ischemia. In this context, anti-inflammatory drugs, such as indomethacin, have been described
to reduce microglial activation and to promote NSC proliferation and improve migration and
survival of newborn cells, thus restoring neurogenesis following cranial irradiation or focal
ischemia [49,174]. Therefore, although the neuroprotective effects of NSAID in models of
chronic brain inflammation have been recently described in the literature, the side effects of
NSAID in other biological systems should not be ignored. Given the advantages of NO-NSAID,
and given their ability to rapidly cross the blood-brain barrier (BBB) [175], NO-NSAID have
been considered for the treatment of CNS disorders, particularly for the control of neuroin-
flammation that, as already discussed, may affect neurogenesis [165]. However, to date, little
is known about the effect of NO-NSAID on neurogenesis following acute or chronic brain
injury. Nevertheless, studies in models of chronic brain inflammation showed that chronic
administration of NO-flurbiprofen significantly attenuated brain inflammation by decreasing
the density and reactive state of microglial cells [176,177]. In this study, treatment with NO-
flurbiprofen reduced brain inflammation and attenuated the effects of LPS-activated microglia
in young and adult rats, but not in aged rats, which suggested this drug to be a possible
therapeutic tool to be used in the onset of Alzheimer’s disease, before the development of
chronic inflammatory events associated with age [178]. Besides the reports that NSAID
decrease the expression of iNOS in inflammatory cells, NO-flurbiprofen appears to upregulate
the expression of this enzyme in LPS-activated microglial cells [179]. This effect leads to an
even higher increase in NO production, which has been attributed to NO released from NO-
flurbiprofen, since traditional NO donors lead to similar results. Interestingly, the activation
of microglial iNOS following a brain insult enhances NSC proliferation in the SGZ following
epileptic seizures, thus promoting neurogenesis [13].

Overall, the beneficial effects of NO-NSAID observed in experimental models of neurodege-
nerative diseases are encouraging for the development of strategies to control neuroinflam-
mation and target endogenous neurogenesis by using these drugs [165]. However, further
studies need to be conducted in order to understand the mechanisms and within which
concentrations NO-derived from NO-NSAID may promote neurogenesis.

6.2. Phosphodiesterase 5 inhibitors

The main intracellular target of NO is the heme-containing enzyme sGC. Activation of sGC
leads to an increased production of cGMP [102,180], which subsequently activates cGMP-de-
pendent PKG [181,182]. PKG regulates various physiological events, such as synaptic plastici-
ty or synthesis and release of neurotransmitters (reviewed by [183]). In physiological
conditions, intracellular cGMP levels are controlled through cyclic nucleotide phosphodiester-
ases (PDE), enzymes that hydrolyze the 3’-phosphodiester bound of cyclic AMP (cAMP) or
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cGMP, originating their respective inactive monophosphates, 5-AMP or 5'-GMP. PDE are
ubiquitous enzymes classified in 11 families by their different substrate specificity, kinetic
properties and cellular and subcellular distribution (extensively reviewed in [184]). As differ-
ent PDE families present such a wide distribution among the tissues, including the brain, inhib-
ition of one or more PDE has been studied as an approach for the treatment of several diseases,
mainly by controlling the levels of the respective second messengers cAMP and/or cGMP.

cGMP-dependent physiological functions, may be regulated by controlling PDE type 5
isoenzyme activity, which specifically hydrolyzes cGMP. Thus, a good strategy to increase
intracellular levels of cGMP may be through inhibition of this enzyme [185]. PDE5 is a widely
expressed cytosolic enzyme, whose protein activity was found in the lung, vascular and
tracheal smooth muscle, spleen, platelets, corpus cavernosum [186-188], being also highly
present in several brain regions, including Purkinje cells and SVZ [189-191]. PDE5 and PDE5
inhibition have been extensively studied in the last decades and several PDES5 inhibitors have
been developed. The most characterized PDES5 inhibitor is sildenafil, commercially available
as Viagra, a drug used for the treatment of erectile dysfunction and pulmonary arterial
hypertension. However, besides PDES5, sildenafil also inhibits PDE 1 and 6 with lower potency
[192]. In order to overcome this issue, more selective PDES5 inhibitors were developed for the
treatment of erectile dysfunction: vardenafil (Levitra), tadalafil (Cialis) and, more recently,
avanafil (Stendra). In addition, a new compound with even higher selectivity for PDE5 was
also developed, T0156 [193].

The decrease in cGMP levels appears to be one of the causes for the decreased neurogenesis in
aging, which normally correlates with the development of neurodegenerative diseases [194].
Althoughneurogenesis isincreased in early stages of neurodegenerative diseases, as a compen-
satory mechanism, the more advanced or severe stages are characterized by impairment of neu-
rogenesis [195]. In the aged brain, there is a decrease in NO levels with a concomitant decline in
cGMP levels, ultimately resulting in the abolishment of cell proliferation and impairments in
learning and memory [194]. Targeting an enzyme specific for the hydrolysis of cGMP, such as
PDES5, has been proven to be a good strategy to reverse this process and, thus, enhance neuro-
genesis following acute or chronic brain insults. In fact, PDE5 inhibitors are known to modu-
late several functions in the adult brain. Several reports showed that PDE5 inhibitors, such as
sildenafil, have a neuroprotective role, by improving memory and learning [20,196-201]. Be-
yond the important role in memory and cognition, PDES5 inhibitors could also be used to target
endogenous neurogenesis in the adult brain. In neurodegenerative diseases such as Alzheim-
er’s disease, the progressive neurodegeneration results in cognitive dysfunction, with memory
loss and motoneural impairment. The administration of PDE5 inhibitors has been studied as a
possible therapy for this disease, due to their ability to reverse long-term memory deficits
[202,203]. Sildenafil has also been described to improve symptoms of multiple sclerosis [22],
while chronic administration of sildenafil or tadalafil appears to have an anxiolytic effect [204].
Moreover, following an acute injury, PDES5 inhibitors are described to enhance endogenous
neurogenesis and neuronal function recovery in models of ischemic injury or stroke [205-208].
In addition, sildenafil was shown to stimulate SVZ-derived NSC proliferation, an effect that ap-
pears to be dependent on the activation of the PI3-K/Akt pathway [191].

177



178 Neural Stem Cells - New Perspectives

Overall, apart from small differences in the selectivity for PDE5, the majority of PDE5 inhibitors
present similar effects in increasing cGMP levels and subsequent activation of nitrergic
pathways. In spite of the fact that inhibition of PDE5 does not have an anti-inflammatory effect
as NO-NSAID, the neuroprotective effect of PDE5 inhibitors appears to be consensual.
However, in the CNS, the effect of PDE5 inhibitors is highly dependent on their permeability
to the BBB, and more studies need to be conducted in order to correctly characterize the kinetics
on PDES5 inhibitors permeabilization into the CNS. Within this background, the modulation
of PDES5 activity could be a good approach to control the levels of cGMP, which could be used
in the treatment of several pathologies in which the levels of cGMP are altered. Although there
are some studies focused on the stimulation of neurogenesis, the use of inhibitors for PDE5
deserves further investigation in order to clarify their role in controlling different stages of
neurogenesis, including migration, differentiation, functionality and survival of newborn
neurons, and further understand the mechanisms underlying these effects.

6.3. Other strategies

The involvement of NO in a wide-range of physiological processes and cell function makes it
a desirable molecule to use in the clinics, being a major target of pharmaceutical industry.
Besides the strategies mentioned above, many synthetic compounds with various chemical
and biological modifications have been developed in order to overcome some limiting factors
of NO such as its short half-life, the instability during storage and its potential toxicity. Thus,
recent innovations in the field of nanotechnology of the profile of NO-donating drugs are being
tested to increase the utility and the safety of these compounds in order to be used in biomedical
applications, as described below.

There is a wide variety of NO donors that are capable of releasing NO spontaneously or in a
controlled way to certain target tissues. The great challenge is how to release NO and to achieve
an optimal concentration locally in the brain, thus promoting a therapeutic effect with
minimum toxicity [209]. Recent investigations aim at incorporating NO donors into biopoly-
mers mimicking endogenous production of NO at target sites [202]. Nanomaterials are
delivery systems with many advantages and a promising therapeutic applicability. These new
systems are advantageous due to their: a) small size; b) ability to target specific tissues or cells,
having the capacity to cross several biological barriers, such as BBB, reaching tissues that are
inaccessible to classic drugs; c) ability to accumulate high drug concentrations; d) enhancement
of bioavailability and drug solubility; e) facilitation of drug administration; f) increase of drug
circulation in the blood; g) reduction of the dose required to exert an efficient therapeutic effect;
and e) decreased local toxicity and reduction of side effects (reviewed by [203]).

The application of nanomaterials to classic NO donors may be an alternative to improve their
stability and to therapeutically deliver NO. Among the most studied nanosystems are
liposomes and polymeric nanocarriers, such as micelles and hydrogels. Overall, this emergent
field of study is of great interest since it allows the development of compounds that release
NO in a controlled and sustained way. However, there is a lack of studies concerning the
application of these strategies to the CNS. To date, none of these nanosystems is commercially
available to target/improve endogenous neurogenesis and further studies are needed in order
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to develop effective NO-releasing drugs. By these strategies, NO levels in certain targets can
be regulated overcoming the traditional limitations of classical NO donors, thus allowing the
control of NO levels in specific regions of adult brain in an attempt to repair the lesioned brain.

7. Future directions

Most brain disorders have common features such as neurodegeneration and neuroinflamma-
tion. Understanding the mechanisms underlying the evolution of these pathologies, the factors
that lead to their onset and the biology of neuronal injury is of extreme importance for the
development of efficient therapies, thus allowing to act on risk groups in order to prevent their
occurrence. Neurogenesis is an important mechanism of repair in the adult brain, being
considered as a critical target to counteract the loss of neurons. As discussed above, two
promising strategies could be considered to improve neurogenesis, which include a) trans-
plantation of exogenous neural precursors/stem cells, or b) stimulation of endogenous
neurogenesis. However, both strategies for increasing neurogenesis have been linked to an
inflammatory response.

Transplantation of exogenous stem cells is a complex and invasive approach with several
disadvantages, raising questions about its therapeutic applicability, such as: a) uncontrolled
proliferation of grafted cells that may lead to tumor formation, b) the risk of rejection, and c)
ethical concerns. However, potentiation of endogenous neurogenesis appears to be a better
approach, although with some disadvantages/limitations, such as: a) low yield in the formation
of new brain cells, b) low rate of long-term survival of newly generated neurons, and c) poor
specificity for increasing local neurogenesis in the target/lesioned tissue. Overall, stimulation
of endogenous neurogenesis appears to have higher possibilities for a therapeutic application
although it is a less efficient strategy, it has been considered a safer approach when compared
to the invasive transplantation of exogenous precursor/stem cells.

Knowing how the inflammatory response affects neurogenesis and the factors that are altered
following brain lesion will allow the modulation of certain signaling pathways involved in the
regulation of neurogenesis. In fact, the modulation of the nitrergic system could be beneficial
for controlling neurogenesis following brain inflammation.

Nitric oxide, by its importance as a regulator of neurogenesis, appears as potential target for
the enhancement of endogenous neurogenesis, thus, the development of selective drugs for
modulation of the nitrergic signaling pathways is an increasing challenge to pharmaceutical
companies. Currently, many strategies are under study for the treatment of CNS disorders,
some of them targeting the nitrergic system. The development of NO-NSAID is of great interest
as it combines the anti-inflammatory effect to the release of NO, thus reducing the deleterious
effects of neuroinflammation and, simultaneously, taking advantage of the pro-neurogenic
effect of NO [165]. Moreover, PDES5 inhibitors also seem to be a good strategy to improve
neurogenesis, although they lack an anti-inflammatory effect when compared to NO-NSAID
[210]. Although little is known about the applicability of this strategy in a regenerative context,
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recent encouraging evidences support that NO-NSAID and PDE5 inhibitors should be
considered as therapeutic strategies to enhance neurogenesis as discussed in this chapter.

In spite of all the evidences showing the important role of the nitrergic system in the modula-
tion of neurogenesis, further studies are needed. In fact, more studies regarding the regulation
of migration, differentiation in functional neurons and survival of the newly generated cells
must be performed in order to fully understand how these neurogenic events are regulated in
an inflammatory context, given the large number of molecular players involved besides NO.
Modulation of the nitrergic pathways in a regenerative context should be considered, not as an
isolated approach, butinstead, as an adjuvantstrategy in order to ensure an efficacious therapy.
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1. Introduction

The vasculature has been identified as a prominent feature across several stem cell niches,
suggesting a crucial role in their regulation and maintenance. While a critical component of
every organ and tissue, it has adopted specific features for specialized microenvironments.
Most notably, the subventricular (SVZ) and subgranular (SGZ) zones of the adult brain harbor
unique vascular plexi that are finely tuned to support neural stem cell (NSC) function and
behavior. Whether it is through direct contact with, and paracrine signaling from, endothelial
and mural cells that comprise blood vessels, or systemically via distribution of soluble factors
from the circulation, the vasculature serves as a multifaceted stem cell niche regulator. As
emerging evidence continues to emphasize the importance of vascular and nervous system
interdependency, it is clear that the vascular compartment in the neural stem cell niche is
uniquely poised to coordinate responses of both systems to ensure proper maintenance and
regeneration, as needed.

2. Vascular composition and function in the brain

2.1. Brain vascular endothelium

The vasculature is a critical component of every organ and tissue, and has the remarka-
ble ability to integrate systemic signals and directly regulate the local microenvironment.
In general, the vasculature provides nutrients and protection; however, it has adopted
specialized features for specialized microenvironments. Accordingly, not only does the
composition of blood vessels vary (e.g. smooth muscle cell and pericyte coverage, peri-
vascular cell recruitment, extracellular matrix (ECM) deposition), but heterogeneity
among the endothelium itself is recognized. Indeed, this endothelial cell (EC) heterogene-
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ity may be at the heart of their vast regulatory potential, allowing control of multiple
processes. These include, but are not limited to, angiogenesis, microvascular permeabili-
ty, vessel wall tone, coagulation and anticoagulation, blood cell generation and traffick-
ing, inflammation, and microenvironment regulation [1-3]. From a functional standpoint,
the endothelium displays an incredible division of labor, where a spectrum of responses,
both to internal and external stimuli, is carried out. Thus, heterogeneity among the vas-
cular endothelium is a core property bestowing vast regulatory potential [4].

Within the brain, capillaries are tightly integrated within the neural parenchyma. As arterioles
traverse deeper into the brain, they become progressively smaller and lose portions of their
smooth muscle layer, and are thus termed cerebral capillaries [5]. These capillaries are tubes
of EC that are variably surrounded by pericytes or pericyte processes, astrocytes, neurons, and
ECM. This minimal composition of capillaries allows for a unique interface that facilitates
communication with the underlying tissue environment. Distribution of cerebral capillaries
within the brain is relatively heterogeneous, due to regional differences in blood flow and
metabolic demand. Owing to their thin walls and slow rate of blood flow, capillaries are
engineered to minimize diffusion path length and optimize diffusion time [2]. Surprisingly,
the average luminal diameter is ~4.8 um [6], a length that is somewhat smaller than the
diameter of an erythrocyte, requiring red blood cells to deform slightly as they progress
through these vessels.

The brain endothelium is characterized by unique features that allow it to selectively control
permeability between blood and the central nervous system, which manifests as the blood-
brain-barrier (BBB). Specifically, this endothelium is discontinuous and nonfenestrated, with
few caveolae at the luminal surface and large numbers of mitochondria [7]. The barrier function
is mediated by both a physical barrier, owing to high expression of tight interendothelial
junctions, and a highly selective transport system. Interestingly, the basal lamina in capillary
beds is common with that of perivascular astrocytic endfeet and pericytes, allowing direct
contact of neural cells with the underlying endothelium [8]. These capillary EC are ~0.1 um
thick, giving them a cell volume of only ~20pL/cm?®, cumulatively amounting to just 0.2% of
the volume of the entire brain [9]. As the demand for energy must be matched by nutrient
supply, the remarkable thinness and surface area of these EC allows for quick, selective, and
efficient transport across endothelial membranes.

3. Development and vascularization of the brain

3.1. Embryonic brain development

The initial steps of central nervous system (CNS) development occur prior to gastrulation,
beginning with neural plate induction from ectoderm [10]. The neural plate is then patterned
along its anterioposterior (AP) and dorsoventral (DV) axes in a dose-dependent fashion, where
gradients of secreted morphogens specify distinct neural fates by inducing expression of
region-specific transcription factors. It has been reported that fibroblast growth factor (FGF),
retinioic acid, and secreted Wnt family members determine AP polarity, while bone morpho-
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genetic proteins (BMPs) and members of the Hedgehog family control mediolateral polarity
[11-18]. As the neural tube fuses from the neural plate, the neuroepithelium begins to undergo
a complex series of morphological transformations, and begins expressing proteins such as
vimentin and nestin, thus marking the first appearance of radial glia in the cerebral cortex [19].
The appearance of projection neurons, originating from the neuroepithelium between E8.5 and
E10, is followed closely by the onset of neurogenesis at E11 [20].

In the early stages of embryonic neurogenesis (E11-E13), the first mitotic cortical neurons leave
the VZ to form the preplate via interkinetic nuclear migration, independent of radial fibers,
creating an intermediate zone (IZ) where postmitotic neurons accumulate to commence
differentiation [21]. Subsequently generated neurons continue to leave the VZ and enter the
preplate to form the CP (E13-18), further subdividing this region into the subplate and marginal
zone (MZ), where the latter becomes lamina I, the most superficial layer of the brain [22]. At
this same time, SVZ progenitors generated in the VZ divide and expand the progenitor pool.
Excluding layer I, subsequent development is said to occur in an “inside-out” manner, where
earlier-born neurons reside in the deeper layers (V, VI), and later-born neurons occupy the
more superficial layers (ILIII) [23].

Between E11 and E18, neurons proceed radially from the ventricular zone (VZ) to the CP, while
interneurons originating from the ganglionic eminence migrate tangentially, traveling
perpendicular to radial fibers and parallel to the pial surface [24]. As these neurons reach their
final destination, migration ceases, detachment from radial glia occurs, and differentiation
begins. Cell lineage studies have revealed that proliferative progenitors of the neural epithe-
lium are for the most part multipotent up until their final mitosis [25-30]. However, committed
progenitors appear to be an exception, as their existence in secondary proliferative zones, such
as the SVZ and other regions in the adult, have been documented to give rise to various
neuronal subtypes, astrocytes, and glia [31, 32].

3.2. Vascularization of the brain

The brain, in general, has a specialized vasculature relative to other organs, and there are
specialized microenvironments within the brain that exhibit distinct characteristics and
functions. For example, it has been proposed that a unique vascular plexus exists in neurogenic
regions of the brain, both during embryonic and adult neurogenesis [33-35], where EC-NSC
interactions aid in stem cell maintenance while promoting cell division and NSC expansion
[36, 37]. How then, does the vasculature become specialized to fulfill such distinct roles, even
within the same tissue?

During early stages of embryonic brain development, the perivascular neural plexus (PVNP)
forms around the neural tube at E8.5-E10, from anterior to posterior, yet does not invade the
neural tissue until later in development [38]. During E10-E11, the periventricular vascular
network advances into the dorsal telencephalon, and by E11 forms a lattice shaped plexus.
However, a distinct vascular plexus of periventricular vessels appears in the ventral telence-
phalon at E9, and by E13 EC invasion into the ventricular zone (VZ) and subventricular zone
(SVZ) has generated radially oriented capillaries that extend towards the cortical plate (CP),
eventually joining the pial vasculature [39, 40].
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Recently, the identification of distinct vascular origins within the developing brain [41]
suggests that specialized features of vascular beds of adult germinal regions may begin during
embryonic development and persist into adolescence. Previously, the long-standing model of
CNS angiogenesis suggested that pial vessels, originating from the perineural plexus sur-
rounding the neural tube, passively sprout into the brain parenchyma and extend radial
branches toward the ventricles, where the neurogenic VZ and SVZ are established. Upon
arrival to the periventricular area, these pial vessels were thought to form new branches,
reverse direction to grow towards the pial surface, and ultimately branch into plexuses [42-44].
However, recent studies suggest that pial and periventricular vessels not only have distinct
origins, but develop along independent schedules. In fact, periventricular vessels in the ventral
telencephalon are thought to originate from a basal vessel, most likely arising from pharangeal
arch arteries [42, 45], situated on the floor of the telencephalic vesicle within the basal ganglia
primoridum. As early as E9, pial vessels are observed to encircle the telencephalon, while a
spatially distinct population of periventricular vesselsis restricted to the ventral telencephalon.
From E9-E10, the basal vessel matures to produce periventricular branches in a ventral-to-
dorsal and lateral-medial direction, eventually giving rise to a vascular lattice in the dorsal
telencephalon. As narrow branches from the periventricular and pial networks fuse, the first
arterial-venous communication is thought to occur, as early reports suggest venous sinuses
and arterial networks develop from pial and periventricular vessels, respectively [41, 45]. At
E15, the first tangential vessels to the pial surface emerge in the intermediate zone, and by E16,
these vessels appear in the presumptive rostral migratory stream (RMS). By E18, extensive
vascular remodeling has taken place, and the ventricular plexus loses much of its definition.
However, upon reaching postnatal ages and adulthood, blood vessels begin to align them-
selves longitudinally and parallel to each other in the direction of the RMS, presenting a more
homogeneous structure [35, 40].

Interestingly, the periventricular vascular network is present in the telencephalon prior to the
formation of neuronal networks and before the appearance of radial units and striosome-
matrix compartments in the dorsal and ventral telencephalon, respectively. Thus, the peri-
ventricular network is temporally and spatially poised to influence neural maturation, as well
as guide tangential migration in the developing brain [41]. A similar vascular niche for NSC
has been reported to exist in the adult SVZ and SGZ, and may have been established early
during embryonic brain development. This suggests that the vasculature may be critical in
promoting and regulating neural development.

3.3. Establishment of neurogenic regions of the brain

During brain development, three different NSPC types make their appearance in a tightly
coordinated spatiotemporal manner, seeding the brain with committed progenitors that
differentiate into the various cell types of the mature brain. The first of these to appear are
pseudostratified epithelial cells termed radial glia, regarded as the bona fide NSC in the
embryonic VZ [46, 47]. Morphological studies have identified two processes emanating from
their cell bodies, suggesting an inherent bipolar nature. A short and thick apical process
directed towards the ventricle is thought to anchor radial glia, while a longer basal radial fiber
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projects towards the basement membrane of the pia mater, acting as a scaffold for prospective
neuronal migration [21, 48]. These radial fibers are often observed to contact blood vessels and
exhibit multiple branched endfeet at the pial surface [49]. Interestingly, their apical regions are
typically folded and contain a single cilium [50, 51], reminiscent of the proposed location,
structural morphology, and vascular contacts of adult NSC in the SVZ.

During the early stages of cortical development, the cerebral cortex is composed almost
exclusively of proliferative radial glia dividing at the ventricular surface in the VZ [52]. As
proliferating radial glia progress through the cell cycle, they undergo interkinetic nuclear
migration, where the nucleus migrates away from the ventricle during G1 phase, and enters
S phase at the top of the VZ. Upon return through the VZ to the ventricular surface, they
proceed through G2 phase and M-phase, respectively [19, 52-54]. A switch from symmetric
self-renewing to asymmetric neurogenic divisions occurs as development proceeds, leading
to pairs of daughter cells with distinct progenitor or early neuronal fates; symmetric divisions
have also occasionally been observed to produce early neurons or intermediate progenitor
cells (IPC) [19, 23, 49]. However, during peak neurogenesis, radial glia give rise to one radial
glial cell, and either one post-mitotic neuron or a neuronally committed IPC [49, 55]. Similarly
in adult neurogenesis, adult NSC asymmetrically divide to generate transit-amplifying cells
that produce committed progenitors. In both cases, regulation of the symmetry of cell division
is critical, and ultimately controls cerebral cortical size during brain development [52].

At the onset of neurogenesis, radial glia progeny migrate away from the ventricle and begin
to establish the first layers of the developing brain, separate from the VZ. IPC establish the
SVZ as a distinct proliferative region, while young cortical neurons migrate to a superficial
position to establish the cortical plate [48]. These migrating cortical neurons are intimately
associated with the long pial fiber of radial glia, utilizing it to traverse relatively long distances
to the overlying cortex in a process termed radial migration. Once telophase is complete and
radial glia have entered M-phase, the apical plasma membrane becomes unequally segregated
into the two daughter cells. Interestingly, the apical daughter inherits a larger portion of the
membrane while the basal daughter receives a smaller proportion in addition to the radial
fiber, indicating the latter assumes the stem cell radial glia fate [46, 47, 49, 56]. However, this
is not absolute, as instances of basal daughters becoming post-mitotic and apical daughters
remaining proliferative have been reported. Instead, it has been suggested that fate decisions
involving asymmetric division may also depend on developmental stage [47, 48]. Thus, the
function of radial glia is two-fold, wherein they generate and guide migration of their own
daughter cells [52, 57].

After the VZ reaches its maximal size during midstage cortical neurogenesis, the VZ begins to
shrink while the SVZ begins to expand [57]. Derived from radial glia, IPC are the first cell types
to initially seed the SVZ [48]. While some observations describe the distribution of IPC
throughout the upper VZ and lower intermediate zones [49, 58], they are predominantly
concentrated in the SVZ, where they almost exclusively divide symmetrically to generate
postmitotic daughter neurons [59-62]. In contrast to radial glia, IPC are multipolar, extending
and retracting multiple processes [19, 49]. Additionally, they do not appear to sustain contact
with either the ventricular or pial surfaces, and are in fact defined by their lack of prominent
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apical or basal processes and a basal location relative to the apical surface [52]. While their
contact with neighboring blood vessels has not been confirmed, their appearance in the cortex
seems to follow that of blood vessel invasion in the cortical wall [19]. Furthermore, behavioral
differences between radial glia and IPC have been noted. IP cells progress through the cell
cycle away from the ventricle, and do not undergo interkinetic nuclear migration, thus,
allowing differentiation from radial glia based on spatial location during mitosis [19, 63].

At later stages of cortical development, the SVZ progenitor pool continues to expand via IPC
symmetric divisions. Further aiding in expansion, progenitors from the ventral telencephalon
may even migrate dorsally to contribute to the SVZ progenitor pool [19]. Upon completion of
cortical neurogenesis, radial glia transition into astrocytes and exit the VZ, leaving a single
layer of ependymal cells lining the ventricle [57]. Consequently, proliferative IPC become the
predominant component of the cortical progenitor pool, and eventually comprise the majority
of mitotic progenitors as embryonic neurogenesis nears completion. Interestingly, while only
a single layer of VZ-derived ependymal cells remains postnatally, IPC are present in large
numbers in the postnatal SVZ, and persist into adulthood [19]. Aside from generating cortical
neurons, postnatal and adult progenitors have been demonstrated to generate neurons
destined for the olfactory bulb [49, 58, 64], and possibly all excitatory neurons of the upper
cortical layers [58]. Thus, IPC in the SVZ play a vital role in cortical neurogenesis during
embryonic development as well as in the adult.

Interestingly, a novel progenitor type termed the outer SVZ (OSVZ) progenitor has recently
been identified and appears to exist in all mammals, albeit to varying extents [52]. These
progenitors have a modified radial morphology, but are exclusively localized to the SVZ.
OSVZ cells are enriched in mammals with larger cerebral cortices, and their appearance during
mid-gestation seems to coincide with the onset of neurogenesis [52, 65-69]. OSVZ progenitors
are peculiar in that they possess characteristics reminiscent of both radial glia and IPC. They
display radial morphology and express radial glial markers paired box protein-6 (Pax6),
phospho-vimentin, glial fibrillary acidic protein (GFAP), and brain lipid-binding protein
(BLBP), and also display random cleavage planes, where both proliferative self-renewing
symmetrical divisions and asymmetric divisions producing OSVZ daughter and progenitor
have been reported. However, an apical process is absent in these cells while their basal process
is retained throughout mitosis [65-67].

3.4. Vascular cues during embryonic neurogenesis

It has been suggested that the developing cortical vasculature within the SVZ promotes IPC
expansion during neurogenesis by providing a suitable microenvironment for IPC accumu-
lation and division [39]. It is noteworthy that brain EC share similar molecular profiles with
their neighboring NSC. For example, ventral and dorsal EC, as well as NSC, express DIx1/5
and Nkx2.1, and Pax6, respectively, while pial EC are negative for all three [41]. This strongly
suggests that mechanisms of patterning during early angiogenesis and neurogenesis in the
brain are shared.

A strong association between NSC and blood vessels exists during embryonic and adult neuro-
genesis, especially in regard to cell cycle regulation [33-35]. The filopodia of endothelial tip cells
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extend towards the ventricular surface where radial glia divide, and even interact with pial fi-
bers of radial glia in the hindbrain [39]. Additionally, dividing cells in the embryonic SVZ reside
statistically closer to blood vessels than predicted by chance, and recent studies report a syn-
chronization of SVZ cell division with the formation of ventricular vascular plexuses [40]. This
vascular relationship is apparent in the emerging RMS as well, where dividing cells have been
reported to associate with blood vessels at E16, E18, and P4 [35]. On the other hand, progenitor
migration in the RMS does not seem to rely on the vasculature, as the vast majority of neuroblast
neuritesin P4 RMS have little or no association with blood vessels [35]. Thisis in contrast to radi-
al migration outside the RMS, where postmitotic doublecortin (DCX) and glial fibrillary acidic
protein (GFAP)-positive cells associate with blood vessels during migration into superficial
cortical layers [40]. Interestingly, IPC have been suggested to maintain a stronger interaction
with blood vessels, as T-brain gene-2 (Tbr2)-eGFP progenitors in M-phase reside closer to blood
vessels when compared to total phosphohistone H3-positive progenitors [40]. Furthermore,
these dividing IPC are often found at vessel branch points, which have previously been ob-
served to be sites of glial tumor mitosis and subsequent migration [70].

Mounting evidence suggests that Tbr2 progenitors are temporally and spatially correlated
with the appearance of cortical vasculature, and even follow and mimic the pattern of nascent
blood vessels. Similarly, the positions of IPC during mitosis, migration and differentiation are
all correlated with EC development in the SVZ. Even detection of Tbr2-positive cells correlates
with the appearance of vascularization, as Tbr2 cell density is highest in the vascularized lateral
regions as compared to the nearly avascular medial regions in the dorsal cortex of E12 embryos
[39]. Moreover, ectopic overexpression of vascular endothelial growth factor (VEGF)-A causes
IPC to follow a pattern of aberrant vascular growth. Interestingly, leading EC tip cells have
been observed to associate with some Tbhr2-positive IPC in M-phase, suggesting a functional
interaction during division. These data collectively suggest the SVZ vasculature serves as a
niche for mitotic IPC [39], and provides instructive and permissive cues for stem and progen-
itor cell expansion and tissue invasion [71].

3.5. Parallels between embryonic neurogenesis and adult neurogenesis

Similarities between embryonic and adult NSC at the cellular level and across their extracel-
lular microenvironments have been reported, and selective labeling of radial glia has demon-
strated a direct link between these cells, indicating that NSC are most likely contained within
the neuroepithelial-radial glia-astrocyte lineage [72, 73]. Furthermore, reports indicate adult
SVZ NSC retain specialized characteristics of radial glia. However, the molecular characteris-
tics that confer progenitor potential onto astroglial cells and distinguish them from those with
normal support function remain largely unknown [53].

From adult NSC, also referred to as Type B cells in the SVZ, an apical process at times
intercalates between ependymal cells lining the lateral ventricular surface, potentially serving
to both anchor and present NSC to circulating factors in the cerebrospinal fluid (CSF).
Embryonic radial glia also share this apical process, and most likely contain a similar profile
of specialized apical junctions at the site of this primary cilium [53]. Similarly, the longer basal
process that radial glia extend towards the surface of the brain during embryonic development
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is also shared by adult NSC of the SVZ. In the adult SVZ, this basal process projects radially
or tangentially, depending on location, eventually terminating in specialized endfeet on the
surface of blood vessels [33, 74, 75]. These vascular contacts may be analogous to those of radial
glia during development, as branch contacts with the overlying vasculature also occur [53].
This suggests that adult SVZ NSC share core properties with the embryonic radial glia from
which they are derived from, allowing them to retain progenitor function throughout life.

These similarities are also observed in adult NSC of the SGZ in the hippocampal dentate gyrus.
Early anatomical studies suggest that radial glia in the dentate neurepithelium transition to
the different astrocyte populations of the dentate gyrus, including radial astrocytes [76, 77].
While experimental evidence linking radial glia to adult SGZ radial astrocytes is lacking [53],
itis possible that this derivation occurs, and further studies will be needed to clarify this lineage
relationship. However, the primary cilium of radial glia is present on SGZ progenitors and
adult radial astrocytes, and is essential for progenitor proliferation and generation of postnatal
radial astrocytes, thus establishing its requirement for neurogenesis. From a signaling
standpoint, the primary cilium serves as an integration site for signaling via pathways such as
Shh. Interestingly, this cilium seems to be specific to the radial astrocytic NSC pool in the
hippocampus. Non-stem cell astrocytes are not affected by lack of primary cilium or Shh
signaling, suggesting a unique requirement among these NSC [78, 79].

Asin the adultSVZ [80], location seems to dictate specificity, where radial glia in the dorsal tele-
ncephalon generate only pyramidal excitatory neurons, while those located in the ventral tele-
ncephalon give rise to nonpyramidal inhibitory interneurons [81]. Studies from several mouse
models demonstrate that neurons can migrate into the cortical plate (CP) radially or tangential-
ly [82-84]. This type of migration is mirrored in the adult SVZ, where neuroblast progenitors mi-
grate tangentially through the rostral migratory stream towards the olfactory bulb, destined to
become inhibitory interneurons. Features of interkinetic nuclear migration are also shared by
radial glia and adult NSC. While mitotic cells are found only adjacent to the lumen of the neural
tube, nuclei of cells in S-phase are found in the outer half of neural epithelium [19, 54]. This cor-
relation of cell cycle with spatial location occurs in the adult SVZ as well, where basally located
blood vessels are proposed to exert growth control over proximal NSC by providing a prolifera-
tion-inducing microenvironment. This is in contrast to NSC located apically, either adjacent to
or within the ependymallayer, which are immunoreactive for mitotic markers [33, 34, 75, 85].

These findings highlight basic properties that are common to embryonic radial glia and adult
SVZ and SGZ NSC. Given the evidence, it is highly likely that a microenvironment similar to
the one which supports embryonic neurogenesis persists throughout development and is
maintained in the adult neural stem cell niche.

4. The adult NSC niche

4.1. Cellular architecture of the adult SGZ and SVZ

As previously mentioned, two prominent germinal regions of the adult brain have been
identified to function as stem cell or neurogenic niches, allowing for continuous generation of
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new neurons. The SVZ represents the largest neurogenic stem cell region within the adult
brain. It resides within a narrow region of the lateral ventricular wall, roughly four to five cells
in diameter [86]. Progenitors generated from this region migrate through the RMS towards the
olfactory bulb, where differentiation into at least five interneuron subtypes has been reported.
In fact, it is estimated that 30,000-60,000 new neurons are generated in the rodent olfactory
bulb per day [87, 88]. Differentiation into oligodendrocytes of the corpus callosal white matter
also occurs, albeit to a lesser extent [89, 90]. A second neurogenic region, the SGZ, is located
between the hilus and the granule cell layer of the dentate gyrus within the hippocampal
formation. In contrast to SVZ progenitors, granule neurons born from this region migrate short
distances to the granule cell layer, where differentiation commences [91]. Whether bona fide
NSC exist in the adult mammalian hippocampus is currently under investigation, as in vivo
lineage tracing assays suggest that separate progenitors responsible for neurogenesis and
gliogenesis exist in the SGZ [92-94].

A group of distinct cell types in the adult SVZ help maintain this specialized niche mi-
croenvironment: putative NSC (type B cells), transit-amplifying cells (type C cells), neu-
roblasts (type A cells), ependymal cells, and specialized vascular endothelium [34, 95].
There is no definitive marker of NSC, and researchers rely on combinations of overlap-
ping markers, as well as spatial location within the niche to identify NSC. Accordingly,
NSC are usually identified by their apical location, superficial to the ependymal layer,
and slow cell cycle time of ~ 28 days [96]; however, their expression of Sox 2 and 9,
GFAP, and CD133/prominin-1 are not exclusive [33, 34, 74]. The presumptive lineage
progression from stem cell to more differentiated progenitor is as follows: NSC generate
transit amplifying cells that differentiate into migrating neuroblast progenitors.

Non-dividing ependymal cells are multiciliated, and form a single layer lining the ventricle
surface, acting as a physical barrier separating the brain parenchyma from the cerebrospinal
fluid (CSF) [97]. While ependymal cell cilia contribute to CSF flow, they have also been reported
to affect the migration of young neurons by creating gradients of Slit chemorepellents that
guide anterior neuroblast migration [98]. An en face view of the lateral ventricle wall reveals a
planar organization, commonly referred to as “pinwheel organization”, where the apical
process of NSC is surrounded by a mosaic of ependymal cells [33, 74, 99]. Through studies
mapping numbers of ventricle-contacting NSC along the ventricular surface, “hot spots,” or
areas of stem cell activation, have been revealed [100-102]. Currently a topic of debate is
whether ependymal cells can function as multipotent NSC. Previous studies have demon-
strated that CD133/prominin-1 positive ependymal cells are in fact multipotent, and during
ischemia become active to generate neuroblasts and astrocytes [103, 104]. However, a more
recent study using split-Cre technology demonstrated a subset of CD133/prominin-1 positive
cells within the ependymal layer are immunoreactive for GFAP, suggesting that these double
positive radial-like cells are NSC, not ependymal cells [98, 105].

Two astrocytic populations have been proposed to reside in the SVZ [100]. Type B NSC
astrocytes reside underneath the ependymal layer, while non-stem cell astrocytes are more
superficial and differ in morphology [33, 34, 74, 99]. NSC are closely associated with ependy-
mal cells, and at times extend a short, apical, non-motile primary cilium that innervates
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between the ependyma to directly contact the CSF within the ventricle [33, 74, 99]. While NSC
are relatively quiescent, transit-amplifying cells are highly proliferative, and remain localized
to the SVZ [95, 100]. Neuroblasts, on the other hand, migrate through astrocytic tubes in the
RMS to the olfactory bulb, where interneuron differentiation occurs [106, 107]. Interestingly,
experiments using viral targeting and genetic lineage tracing in neonatal and adult mice have
revealed that specific subtypes of interneurons in the olfactory bulb are derived from specific
locations within dorsal, medial, and ventral portions of the adult SVZ [108-112]. Interestingly,
while the vascular beds of the SVZ and SGZ both support adult neurogenesis, the SVZ
vasculature is somewhat unique. Differences in permeability, stability, and perivascular cell
coverage are thought to account for these differences. NSC and transit-amplifying cells both
display an intimate relationship with SVZ blood vessels, as 3-dimensional niche modeling
indicates closer proximity and increased vascular contact relative to other SVZ cells. Interest-
ingly, these vascular associations are further exaggerated in niche regeneration models [33,
34]. Additionally, NSC extend a long basal process that terminates on blood vessels in the form
of specialized endfeet, potentially serving to integrate vascular cues [33, 74, 99].

4.2. NSC-Vascular EC associations within the SVZ and SGZ

NSC are not randomly distributed throughout the brain; rather, they are concentrated around
blood vessels, allowing constant access to circulating signaling molecules and nutrient
metabolites [113, 114]. The SVZ and SGZ both present functional neurogenic environments,
maintaining neural stem and progenitor cells (NSPC) in poised and undifferentiated states.
Regulatory processes within the SVZ niche can be controlled via secreted neurotrophic and
angiogenic factors, such as Wnt, Shh, and TGF-f [115]. For example, circulating complement
factors have been shown to promote basal and ischemia-induced neurogenesis, and compo-
nents of complement signaling are present on transit-amplifying cells and neural progenitors
in vivo [116]. The vascular-derived factors, stromal cell derived factor (SDF)-1 and angiopoietin
(Ang)-1, promote neuroblast proliferation and survival [117], and when expressed on EC, serve
as “molecular migratory scaffolds” [118, 119] to damaged areas post stroke [120]. EC them-
selves have even been shown to regulate NSC self-renewal [37, 86, 101, 121]. Interaction with
the vascular endothelium may in fact be a vital component of the niche, as radiation-induced
disruption of endothelial cell-SGZ precursor cell interaction results in a loss of neurogenic
potential, as is the case after NSC transplantation into an irradiated host. [122].

Within the SGZ, nestin-expressing radial astrocytes are localized to areas near blood vessels
[91], and there exists an anatomical relationship between proliferating neural progenitors and
EC in the hippocampus [101, 123, 124]. In contrast to the SVZ, where angiogenic sprouting and
division of EC are absent [34], surges of EC division are said to be spatially and temporally
related to clusters of neurogenesis in the SGZ [101]. In the hippocampus, angiogenesis and
neurogenesis are coupled, as suggested by high levels of VEGF and VEGFR2 [101], and the
shared responsiveness to similar growth factors, e.g., neurotrophins, neuropilins, semaphorins
and ephrins [125-127]. In fact, similar bidirectional communication occurs within the higher
vocal center (HVC) of the songbird brain, where increases in angiogenesis are said to be
coupled to testosterone-induced upregulation of VEGF and VEGFR2 in neurons and astro-
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cytes, respectively. The newly generated capillaries produce BDNF (brain-derived neurotro-
phic factor) that subsequently promotes the recruitment and migration of newly born neurons
[121]. Similarly, exercise-induced angiogenesis in the hippocampus is met with increased
expression of NGF (nerve growth factor) and BDNF [126], leading to robust increases in
neurogenesis [128-130].

In contrast to other areas of the brain, where the BBB is strictly maintained by EC tight junctions,
pericyte coverage, and astrocyte endfeet, a modified BBB has been proposed to exist in the
SVZ. The lack of astrocyte endfeet and endothelial cell tight junctions, as revealed by aqua-
porin-4 and zonula occludens-1 immunostaining, respectively, demonstrate major structural
differences in the SVZ vascular endothelium. Under homeostatic conditions, the majority of
BrdU" label-retaining NSC and transit amplifying cells reside significantly closer, and fre-
quently make direct contact, to the vasculature; furthermore, after antimitotic cytosine-g-D-
arabinofuranoside (Ara-C) treatment to ablate rapidly proliferating cells and induce NSC-
mediated repopulation, these vascular associations are increased [33, 34]. At times, transit-
amplifying cells can be seen contacting the vasculature at sites lacking astrocyte endfeet and
pericyte coverage, suggesting that sites along the vessel are primed for intercellular commu-
nication. In fact, fluorescent tracer experiments have proposed that differences in the ultra-
structural composition of SVZ blood vessels may be responsible for the detection of sodium
fluorescein in the SVZ after perfusion into the blood; however, access to the SVZ from the
cerebral spinal fluid cannot be dismissed as an entry point. Integrin-a61 partially mediates
the adhesion between NSPC and blood vessels through the binding of laminins that are highly
concentrated around SVZ blood vessels. Inn vitro and in vivo blocking experiments using an
integrin-blocking antibody (GoH3) have demonstrated a crucial role for this interaction in the
attachment, spreading, and proliferation of NSPC [33].

The vascular environment in the RMS has also been suggested to be somewhat specialized,
where migrating neuroblasts en route to the olfactory bulb are found closely apposed to blood
vessels. Interestingly, blood vessels in this region are parallel and aligned with the direction
of the RMS, and the density of vessels is significantly higher when compared to equally cell-
dense areas of the brain [131]. It has been reported that over 80% of RMS vessels are lined with
migrating neuroblasts [132], and degradation of ECM through vascular EC secretion of matrix
metalloproteinases (MMPs) opens a path for their migration [133]. This observation has
prompted some to suggest that increased vessel density is a consequence of greater metabolic
demand by migrating progenitors.

5. Vascular regulation of adult neurogenesis

5.1. EC regulation of NSPC

Through cytokines and secreted factors, direct contact in vivo, or within the confines of the
coculture system, EC exert their influence over NSC to regulate fate specification, differentia-
tion, quiescence and proliferation (Figure 1). Early experiments established a crude role for EC
regulation of NSC, where increases in neurite outgrowth and maturation, and enhanced
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migration were observed in cocultures of SVZ explants with EC [134]. NSC are reported to
respond to pro-angiogenic factors [135-137] that promote NSPC proliferation, neurogenesis,
synaptogenesis, axonal growth, and neuroprotection [138]. Studies in tumor and stroke models
have also uncovered neural regulatory roles of EC. EC can protect stem cells and tumor cells
from radiation damage [139, 140], and in preclinical models where NSPC isolated from stroke
boundary are cocultured with cerebral EC, significant increases in neural progenitor cell
proliferation, neuronal differentiation, and capillary tube formation are observed [141]. Even
cotransplantation of EC with NSPC increases survival and proliferation as compared to
transplantation of neural precursors alone [142]. Similarly, coculture of adult NSC with EC
results in self-renewal and symmetric neural cell division, leading to enhanced neurogenesis
through an increase in nestin* precursor number [37]. Interestingly, when stroke-activated rat
brain EC are cocultured with SVZ cells, progenitor proliferation and neuron number are
increased by 28% and 46%, respectively, when compared to coculture with normal EC. This
suggests that activated EC are more potent in promoting neurogenesis, potentially through
modulation of Sox2 and Hes6 levels in SVZ cells [143], although further investigation is
required to identify the mechanisms involved.
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Figure 1. Regulatory effects on adult neural stem and progenitors
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Mock treatment with serum-rich endothelial growth media induces NSC differentiation into
neurons and astrocytes [31], indicating that EC-mediated regulation of NSPC self-renewal and
differentiation may be mediated through the release of certain growth factors, including PEDF
or VEGF [144, 145]. Cytokine expression profiles of human umbilical vein and cerebral
microvascular EC reveal that a large number of chemokines, growth factors, adhesion
molecules and ECM proteins are expressed by these cells [146]. Levels of these signaling
molecules varied under stimulating and nonstimulating conditions as well as by EC type,
highlighting the diverse signaling potential that exists even among endothelial subtypes.
Studies of adult neurogenic niche regulation have identified a number of growth factors and
secreted molecules, although the origin of some remains unknown (Figure 2).
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Figure 2. Putative vascular — derived regulators of the adult neural stem cell niche*



212

Neural Stem Cells - New Perspectives

The vascular-derived molecules shown to locally regulate the adult NSC niche include
leukemia inhibitory factor (LIF), brain-derived neurotrophic factor (BDNF), VEGF, platelet-
derived growth factor (PDGF), pigment epithelial-derived factor (PEDF), betacellulin (BTC),
and laminins and integrins [33, 121, 147]. However, there are additional factors reported to
influence NSPC behavior which may be derived from the NSC niche vasculature, although
this has not yet been demonstrated, including fibroblast growth factor 2 (FGF-2), epidermal
growth factor (EGF), interleukin-6 (IL-6), stem cell factor (SCF), insulin growth factor-1 (IGF-1),
transforming growth factor-3 (TGF-B), bone morphogenic proteins (BMP), SDF-1/CXCR4,
collagen IV, Eph/ephrins, angiopoietin, nitric oxide (NO), erythropoietin and prolactins. We
review advances made toward understanding the cellular and molecular role of these factors
since last reviewed [148].

5.2. Endothelium-derived niche effectors

5.2.1. VEGFs

VEGEF signaling is a complex signaling hierarchy involving several isoforms (e.g., VEF-A, -B,
-C, -D) that result from alternative splicing of the VEGF gene. VEGFs are highly implicated in
NSPC survival, proliferation, and neuroblast migration and maturation [149-154]. Along with
the recent identification of VEGFR3/Flt4 expression in the adult SVZ, all corresponding
receptors, including VEGFR1/FItl and VEGFR2/FIk1, are expressed within the NSPC pool
[149, 154, 155]. While VEGFRI1 negatively regulates adult olfactory neurogenesis and RMS
migration by altering VEGF-A bioavailability, VEGFR2 and VEGFR3 both appear to positively
regulate neurogenesis [133, 155]; in addition, VEGFR2 has also been reported to affect vascular
proliferation [154]. This ability of VEGF family members to regulate both neurogenesis and
angiogenesis may be important in clinical settings of intracerebral hemorrhage, where
transplantation of human NSPC overexpressing VEGF have been shown to increase micro-
vessel density and promote NSPC engraftment in sites of tissue damage [156, 157].

In VEGFR1 signaling-deficient (Flt-1 TK”) mice, the increased levels of VEGF-A and subse-
quent phospohorylation of VEGFR2 in NPSC are thought to account for the altered RMS
migration, demonstrating a critical role for VEGF-A in this process [154]. Reported to be
required for hippocampal neurogenesis in the adult rat [145], EC, ependymal cells and the
choroid plexus secrete VEGF at neurogenic sites, which serves as a survival factor to stimulate
NSPC self-renewal. Neurospheres, as well as reactive astrocytes, have been shown to express
VEGEF-A [158, 159], and infusion into the lateral ventricle after cerebral ischemia acts as a
trophic survival factor for NSPC and increases neurogenesis, most likely through the VEGFR2/
Flk-1 receptor [37, 150, 152]. Similarly, other studies suggest that in vitro VEGF stimulation
increases the number of BrdU-labeled precursors, which is attenuated in the presence of
SU1598, a Flk-1 receptor tyrosine kinase inhibitor, further supporting mediation through
VEGFR2/Flk-1 [123]. Although VEGEF-A is reported to have a direct role in signaling during
development [101, 123, 150], evidence also supports an indirect role when it is secreted by
ependymal cells, through the stimulated release of BDNF from EC [121, 152].
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However, in experiments comparing the numbers of primary Ki67* adult neural precursors in
NestinFlk1*~and NestinFlk " short-term cultures, it was found that VEGF-A signaling does
not appear to affect the proliferation of these cells, and individual neurospheres that proliferate
clonally from Flk1** and Flk17" mice are of comparable size and cell number [160]. Similar
studies demonstrate VEGF-A secreted from cerebral endothelial cells promotes migration of
oligodendrocyte precursor cells (OPCs), but not proliferation, as treatment with a Flk-1
neutralizing antibody only affected OPC propagation [161]. Therefore, VEGEF-A signaling may
exert control over NSCs via the regulation of survival; this potential mechanism should be
further explored, especially given that an internal autocrine role for VEGF-A in HSC survival
has been demonstrated[162].

More recently, a direct requirement for VEGFR3 in neurogenesis has been established, and
Vegfr3::YFP reporter mice demonstrate expression in NSC [155]. Interestingly, coexpression
with VEGF-C along the walls of the lateral ventricle is also observed. Accordingly, an increase
in neurogenesis is said to occur from VEGFR3* NSC after VEGF-C stimulation, deletion of
VEGEFRS3 in neural cells and SVZ astrocytes, as well as VEGFR3 inhibition via blocking
antibodjies, all lead to a reduction in neurogenesis. In vitro, VEGF-C treatment also increases
BrdU incorporation in YFP*EGFR* NSC [155].

5.2.2. BDNF & IGF

BDNF is secreted by EC and induces the differentiation of astrocyte precursors [147, 163], and
in vivo has been shown to influence proliferation and differentiation of NSPC in adult neuro-
genic regions [121, 134]. As mentioned previously, in vivo experiments suggest that VEGF-
induced secretion of BDNF from higher vocal center (HVC) capillary vasculature in the
songbird brain results in newly born neuron recruitment. Interestingly, BDNF secretion in this
region is quite high, as canary brain EC secrete an average of 1 ng BDNF/10° cells/24 h [121,
164]; a study of adult-derived human brain EC revealed a comparable amount of BDNF
secretion [147]. In vitro, BDNF release from EC supports SVZ-derived neuron outgrowth,
survival, and migration [147]. Although subependymal astrocytes also secrete BDNF, it may
be sequestered at the cell surface; this is partly mediated by the truncated gp95 extracellular
domain of TrkB, a high affinity receptor for BDNF, which prevents its release into the sur-
rounding space [147]. This has been proposed to be a mechanism whereby regions of NSC
expansion exclude BDNF, limiting its availability only to those areas supporting differentiation
and maturation. Interestingly, while NSC and transit-amplifying cells express the low-affinity
neurotrophin receptor p75, expression of TrkB is only found on lineage-restricted neuroblasts.
Additionally, it has been suggested that BDNF acts in a positive feedback loop to reduce
proliferation and increase neuroblast differentiation through the release of NO by NSPC [165,
166]. Thus, endothelial-derived BDNF appears to serve chemoattraction and survival roles for
neuronal progenitors [167].

Studies of exercise-induced neurogenic cognitive enhancement in the dentate gyrus have
linked BDNF with IGF-1 [168]. Exercise stimulates uptake of IGF-1 from the bloodstream in
the hippocampus, leading to an increase in the number of BrdU* hippocampal neurons as well
as upregulation of BDNF mRNA and protein levels [169, 170]. The neurogenic effect of IGF-1
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may be mediated in part through estrogen signaling, as estrogen antagonists reduce neuro-
genesis within the dentate gyrus [171]. From a clinical standpoint, IGF-1 may be involved in
neurodegenerative disease progression, such as Alzheimer’s and stroke, where levels of
circulating IGF-1 are altered [170].

5.2.3. PDGF

PDGF signaling has been shown to affect stem cell properties and lineage bias [98, 172].
Vascular EC secrete PDGF-B as a disulfide-linked homodimer (PDGEF-BB), and via a specific
positively charged C-terminal retention motif, it interacts with heparin sulfate proteoglycans
within the ECM to aid in localized retention [173-176]. Specifically within the CNS, it regulates
oligodendrocyte precursor cell number. Interestingly, PDGF-B is implicated in brain tumor
formation, where activation of its signaling pathway is present in more than 80% oligoden-
drogliomas and 50-100% of astrocytomas[177]. Thus, identifying which cells respond to PDGF
is crucial to elucidate mechanisms involved in these brain cancers.

In the SVZ, putative NSC and most GFAP* cells have been shown to express PDGFRa, and
become activated in the presence of PDGF-AA [178]. Accordingly, PDGF is reported to have
mitogenic and differentiation actions on neural progenitor cells [179-181], and synergy with
bFGF has been reported to enhance neurosphere generation [178]. After intracerebroventric-
ular infusion of PDGF-AA, astrocyte-derived periventricular hyperplasias are formed, and
increases in oligodendrogenesis are observed at the expense of olfactory bulb neurogenesis.
While EGF infusion elicits a similar proliferative response in the SVZ, staining for PDGFRa
and EGEFR reveals expression in distinct populations, suggesting that they label stem cells and
transit-amplifying progenitors, respectively. Conversely, conditional ablation of PDGRa in the
SVZ decreases oligodendrogenesis while having little effect on neurogenesis [178]. Thus,
PDGF signaling may play a role in maintaining the balance between neurogenesis and
oligodendrogenesis.

5.2.4.SCF

SCF, also known as Kit ligand, has been reported to be expressed by a variety of cell types
including vascular EC [182, 183]. Previous reports indicate that within the CNS, SCF/Kit-ligand
signaling influences oligodendrocyte precursors prior to differentiation towards a myelinated
phenotype. Although Kit belongs to the same class of tyrosine kinase receptors as PDGF
receptors, their effects on NSPC are different. In nestin* NSCs isolated from embryonic rat
cortex, more than 93% express SCF. More recent studies demonstrate that SCF acts as a
chemoattractant and survival factor for NSPCs during early stages of differentiation while
having no effect on proliferation or differentiation [184-186].

5.2.5. PEDF

PEDF is secreted by a variety of cell types, and can interact with the ECM, most notably
collagen-I [187-189]. Being the first soluble factor shown to selectively activate type B NSC,
PEDF seems to contribute to stem cell maintenance within the neurogenic niche. In the adult
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mouse brain, expression is restricted to endothelial and ependymal cells, suggesting that PEDF
isin fact a niche-derived signal. Accordingly, Western blot analysis on conditioned media from
cultures indicate that PEDF is specifically secreted by endothelial and ependymal cells [144,
190, 191]. Aside from acting as a brake on cell cycle progression by promoting NSC self-renewal
without affecting proliferation [192], recent evidence suggests an additional role in renewing
symmetric divisions. Interestingly, PEDF has been implicated in regulating certain aspects of
Notch signaling by modulating the NFkB pathway. The role of Notch signaling in NSC
maintenance is well characterized [193], and NSC treated with PEDF upregulate Notch
effectors Hes1 and Hes5, as well as the Sry-related HMG box-transcription factor Sox2 [194].
In cells with low levels of Notch signaling, PEDF enhances Notch-dependent transcription by
relieving repression of Notch-responsive promoters by the transcriptional co-repressor N-
CoR, thereby potentiating symmetric cell division [195]. Additionally, BrdU-labeled mice
treated with PEDF display an increase in the number of BrdU*GFAP* cells, and injection with
a C-terminal blocking peptide to PEDF reveals no significant change in the number of BrdU
*GFAP* cells compared with vehicle-injected controls. Taken together, these data suggest that
PEDF may not be a survival factor for NSC, and may instead serve to activate NSC by
stimulating self-renewal [194].

5.2.6. Nitric Oxide (NO)

A variety of mechanisms have been proposed for NO regulation of NSPC, perhaps accounting
for conflicting studies suggesting opposing roles on NSPC proliferation. Early reports
demonstrated a role for NO in the repression of adult neurogenesis, as exposure to NOS
inhibitors L-NAME and 7-NI increased neurogenesis in the dentate gyrus and SVZ [165, 166,
196, 197]. However, its effects seem to depend on the signaling pathway involved. Potentially
through NO-induced S-nitrosylation of the EGFR [198], NO inhibits PI3K/Akt signaling to
suppress NSPC proliferation, both in culture and in vivo [199]. However, bypassing the EGFR
induces proliferation through activation of p21Ras, leading to an increase in activation levels
of c-Myc, p90RSK and Elk-1, and subsequent reduction in p27%' [200]. BDNF may be involved
in this process as well, as its stimulatory effect on neuronal differentiation is blocked by L-
NAME. Interestingly, NSC express and release NO, suggesting a feedback mechanism
whereby NSC-produced NO induces production of BDNF from the vascular bed [201]. EC also
produce NO via eNOS, and a decrease in SVZ cell proliferation and migration post-stroke is
observed in eNOS-deficient mice. Interestingly, BDNF levels are also reduced in eNOS”"
ischemic mice, and BDNF treatment rescues the decrease in neurosphere formation, prolifer-
ation, and neurite outgrowth in cultured eNOS” neurospheres [202].

5.2.7. Vascular ECM: Laminins, collagens, fractones

The ECM is an integral component of the NSC niche, regulating signaling by providing,
storing, and compartmentalizing growth factors and cytokines indispensable for proliferation,
differentiation and adhesion. Within the SVZ, a unique basal lamina, rich in laminins,
collagen-1 and collagen IV, extends from perivascular cells as ‘fractones’ [203]. Each fractone
consists of a base, attached to the perivascular cell, a stem that crosses the SVZ, and bulbs that
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terminate just underneath the ependymal layer [204]. The branched configuration of fractones
has been suggested to enable sequestration and subsequent presentation of growth factors and
other signaling molecules to stem cells and progenitors to regulate their proliferation, activa-
tion, and differentiation within the niche [205].

Other important ECM molecules secreted by niche cells are laminin and fibronectin, both of
which have been implicated in neural stem cell growth, differentiation, and migration. In
addition to promoting neuroepithelial proliferation and differentiation during development,
they also function as permissive substrates, supporting the migration of cerebellar neural
precursors in vitro and neural progenitors through the RMS in vivo [206]. Most recently, the
importance of laminin—-integrin interactions within the SVZ support a role in migration,
spreading and proliferation of NSPC [37]. Several in vitro studies have highlighted a critical
role for p1-integrin in mediating multiple effects of ECM on NSC in a temporally and spatially
controlled manner. For example, genetic ablation of Bl-integrin results in reduced neural
progenitor proliferation, increased cell death, and impairment of cell migration on different
ECM substrates [207]. In PBl-integrin-deficient neurospheres, $1-integrin signaling is not
required for NSC maintenance, and instead seems to cooperate with growth factor signaling
to regulate progenitor number [208]. In vivo, the role of laminins in migration and recruitment
are critical, as injection of intact laminin and peptide infusion mimicking the E§ domain of the
laminin o chain dramatically redirect neuroblast migration towards the site of administration.
Interestingly, inhibiting the a6 or B1 subunits with antibodies also recapitulates the migratory
defect without causing neuroblast death [209].

Collagen IV and chondroitin sulfate proteoglycans (CSPG) are also present in the microenvir-
onment, and have been demonstrated to exert control over proliferation, leading to differen-
tiation. While collagen IV inhibits proliferation of rat NSPCs and promotes differentiation into
neurons [210], treatment of neurospheres or telencephalic ventricles with enzymes degrading
CSPG glycosminoglycans leads to a reduction in cell proliferation and self-renewal of radial
glia; interestingly, the increase in astrocyte formation is at the expense of neuronal differen-
tiation [211]. Additionally, sulfation of chondroitin sulfate polymers in vitro modulates the
activities and effects of various growth and morphogenetic factors that control NSC prolifer-
ation, maintenance, and differentiation [212].

5.3. Other putative endothelial-derived niche effectors

5.3.1. FGF-2

FGF-2 (aka (b)FGF) is detected in the endothelium of tumor capillaries in vivo, as well as at
sites of vessel branching within the basal lamina of capillaries. In vitro studies suggest
significant amounts of FGF-2 can also localize to the ECM in cell culture. Normally found to
be extracellular, FGF-2 is reported to modulate cell function in an autocrine manner, and
depending on the molecular weight isoform, may or may not be secreted; secreted FGF acts
through intracellular signaling mechanisms [213]. While EC can secrete this potent angiogenic
factor [214] to regulate proliferation, migration and differentiation, type B NSC respond to
[113, 215-218] and express the corresponding receptor [178, 219, 220]. Within the CNS, FGF-2
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has been shown to affect neurogenesis and proliferation of cortical progenitors [220-222].
Interestingly, FGF-2 infusion increases adult SVZ proliferation while decreasing the number
of newly born neurons, suggesting that FGF-2 serves to maintain SVZ self-renewal [223]. In
fact, Fgf-2 knockout mice display a decrease in olfactory bulb size, presumably owing to
attentuated output from neurogenic regions. Although FGF-2 can promote NSC proliferation,
it does not act alone to maintain self-renewal, and must work with other factors to accomplish
this [37]. In addition to inducing VEGF expression in EC, FGF-2 can prime neural precursor
responsiveness towards EGF [218].

5.3.2. EGF & Betacellulin

While the specific cell type(s) expressing and secreting EGF remains unidentified within the
adult NSC niche, several reports suggest an EC orgin. Affymetrix microarray analysis has
revealed that human dermal microvascular EC express EGF, and that this expression is further
upregulated in coculture with head and neck squamous cell carcinoma cells [224]. Similarly,
an antibody-based human cytokine array has demonstrated that EGF is expressed and secreted
by dermal microvascular endothelial cells with or without VEGF stimulation, suggesting basal
expression of EGF within some EC [146]. Within the SVZ, receptors for EGF are predominantly
expressed by the type C transit-amplifying cells apposed to capillaries. Furthermore, EGFR
expression can be further induced by SDF-1 and PEDF [34, 85, 225, 226]. Intraventricular
infusion of EGF increases the number of type B NSC contacting the ventricle [219], and leads
to transit-amplifying cell proliferation while arresting neuroblast production. In vitro, EGF
stimulates neurosphere generation from transit-amplifying cells, and is said to cause reversion
to a more ‘stem-like’ phenotype [219]. Curiously, transit-amplifying cells with elevated EGFR
signaling also show non-cell autonomous defects in Notch signaling, leading to elevated Numb
levels in the stem compartment [227].

Recently, another member of the EGF family, BTC, has been shown to play a critical role in
SVZ regulation. mRNA transcripts for BTC are detectable in EC, and immunofluorescent
analysis reveals protein expression in EC of microcapillaries and in the choroid plexus, with
the latter demonstrating greater expression. After intraventricular infusion, NSC and neuro-
blast compartments are expanded, promoting neurogenesis both in the olfactory bulb and the
dentate gyrus. Defects in neuroblast regeneration are observed post cytosine-(3-arabinofura-
noside (Ara-C) infusion in Btc-null mice in comparison to wild-type littermates. Although
related to EGF, its effects in the SVZ are slightly different, and it has been suggested that its
ability to act on distinct receptors expressed on NSC and neuroblasts, EGFR and Erb4 respec-
tively, may account for these differential effects.

5.3.3. BMPs & LIF & IL-6

In addition to high levels of BMP2 and BMP4 production in astroglia within the SVZ, it has
been demonstrated that brain EC can act as potential sources of BMP. mRNA transcripts for
BMP2 and BMP4 were found in the bEnd.3 endothelial cell line, as well as in primary brain
EC. Furthermore, BMP4 protein was also detected in these brain EC [228]. Shown to counteract
neurogenesis in vitro and in vivo [229-231], BMP signaling increases astrocyte formation,
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possibly through activation of transcriptional regulators of Smads to control cell-cycle exit.
Indeed, when embryonic and adult NSPC are cocultured with brain EC, the canonical BMP/
Smad pathway becomes activated to reduce proliferation and induce NSPC cell-cycle exit in
the presence of EGF and FGF-2 [228]. LIF and IL-6 belong to the cohort of endothelial-secreted
factors that promote self-renewal of adult NSC [232], and when synergize with BMP factors
to promote self-renewal of embryonic stem cells through activation of gp130-mediated STAT
signaling, which induces astrogenesis [232, 233].

5.3.4. SDF-1 & growth-related oncogene-a & angiopoietin

A chemokine previously shown to direct migration of leukocytes during inflammation, SDF-1/
CXCL12 signaling via its CXCR4 receptor also provides migratory cues for NSPC recruitment
from the lateral ventricle to the nascent dentate gyrus during CNS development; interestingly,
SDE-1/CXCR4 expression by EC and neurons persists in the adult dentate gyrus. In the SVZ,
neural cells express CXCR4 while ependymal cells and vascular EC express SDF-1 [226].
Neuroblasts expressing CXCR4 migrate towards and are attracted to activated EC of cerebral
vessels that secrete SDF-1a [234-238]. While neurospheres express CXCR4, human cerebral EC
have been shown to secrete growth-related oncogene-a, also a ligand for CXCR4 [239]. More
recently, evidence of progenitor homing to SVZ EC in a SDF1/CXCR4-dependent manner has
been demonstrated, where SDF1 upregulates EGFR and a6-integrin in activated NSC and
transit amplifying cells, thereby enhancing activation state and the binding to laminin on
resident vessels. SDF1 was also shown to increase the motility of migrating neuroblasts
towards the olfactory bulb [34, 226].

Recent reports also suggest shared receptor/cytokine signaling between NSC and the vascu-
lature concerning growth related CXCR4/oncogene-a and Ang-1/Tie2 [240, 241]. Ang-1 can be
expressed by EC, as well as mural cells, and seems to be upregulated poststroke. While also
having a general neuroprotective effect on the nervous system, it has been shown to directly
regulate stem cell differentiation and migration through the Tie2 and CXCR4 receptors [235,
237, 242-244].

5.3.5. TGF-p1

Latent TGF-1 is secreted by EC, pericytes, glia and neurons. Reported to induce VEGF
expression by vascular EC and gliomas [245, 246], TGF-{1 serves as an important neurogenic
growth factor. Produced in a latent form in mesenchymal and epithelial cell types, EC and
mural cells have also been shown to produce a latent form of TGF-$1 which can be activated
in endothelial cell-mural cell cocultures [247, 248]. Because Tgf-f1 knockout mouse models
demonstrate a reduced potential for neuron survival [249], and transgenic mouse models
overexpressing Tgf-f1 under control of the GFAP promoter show a reduction in NSCP
proliferation [250], it is believed that TGF-{31 has no impact on NSP identity or on differentia-
tion. Rather, it is believed to affect proliferative potential, as demonstrated by an arrest in the
GO0/G1 phase of the cell cycle [251]. In cell culture, NSC and progenitors express TGFPRI, II
and III, and TGF-1 decreases the expansion of these cells in a dose-dependent manner [252].
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5.3.6. Ephs and ephrins

Belonging to a family of receptor tyrosine kinases and associated transmembrane ligands,
Ephrins and Eph receptors have established roles in vascular development. However, more
recent data suggest both a role for Eph receptor and ephrin ligand interaction within the CNS,
and this interaction can occur between endothelial and nonvascular tissues. For example,
during development, the close proximity of EphB3/4 on intersomitic vessels with ephrin-
B1/B2 of somites seems to imply bidirectional communication [253]. Within the SVZ, EphA7
seems to localize to ependymal cells and astrocytes. Interestingly, the cells immunoreactive
for EphA?7 also express nestin, a marker associated with NSC. Additionally, ephrin-B2/3 is
localized to SVZ astrocytes. By contrast, ephrin-A2 is predominantly expressed on transit-
amplifying cells and neuroblasts [254, 255]. Although ephrin-B2 is not cell type exclusive
within the SVZ, it has been shown to selectively mark arterial endothelium in the adult, as well
as surrounding smooth muscle cells and pericytes [256]. While EphA7 and ephrin-A2 nega-
tively regulate NSPC proliferation, EphB1-2/EphA4 and ephrin-B2/3 direct neuroblast
migration and directly or indirectly regulate NSPC proliferation. Interestingly, infusion of
antibody-clustered ephrin-B2-Fc or EphB2-Fc into the lateral ventricle increases SVZ prolifer-
ation, suggesting that B-class ephrins and Ephs may promote proliferation [254, 255, 257]. A
correlation between EphB2 and Notch signaling has also been proposed, wherein EphB2 acts
downstream of Notch to maintain ependymal identity under homeostatic conditions, while
regulating conversion to astrocytes after injury [258].

5.4. Circulating effectors:

5.4.1. Erythropoietin & prolactin

Systemic transport of erythropoietins and prolactins via blood circulation has been dem-
onstrated to have effects within the CNS. Prolactin, in cooperation with TGF-a, promotes
SVZ proliferation and neuronal differentiation. It has been proposed that prolactin serves
as an important contributor to the increase in neurogenesis during pregnancy [259]; how-
ever, the responsiveness to prolactin within the dentate gyrus is negligible [259, 260]. Al-
though erythropoietin synthesis can be activated in astrocytes and neurons [261-263], it is
also possible that circulating erythropoietin, from the kidneys, can cross the BBB to exert
neuroprotective effects. Significant amounts of the erythropoietin receptor are localized
to the surface of EC and within caveoli [264, 265], and systemic administration of eryth-
ropoietin has been shown to penetrate the BBB as an intact molecule [266]. These obser-
vations certainly suggest that erythropoietin can reach the brain; however, the precise
mechanism mediating this transport is unknown. Erythropoietin has been shown to stim-
ulate NSPC production and prevent apoptosis during embryonic development. Addition-
ally, it serves as a paracrine neuroprotective mediator of ischemia in the brain [267], and
erythropoietin-activated EC promote the migration of neuroblasts through the secretion
of MMP-2 and 9. [268]. Thus, further investigation of the penetrance and potential func-
tion of erythropoietin in the adult NSC niche is warranted.
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6. Conclusions

Its remarkable ability to penetrate throughout the entire body to regulate and respond to
distinct microenvironments simultaneously has truly earned the vasculature the term of
‘master regulator’. It plays a crucial role in embryonic and adult neurogenesis, where its
secretion and/or systemic circulation of growth factors, serves to regulate the growth and
behavior of stem and progenitor cells. Although a handful of signaling molecules have been
identified thus far, it is likely that there are many more unidentified effectors that influence
NSC behavior. From a neuro-regenerative perspective, identifying factors responsible for
modulating specific stem cell behaviors is crucial, whether the goal is preventing further tissue
loss or potentiating endogenous repair mechanisms. Towards this goal, stem cell-based
therapies offer the intriguing possibility of accomplishing both. Therefore, understanding the
intrinsic and extrinsic mechanisms responsible for modulating NSPC behavior will be critical
for the development of more targeted therapies. As mounting evidence points to a strong
interdependent relationship between neurogenesis and the vasculature, therapies aimed at
targeting both compartments hold great promise.

Acknowledgements

This work was supported by NIH R01-HL077675 and R01-HL096360 to KKH.

Author details

Joshua S. Goldberg and Karen K. Hirschi’
*Address all correspondence to: karen.hirschi@yale.edu

Yale Cardiovascular Research Center and Yale Stem Cell Center, Yale University School of
Medicine, New Haven, USA

References

[1] Aitsebaomo, J, et al. Brothers and sisters: molecular insights into arterial-venous het-
erogeneity. Cir Res, (2008). , 929-939.

[2] Aird, W. C. Phenotypic heterogeneity of the endothelium: I. Structure, function, and
mechanisms. Circ Res, (2007)., 158.

[3] Aird, W. C. Phenotypic heterogeneity of the endothelium: II. Representative vascular
beds. Cir Res, (2007). , 174-190.



[10]

[11]

[19]

[20]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

Aird, W. C. Endothelium in health and disease. Pharmacol Rep, (2008). , 139-143.

Girouard, H. and I. C., Neurovascular coupling in the normal brain and in hyperten-
sion, stroke, and Alzheimer disease. ] Appl Genet, (2006). , 328-335.

Wiederhold, K. H, Bielser, S. U, Jr, W, Veteau, M. ], & Hunziker, O. Three-dimension-
al reconstruction of brain capillaries from frozen serial sections. Microvasc Res,
(1976). , 175-180.

Atkins, G. B, Jain, M. K, & Hamik, A. Endothelial differentiation: molecular mecha-
nisms of specification and heterogeneity. Arterioscler Thromb Vasc Biol, (2011). ,
1476-1484.

Wolburg, H, Noell, M. A, Wolburg-buchholz, S, & Fallier-becker, K. P., Brain endo-
thelial cells and the glio-vascular complex. Cell Tissue Res, (2009). , 75-96.

Bér, T. The vascular system of the cerebral cortex. Adv Anat Embryol Cell Biol,
(1980). I-VI):, 1-62.

Kiecker, C, & Lumsden, A. Recent advances in neural development. F1000 Biol Rep,
(2009)., 1.

Ciani, L, & Salinas, P. C. WNTs in the vertebrate nervous system: from patterning to
neuronal connectivity. Nat Rev Neurosci, (2005)., 351-362.

De Robertis, E. M, et al. The establishment of Spemann’s organizer and patterning of
the vertebrate embryo. Nat Rev Genet, (2000). , 171-181.

Maden, M. Retinoic acid in the development, regeneration and maintenance of the
nervous system. Nat Rev Neurosci, (2007). , 755-765.

Mason, I. Initiation to end point: the multiple roles of fibroblast growth factors in
neural development. Nat Rev Neurosci, (2007). , 583-596.

Niehrs, C. Regionally specific induction by the Spemann-Mangold organizer. Nat
Rev Genet, (2004). , 425-434.

Rhinn, M, Picker, A, & Brand, M. Global and local mechanisms of forebrain and mid-
brain patterning. Curr Opin Neurobiol, (2006). , 5-12.

Stern, C. D, et al. Head-tail patterning of the vertebrate embryo: one, two or many
unresolved problems? Int ] Dev Biol, (2006). , 3-15.

Wilson, S. W, & Houart, C. Early steps in the development of the forebrain. Dev Cell,
(2004). , 167-181.

Noctor, S. C, Martinez-cerdeno, V, & Kriegstein, A. R. Contribution of intermediate
progenitor cells to cortical histogenesis. Arch Neurol, (2007). , 639-642.

Anthony, T. E, et al. Radial glia serve as neuronal progenitors in all regions of the
central nervous system. Neuron, (2004). , 881-890.

221



222

Neural Stem Cells - New Perspectives

[21]

[24]

[25]

[26]

[27]

[29]

[30]

[31]

[32]

[33]

[34]

Nadarajah, B, Brunstrom, G. ], Wong, J. E, & Pearlman, R. O. AL., Two modes of ra-
dial migration in early development of the cerebral cortex. Nat Neurosci, (2001). ,
143-150.

Parnavelas, J. G. The origin of cortical neurons. Braz ] Med Biol Res, (2002). ,
1423-1429.

Haubensak, W, Attardo, D. W, & Huttner, A. WB., Neurons arise in the basal neuroe-
pithelium of the early mammalian telencephalon: a major site of neurogenesis. Proc
Natl Acad Sci U S A., (2004). , 3196-3201.

Marin, O, & Long, R. J. L., A. remarkable journey: tangential migration in the tele-
ncephalon. Nat Rev Neurosci, (2001). , 780-790.

Galileo, D. S, et al. Neurons and glia arise from a common progenitor in chicken op-
tic tectum: demonstration with two retroviruses and cell type-specific antibodies.
Proc Natl Acad Sci U S A., (1990). , 458-462.

Golden, J. A. and C. CL., Clones in the chick diencephalon contain multiple cell types
and siblings are widely dispersed. Development, (1996)., 65-78.

Gray, G. E, Glover, M. ], & Sanes, J. C. JR., Radial arrangement of clonally related
cells in the chicken optic tectum: lineage analysis with a recombinant retrovirus. Proc
Natl Acad Sci U S A, (1988)., 7356-7360.

Leber, S. M, Breedlove, S. ], & Lineage, S. M. arrangement, and death of clonally re-
lated motoneurons in chick spinal cord. ] Neurosci, (1990). , 2451-2462.

Turner, D. L. and C. CL., A common progenitor for neurons and glia persists in rat
retina late in development. Nature, (1987)., 131-136.

Walsh, C. and C. CL., Widespread dispersion of neuronal clones across functional re-
gions of the cerebral cortex. Science, (1992). , 434-440.

Luskin, M. B, & Pearlman, S. J. AL, Cell lineage in the cerebral cortex of the mouse
studied in vivo and in vitro with a recombinant retrovirus. Neuron, (1988). , 635-647.

Price, J. and T. L., Cell lineage in the rat cerebral cortex: a study using retroviral-
mediated gene transfer. Development, (1988). , 473-482.

Shen, Q, Wang, K. E, Lin, Y, Chuang, G, Goderie, S. M, Roysam, S. K, & Temple, B.
S., Adult SVZ stem cells lie in a vascular niche: a quantitative analysis of niche cell-
cell interactions. Cell Stem Cell, (2008). , 289-300.

Tavazoie, M, Van Der Veken, S. -V. V, Louissaint, L, Colonna, M, Zaidi, L, Garcia-
verdugo, B, & Doetsch, ]. M. F., A specialized vascular niche for adult neural stem
cells. Cell Stem Cell, (2008). , 279-288.



[35]

[36]

[40]

[46]

[47]

(48]

[49]

[50]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

Nie, K, Molnar, Z, & Szele, F. G. Proliferation but not migration is associated with
blood vessels during development of the rostral migratory stream. Dev Neurosci,
(2010). , 163-172.

Daneman, R, et al. The mouse blood-brain barrier transcriptome: a new resource for
understanding the development and function of brain endothelial cells. PLoS One,
(2010)., e13741.

Shen, Q, Goderie, J. L, Karanth, S. K, Sun, N, Abramova, Y, Vincent, N, Pumiglia, P,
& Temple, K. S., Endothelial cells stimulate self-renewal and expand neurogenesis of
neural stem cells. 304, (2004).

Hogan, K. A, et al. The neural tube patterns vessels developmentally using the VEGF
signaling pathway. Development, (2004). , 1503-1513.

Javaherian, A, & Kriegstein, A. A stem cell niche for intermediate progenitor cells of
the embryonic cortex. Cereb Cortex, (2009). Suppl 1:, i70-i77.

Stubbs, D, et al. Neurovascular congruence during cerebral cortical development.
Cereb Cortex, (2009). Suppl 1:, i32-i41.

Vasudevan, A, et al. Compartment-specific transcription factors orchestrate angio-
genesis gradients in the embryonic brain. Nat Neurosci, (2008). , 429-439.

Kurz, H. Physiology of angiogenesis. ] Neurooncol, (2000). , 17-35.

Plate, K. H. Mechanisms of angiogenesis in the brain. ] Neuropathol Exp Neurol,
(1999). , 313-320.

Greenberg, D. A, & Jin, K. From angiogenesis to neuropathology. Nature, (2005). ,
954-959.

Hiruma, T, Nakajima, Y, & Nakamura, H. Development of pharyngeal arch arteries
in early mouse embryo. ] Anat, (2002)., 15-29.

Noctor, S. C, et al. Neurons derived from radial glial cells establish radial units in ne-
ocortex. Nature, (2001)., 714-720.

Miyata, T, et al. Asymmetric inheritance of radial glial fibers by cortical neurons.
Neuron, (2001). , 727-741.

Tabata, H, Yoshinaga, S, & Nakajima, K. Cytoarchitecture of mouse and human sub-
ventricular zone in developing cerebral neocortex. Exp Brain Res. 216(2): , 161-168.

Noctor, S. C, et al. Cortical neurons arise in symmetric and asymmetric division
zones and migrate through specific phases. Nat Neurosci, (2004). , 136-144.

Aaku-saraste, E, Hellwig, A, & Huttner, W. B. Loss of occludin and functional tight
junctions, but not ZO-1, during neural tube closure--remodeling of the neuroepitheli-
um prior to neurogenesis. Dev Biol, (1996)., 664-679.

223



224 Neural Stem Cells - New Perspectives

[51]

[52]

[53]

[54]

[56]

[58]

[59]

[60]

[64]

Bancroft, M, & Bellairs, R. Differentiation of the neural plate and neural tube in the
young chick embryo. A study by scanning and transmission electron microscopy.
Anat Embryol, (1975)., 309-335.

Lehtinen, M. K, & Walsh, C. A. Neurogenesis at the brain-cerebrospinal fluid inter-
face. Annu Rev Cell Dev Biol. 27:, 653-679.

Kriegstein, A, & Alvarez-buylla, A. The glial nature of embryonic and adult neural
stem cells. Annu Rev Neurosci, (2009)., 149-184.

Taverna, E, & Huttner, W. B. Neural progenitor nuclei IN motion. Neuron, (2010). ,
906-914.

Takahashi, T, Nowakowski, R. S, & Caviness, V. S. Jr., The leaving or Q fraction of
the murine cerebral proliferative epithelium: a general model of neocortical neurono-
genesis. ] Neurosci, (1996)., 6183-6196.

Kosodo, Y, et al. Asymmetric distribution of the apical plasma membrane during
neurogenic divisions of mammalian neuroepithelial cells. EMBO ], (2004). ,
2314-2324.

Rakic, P. A century of progress in corticoneurogenesis: from silver impregnation to
genetic engineering. Cereb Cortex, (2006). Suppl 1:, i3-17.

Tarabykin, V, et al. Cortical upper layer neurons derive from the subventricular zone
as indicated by Svetl gene expression. Development, (2001). , 1983-1993.

Kriegstein, A, Noctor, S, & Martinez-cerdeno, V. Patterns of neural stem and progen-
itor cell division may underlie evolutionary cortical expansion. Nat Rev Neurosci,
(2006). , 883-890.

Martinez-cerdeno, V, Noctor, S. C, & Kriegstein, A. R. The role of intermediate pro-
genitor cells in the evolutionary expansion of the cerebral cortex. Cereb Cortex,
(2006). Suppl 1:, i152-i161.

Noctor, S. C, Martinez-cerdeno, V, & Kriegstein, A. R. Distinct behaviors of neural
stem and progenitor cells underlie cortical neurogenesis. ] Comp Neurol, (2008). ,
28-44.

Pontious, A, et al. Role of intermediate progenitor cells in cerebral cortex develop-
ment. Dev Neurosci, (2008). , 24-32.

Takahashi, T, Nowakowski, R. S, & Caviness, V. S. Jr., Early ontogeny of the secon-
dary proliferative population of the embryonic murine cerebral wall. ] Neurosci,
(1995). , 6058-6068.

Lois, C, & Alvarez-buylla, A. Proliferating subventricular zone cells in the adult
mammalian forebrain can differentiate into neurons and glia. Proc Natl Acad Sci U S
A, (1993)., 2074-2077.



[65]

[66]

[67]

[70]

[71]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

Fietz, S. A, et al. OSVZ progenitors of human and ferret neocortex are epithelial-like
and expand by integrin signaling. Nat Neurosci, (2010)., 690-699.

Hansen, D. V, et al. Neurogenic radial glia in the outer subventricular zone of human
neocortex. Nature, (2010). , 554-561.

Reillo, I, et al. A role for intermediate radial glia in the tangential expansion of the
mammalian cerebral cortex. Cereb Cortex, (2011). , 1674-1694.

Shitamukai, A, Konno, D, & Matsuzaki, F. Oblique radial glial divisions in the devel-
oping mouse neocortex induce self-renewing progenitors outside the germinal zone
that resemble primate outer subventricular zone progenitors. ] Neurosci, (2011). ,
3683-3695.

Wang, X, et al. A new subtype of progenitor cell in the mouse embryonic neocortex.
Nat Neurosci, (2011). , 555-561.

Farin, A, et al. Transplanted glioma cells migrate and proliferate on host brain vascu-
lature: a dynamic analysis. Glia, (2006). , 799-808.

Goldman, S. A, & Chen, Z. Perivascular instruction of cell genesis and fate in the
adult brain. Nat Neurosci, (2011)., 1382-1389.

Alvarez-buylla, A, Garcia-verdugo, J. M, & Tramontin, A. D. A unified hypothesis on
the lineage of neural stem cells. Nat Rev Neurosci, (2001). , 287-293.

Merkle, F. T, et al. Radial glia give rise to adult neural stem cells in the subventricular
zone. Proc Natl Acad Sci U S A, (2004). , 17528-17532.

Mirzadeh, Z, et al. Neural stem cells confer unique pinwheel architecture to the ven-
tricular surface in neurogenic regions of the adult brain. Cell Stem Cell, (2008). ,
265-278.

Shen, Q, et al. Adult SVZ stem cells lie in a vascular niche: a quantitative analysis of
niche cell-cell interactions. Cell Stem Cell, (2008). , 289-300.

Altman, ], & Bayer, S. A. Mosaic organization of the hippocampal neuroepithelium
and the multiple germinal sources of dentate granule cells. ] Comp Neurol, (1990). ,
325-342.

Eckenhoff, M. F, & Rakic, P. Radial organization of the hippocampal dentate gyrus: a
Golgi, ultrastructural, and immunocytochemical analysis in the developing rhesus
monkey. ] Comp Neurol, (1984)., 1-21.

Han, Y. G, et al. Hedgehog signaling and primary cilia are required for the formation
of adult neural stem cells. Nat Neurosci, (2008). , 277-284.

Breunig, J. J, et al. Primary cilia regulate hippocampal neurogenesis by mediating
sonic hedgehog signaling. Proc Natl Acad Sci U S A, (2008). , 13127-13132.

225



226  Neural Stem Cells - New Perspectives

[80]

[81]

(82]

[84]

[85]

[86]

[91]

[92]

[93]

[94]

Merkle, F. T, Mirzadeh, Z, & Alvarez-buylla, A. Mosaic organization of neural stem
cells in the adult brain. Science, (2007). , 381-384.

Takahashi, T, Nowakowski, C. V. ], & Interkinetic, R. S. and migratory behavior of a
cohort of neocortical neurons arising in the early embryonic murine cerebral wall. J
Neurosci, (1996). , 5762-5776.

Nadarajah, B, Jones, E. W, & Parnavelas, A. M. JG,, Differential expression of connex-
ins during neocortical development and neuronal circuit formation. ] Neurosci,
(1997)., 3096-3111.

Bittman, K. S. and LoTurco J], Differential regulation of connexin 26 and 43 in murine
neocortical precursors. Cereb Cortex, (1999)., 188-195.

Bittman, K, et al. Connexin expression in homotypic and heterotypic cell coupling in
the developing cerebral cortex. ] Comp Neurol, (2002)., 201-212.

Tavazoie, M, et al. A specialized vascular niche for adult neural stem cells. Cell Stem
Cell, (2008). , 279-288.

Luo, ], Daniels, L. ], Notti, S. B, & Conover, R. Q. JC., The aging neurogenic subven-
tricular zone. Aging Cell, (2006). , 139-152.

Lois, C, & Long-distance, A. -B. A. neuronal migration in the adult mammalian brain.
Science, (1994). , 1145-1148.

Biebl, M, et al. Analysis of neurogenesis and programmed cell death reveals a self-
renewing capacity in the adult rat brain. Neurosci Lett, (2000)., 17-20.

Luskin, M. B. Restricted proliferation and migration of postnatally generated neu-
rons derived from the forebrain subventricular zone. Neuron, (1993)., 173-189.

Menn, B, Garcia-verdugo, Y. C, Gonzalez-perez, ]. M, Rowitch, O, & Alvarez-buylla,
D. A, Origin of oligodendrocytes in the subventricular zone of the adult brain. J
Neurosci, (2006). , 7907-7918.

Seri, B, Garcia-verdugo, C. -M. L, Mcewen, J. M, & Alvarez-buylla, B. S. A., Cell
types, lineage, and architecture of the germinal zone in the adult dentate gyrus. |
Comp Neurol, (2004)., 359-378.

Riquelme, P. A, & Drapeau, D. F. E, Brain micro-ecologies: neural stem cell niches in
the adult mammalian brain. Philos Trans R Soc Lond B Biol Sci, (2008). , 123-137.

Seaberg, R. M. and v.d.K. D., Adult rodent neurogenic regions: the ventricular sube-
pendyma contains neural stem cells, but the dentate gyrus contains restricted pro-
genitors. ] Neurosci, (2002). , 1784-1793.

Clarke, L. and v.d.K. D., The Adult Mouse Dentate Gyrus Contains Populations of
Committed Progenitor Cells that are Distinct from Subependymal Zone Neural Stem
Cells. Stem Cells, (2011). , 1448-1458.



[97]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

Doetsch, F, & Garcia-verdugo, A. -B. A. JM, Cellular composition and three-dimen-
sional organization of the subventricular germinal zone in the adult mammalian
brain. ] Neurosci, (1997). , 5046-5061.

Morshead, C. M, Reynolds, C. C, Mcburney, B. A, Staines, M. W, Morassutti, W. A,
Weiss, D, & Van Der Kooy, S. D., Neural stem cells in the adult mammalian fore-
brain: a relatively quiescent subpopulation of subependymal cells. Neuron, (1994). ,
1071-1082.

De Pina-benabou, M. H, Srinivas, S. D, & Scemes, M. E., Calmodulin kinase pathway
mediates the K+-induced increase in Gap junctional communication between mouse
spinal cord astrocytes. ] Neurosci, (2001). , 6635-6643.

Ihrie, R. A, & Lake-front, A. -B. A. property: a unique germinal niche by the lateral
ventricles of the adult brain. Neuron, (2011). , 674-686.

Mirzadeh, Z, Merkle, S. -N. M, Garcia-verdugo, F. T, & Alvarez-buylla, ]. M. A., Neu-
ral stem cells confer unique pinwheel architecture to the ventricular surface in neuro-
genic regions of the adult brain. Cell stem Cell, (2008). , 265-278.

Doetsch, F. A niche for adult neural stem cells. Curr Opin Gen Dev, (2003). , 543-550.

Palmer, T. D, & Willhoite, G. F. AR, Vascular niche for adult hippocampal neurogen-
esis. ] Comp Neurol, (2000). , 479-494.

Lie, D. C, Song, C. S, Ming, H, & Gage, G. L. FH., Neurogenesis in the adult brain:
new strategies for central nervous system diseases. Annu Rev Pharmacol Toxicol,
(2004). , 399-421.

Coskun, V, Wu, B. B, Tsao, H, Kim, S, Zhao, K, Biancotti, ], Hutnick, J. C, Krueger, L,
Jr, R. C, Fan, G, De Vellis, ], & Sun, Y. E. CD133+ neural stem cells in the ependyma
of mammalian postnatal forebrain. Proc Natl Acad Sci U S A., (2008). , 1026-1031.

Meletis, K, Barnabé-heider, C. M, Evergren, F, Tomilin, E, Shupliakov, N, & Frisén,
O.]., Spinal cord injury reveals multilineage differentiation of ependymal cells. PLoS
Biol, (2008). , e182.

Beckervordersandforth, R, et al. In vivo fate mapping and expression analysis reveals
molecular hallmarks of prospectively isolated adult neural stem cells. Cell Stem Cell,
(2010). , 744-758.

Luskin, M. B, Zigova, S. B, & Stewart, T. RR., Neuronal progenitor cells derived from
the anterior subventricular zone of the neonatal rat forebrain continue to proliferate
in vitro and express a neuronal phenotype. Nol Cell Neurosci, (1997)., 351-366.

Garcia-verdugo, J. M, et al. Architecture and cell types of the adult subventricular
zone: in search of the stem cells. ] Neurobiol, (1998). , 234-248.

227



228 Neural Stem Cells - New Perspectives

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]
[116]

[117]

[118]

[119]

[120]

[121]

Kelsch, W, Mosley, L. C, & Lois, C. P. C., Distinct mammalian precursors are commit-
ted to generate neurons with defined dendritic projection patterns. PLoS Biol,
(2007). , 300.

Kohwi, M, Petryniak, L. J, Ekker, M. A, Obata, M, Yanagawa, K, Rubenstein, Y, & Al-
varez-buylla, J. L. A., A subpopulation of olfactory bulb GABAergic interneurons is
derived from Emx1- and DIx5/6-expressing progenitors. ] Neurosci, (2007). ,
6878-6891.

Merkle, F. T, & Mirzadeh, A. -B. A. Z, Mosaic organization of neural stem cells in the
adult brain. Science, (2007). , 381-384.

Ventura, R. E. and G. JE., Dorsal radial glia generate olfactory bulb interneurons in
the postnatal murine brain. ] Neurosci, (2007). , 4297-4302.

Young, K. M, Fogarty, K. N, & Richardson, M. WD., Subventricular zone stem cells
are heterogeneous with respect to their embryonic origins and neurogenic fates in
the adult olfactory bulb. ] Neurosci, (2007). , 8286-8296.

Gage, F. H, et al. Survival and differentiation of adult neuronal progenitor cells trans-
planted to the adult brain. Proc Natl Acad Sci U S A., (1995)., 11879-11883.

Kuhn, H. G, & Dickinson-anson, G. F. H, Neurogenesis in the dentate gyrus of the
adult rat: age-related decrease of neuronal progenitor proliferation. ] Neurosci,
(1996). , 2027-2033.

Temple, S. The development of neural stem cells. Nature, (2001)., 112-117.

Rahpeymali, Y, Hietala, W. U, Fotheringham, M. A, Davies, A, Nilsson, I, Zwirner, A.
K, Wetsel, ], Gerard, R. A, Pekny, C, Pekna, M, & Complement, M. a novel factor in
basal and ischemia-induced neurogenesis. EMBOY], (2006). , 1364-1374.

Shingo, T, Sorokan, S. T, & Weiss, S. T. S., Erythropoietin regulates the in vitro and in
vivo production of neuronal progenitors by mammalian forebrain neural stem cells. |
Neurosci, (2001). , 9733-9743.

Thored, P, Wood, A. A, Cammenga, ], Kokaia, J, Lindvall, Z, & Long-term, O. neuro-
blast migration along blood vessels in an area with transient angiogenesis and in-
creased vascularization after stroke. Stroke, (2007). , 3032-3039.

Yamashita, T, Ninomiya, H. A. P, Garcia-verdugo, M, Sunabori, J. M, Sakaguchi, T,
Adachi, M, Kojima, K, Hirota, T, Kawase, Y, Araki, T, Abe, N, Okano, K, & Sawamo-
to, H. K., Subventricular zone-derived neuroblasts migrate and differentiate into ma-
ture neurons in the post-stroke adult striatum. ] Neurosci, (2006). , 6627-6636.

Ohab, J. ], Fleming, B. A, & Carmichael, S. ST., A neurovascular niche for neurogene-
sis after stroke. ] Neurosci, (2006). , 13007-13016.

Louissaint A Jr and LC. Rao S, Goldman SA., Coordinated interaction of neurogene-
sis and angiogenesis in the adult songbird brain. Neuron, (2002). , 945-960.



[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

Monje, M. L, Mizumatsu, F. ], & Palmer, S. TD., Irradiation induces neural precursor-
cell dysfunction. Nat Med, (2002)., 955-962.

Jin, K, Zhu, S. Y, Mao, Y, Xie, X. O, & Greenberg, L. DA., Vascular endothelial growth
factor (VEGF) stimulates neurogenesis in vitro and in vivo. Proc Natl Acad Sci U S
A, (2002). , 11946-11950.

Wurmser, A. E, Palmer, G. F, & Neuroscience, T. D. Cellular interactions in the stem
cell niche. Science, (2004)., 1253-1255.

Shima, D. T. and M. C,, Vascular developmental biology: getting nervous. Curr Opin
Genet Dev, (2000). , 536-542.

Ding, Y, Li, L. X, Ding, ], Lai, Y. H, Rafols, Q, Phillis, J. A, Clark, ]J. W, & Diaz, J. C.
FG., Exercise pre-conditioning reduces brain damage in ischemic rats that may be as-
sociated with regional angiogenesis and cellular overexpression of neurotrophin.
Neuroscience, (2004). , 583-591.

Vasconcellos, J. P, Melo, S. R, Bressanim, M. B, Costa, N. C, & Costa, F. F. VP., A nov-
el mutation in the GJA1l gene in a family with oculodentodigital dysplasia. Arch
Ophthalmol, (2005)., 1422-1426.

Barnea, A, & Nottebohm, F. Seasonal recruitment of hippocampal neurons in adult
free-ranging black-capped chickadees. Proc Natl Acad Sci U S A, (1994). ,
11217-112121.

Kempermann, G, & Kuhn, G. F. HG, More hippocampal neurons in adult mice living
in an enriched environment. Nature, (1997)., 493-495.

Kempermann, G, Kuhn, G. F, & Experience-induced, H. G. neurogenesis in the senes-
cent dentate gyrus. ] Neurosci, (1998). , 3206-3212.

Whitman, M. C, et al. Blood vessels form a migratory scaffold in the rostral migrato-
ry stream. ] Comp Neurol, (2009). , 94-104.

Bovetti, S, et al. Blood vessels form a scaffold for neuroblast migration in the adult
olfactory bulb. ] Neurosci, (2007). , 5976-5980.

Yang, X. T, Bi, Y. Y, & Feng, D. F. From the vascular microenvironment to neurogen-
esis. Brain Res Bull, (2011)., 1-7.

Leventhal, C, Rafii, R. D, Shahar, S, & Goldman, A. SA., Endothelial trophic support
of neuronal production and recruitment from the adult mammalian subependyma.
Mol Cell Neurosci, (1999). , 450-464.

Wolswijk, G, Riddle, N. M, & Platelet-derived, P. N. growth factor is mitogenic for
O-2Aadult progenitor cells. Glia, (1991). , 495-503.

Barres, B. A, et al. Multiple extracellular signals are required for long-term oligoden-
drocyte survival. Development, (1993). , 283-295.

229



230 Neural Stem Cells - New Perspectives

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Cameron, H. A, Hazel, T. G, & Mckay, R. D. Regulation of neurogenesis by growth
factors and neurotransmitters. ] Neurobiol, (1998)., 287-306.

Park, J. A, Choi, K. S, & Kim, K. S. KW., Coordinated interaction of the vascular and
nervous systems: from molecule- to cell-based approaches. Biochem Biophys Res
Commun, (2003). , 247-253.

Paris, F, Fuks, K. A, Capodieci, Z, Juan, P, Ehleiter, G, Haimovitz-friedman, D, Cor-
don-cardo, A, & Kolesnick, C. R., Endothelial apoptosis as the primary lesion initiat-
ing intestinal radiation damage in mice. Science, (2001). , 293-297.

Garcia-barros, M, et al. Tumor response to radiotherapy regulated by endothelial cell
apoptosis. Science, (2003). , 1155-1159.

Guzman, R, Bliss, D. L. A. A, Moseley, T, Palmer, M, & Steinberg, T. G., Neural pro-
genitor cells transplanted into the uninjured brain undergo targeted migration after
stroke onset. ] Neurosci Res, (2008). , 873-882.

Nakagomi, N, et al. Endothelial cells support survival, proliferation, and neuronal
differentiation of transplanted adult ischemia-induced neural stem/progenitor cells
after cerebral infarction. Stem Cells, (2009). , 2185-2195.

Teng, H, Zhang, W. L, Zhang, Z. G, Zhang, R. L, Morris, L, Gregg, D, Wu, S. R, Jiang,
Z, Lu, A, Zlokovic, M, & Chopp, B. V. M., Coupling of angiogenesis and neurogene-
sis in cultured endothelial cells and neural progenitor cells after stroke. ] Cereb Blood
Flow Metab, (2008). , 764-771.

Ramirez-castillejo, C, Sanchez-sanchez, A. -A. C, Ferrén, F, Aroca-aguilar, S. R, San-
chez, J. D, Mira, P, Escribano, H, & Farinas, J. I., Pigment epithelium-derived factor is
a niche signal for neural stem cell renewal. Nat Neurosci, (2006). , 331-339.

Cao, L, et al. VEGF links hippocampal activity with neurogenesis, learning and mem-
ory. Nat Genet, (2004). , 827-835.

Schmidt, N. O, Koeder, M. M, Mueller, D, Aboody, F. ], Kim, K. S, Black, S. U, Car-
roll, P. M, Westphal, R. S, & Lamszus, M. K., Vascular endothelial growth factor-
stimulated cerebral microvascular endothelial cells mediate the recruitment of neural
stem cells to the neurovascular niche. Brain Res, (2009). , 24-37.

Mi, H, & Haeberle, B. B. H, Induction of astrocyte differentiation by endothelial cells.
J Neurosci, (2001). , 1538-1547.

Goldberg, J. S, & Hirschi, K. K. Diverse roles of the vasculature within the neural
stem cell niche. Regen Med, (2009). , 879-897.

Zhang, H, et al. VEGF is a chemoattractant for FGF-2-stimulated neural progenitors. J
Cell Biol, (2003). , 1375-1384.

Schéanzer, A, Wachs, W. D, Acker, F. P, Cooper-kuhn, T, Beck, C, Winkler, H, Aigner,
], Plate, L, & Kuhn, K. H. HG,, Direct stimulation of adult neural stem cells in vitro



[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

and neurogenesis in vivo by vascular endothelial growth factor. Brain Pathol,
(2004). , 237-248.

Meng, H, et al. Biphasic effects of exogenous VEGF on VEGF expression of adult
neural progenitors. Neurosci Lett, (2006). , 97-101.

Wada, T, Haigh, E. M, Hitoshi, J. ], Chaddah, S, Rossant, R, Nagy, ], & Van Der Kooy,
A. D., Vascular endothelial growth factor directly inhibits primitive neural stem cell
survival but promotes definitive neural stem cell survival. ] Neurosci, (2006). ,
6803-6812.

Mani, N, et al. Vascular endothelial growth factor enhances migration of astroglial
cells in subventricular zone neurosphere cultures. ] Neurosci Res, (2010). , 248-257.

Wittko, I. M, et al. VEGFR-1 regulates adult olfactory bulb neurogenesis and migra-
tion of neural progenitors in the rostral migratory stream in vivo. ] Neurosci, (2009). ,
8704-8714.

Calvo, C. F, et al. Vascular endothelial growth factor receptor 3 directly regulates
murine neurogenesis. Genes Dev, (2011). , 831-844.

Lee, H. ], et al. Human neural stem cells over-expressing VEGF provide neuroprotec-
tion, angiogenesis and functional recovery in mouse stroke model. PLoS One,
(2007). , e156.

Sun, Y, et al. VEGF-induced neuroprotection, neurogenesis, and angiogenesis after
focal cerebral ischemia. ] Clin Invest, (2003)., 1843-1851.

Maurer, M. H, Tripps, F. R. ], & Kuschinsky, W. K. W., Expression of vascular endo-
thelial growth factor and its receptors in rat neural stem cells. Neurosci Lett, (2003). ,
165-168.

Chow, ], Ogunshola, F. S, Li, O, Ment, Y, Madri, L. R, & Astrocyte-derived, J. A.
VEGF mediates survival and tube stabilization of hypoxic brain microvascular endo-
thelial cells in vitro. Brain Res Dev Res, (2001). , 123-132.

Lucitti, J. L, Jones, H. C, Chen, E. A, Fraser, ], & Dickinson, S. E. ME., Vascular re-
modeling of the mouse yolk sac requires hemodynamic force. Development, (2007). ,
3317-3326.

Hayakawa, K, et al. Cerebral endothelial derived vascular endothelial growth factor
promotes the migration but not the proliferation of oligodendrocyte precursor cells
in vitro. Neurosci Lett, (2012). , 42-46.

Gerber, H. P, et al. VEGF regulates haematopoietic stem cell survival by an internal
autocrine loop mechanism. Nature, (2002). , 954-958.

Shah, N. M, & Groves, A. D. AK, Alternative neural crest cell fates are instructively
promoted by TGFbeta superfamily members. Cell, (1996). , 331-343.

231



232

Neural Stem Cells - New Perspectives

[164]
[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

Nottebohm, F. The neural basis of birdsong. PLoS Biol, (2005). , e164.

Cheng, A, Wang, C. ], Rao, S, & Mattson, M. 5. MP., Nitric oxide acts in a positive
feedback loop with BDNF to regulate neural progenitor cell proliferation and differ-
entiation in the mammalian brain. Dev Biol, (2003)., 319-333.

Packer, M. A, Stasiv, B. A, Chmielnicki, Y, Grinberg, E, Westphal, A, Goldman, H, &
Enikolopov, S. A. G., Nitric oxide negatively regulates mammalian adult neurogene-
sis. Proc Natl Acad Sci U S A., (2003). , 9566-9571.

Snapyan, M, et al. Vasculature guides migrating neuronal precursors in the adult
mammalian forebrain via brain-derived neurotrophic factor signaling. ] Neurosci,
(2009). , 4172-4188.

Vaynman, S, & Ying, G. -P. F. Z, Interplay between brain-derived neurotrophic factor
and signal transduction modulators in the regulation of the effects of exercise on syn-
aptic-plasticity. Neuroscience, (2003). , 647-657.

Ding, Q, Vaynman, A. M, Ying, S, Gomez-pinilla, Z, & Insulin-like, F. growth factor I
interfaces with brain-derived neurotrophic factor-mediated synaptic plasticity to
modulate aspects of exercise-induced cognitive function. Neuroscience, (2006). ,
823-833.

Busiguina, S, et al. Neurodegeneration is associated to changes in serum insulin-like
growth factors. Neurobiol Dis, (2000). Pt B): , 657-665.

Perez-martin, M, Azcoitia, T. ], Sierra, I, & Garcia-segura, A. LM., An antagonist of
estrogen receptors blocks the induction of adult neurogenesis by insulin-like growth
factor-I in the dentate gyrus of adult female rat. Eur ] Neurosci, (2003). , 923-930.

Ihrie, R. A, & Alvarez-buylla, A. Lake-front property: a unique germinal niche by the
lateral ventricles of the adult brain. Neuron, (2011). , 674-686.

Armulik, A, et al. Pericytes regulate the blood-brain barrier. Nature, (2010). , 557-561.

Bjarnegard, M, et al. Endothelium-specific ablation of PDGFB leads to pericyte loss
and glomerular, cardiac and placental abnormalities. Development, (2004). ,
1847-1857.

Enge, M, et al. Endothelium-specific platelet-derived growth factor-B ablation mim-
ics diabetic retinopathy. EMBO J, (2002). , 4307-4316.

Andrae, ], Gallini, R, & Betsholtz, C. Role of platelet-derived growth factors in physi-
ology and medicine. Genes Dev, (2008). , 1276-1312.

Dai, C, et al. PDGF autocrine stimulation dedifferentiates cultured astrocytes and in-
duces oligodendrogliomas and oligoastrocytomas from neural progenitors and astro-
cytes in vivo. Genes Dev, (2001). , 1913-1925.

Jackson, EL, Garcia-Verdugo, G.-P.S, Roy, JM, Quinones-Hinojosa, M, & Vanden, A.,
Alvarez-Buylla A., PDGFR alpha-positive B cells are neural stem cells in the adult



[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

SVZ that form glioma-like growths in response to increased PDGF signaling. Neu-
ron, 2006. 51(2): p. 187-199.

Gensburger, C, Labourdette, G, & Sensenbrenner, M. Brain basic fibroblast growth
factor stimulates the proliferation of rat neuronal precursor cells in vitro. FEBS Lett,
(1987)., 1-5.

Richards, L. ], & Kilpatrick, B. P. T], De novo generation of neuronal cells from the
adult mouse brain. Proc Natl Acad Sci U S A., (1992)., 8591-8595.

Johe, K. K, Hazel, M. T, Dugich-djordjevic, T. G, & Mckay, M. M. RD., Single factors
direct the differentiation of stem cells from the fetal and adult central nervous sys-
tem. Genes Dev, (1996). , 3129-3140.

Broudy, V. C, et al. Human umbilical vein endothelial cells display high-affinity c-kit
receptors and produce a soluble form of the c-kit receptor. Blood, (1994)., 2145-2152.

Ashman, L. K. The biology of stem cell factor and its receptor C-kit. In ] Biochem Cell
Biol, (1999)., 1037-10351.

Jin, K, Mao, S. Y, Xie, X. O, & Greenberg, L. DA., Stem cell factor stimulates neuro-
genesis in vitro and in vivo. ] Clin Invest, (2002). , 311-319.

Erlandsson, A, & Larsson, F. -N. K. J, Stem cell factor is a chemoattractant and a sur-
vival factor for CNS stem cells. Exp Cell Res, (2004). , 201-210.

Sun, Y, et al. Vascular endothelial growth factor-B (VEGFB) stimulates neurogenesis:
evidence from knockout mice and growth factor administration. Dev Biol, (2006). ,
329-335.

Aparicio, S, et al. Expression of angiogenesis factors in human umbilical vein endo-
thelial cells and their regulation by PEDF. Biochem Biophys Res Commun, (2005). ,
387-394.

Kozaki, K, et al. Isolation, purification, and characterization of a collagen-associated
serpin, caspin, produced by murine colon adenocarcinoma cells. J Biol Chem,
(1998). , 15125-15130.

Meyer, C, Notari, L, & Becerra, S. P. Mapping the type I collagen-binding site on pig-
ment epithelium-derived factor. Implications for its antiangiogenic activity. ] Biol
Chem, (2002). , 45400-45407.

Sugita, Y, Becerra, C. G, & Schwartz, S. P. JP., Pigment epithelium-derived factor
(PEDF) has direct effects on the metabolism and proliferation of microglia and indi-
rect effects on astrocytes. ] Neurosci Res, (1997)., 710-718.

Pignolo, R. ], Francis, R. M, & Cristofalo, M. K. V]., Putative role for EPC-1/PEDF in
the GO growth arrest of human diploid fibroblasts. ] Cell Physiol, (2003)., 12-20.

233



234 Neural Stem Cells - New Perspectives

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

Pumiglia, K, & Pedf, T. S. bridging neurovascular interactions in the stem cell niche.
Nat Neurosci, (2006). , 299-300.

Ables, ]. L, et al. Not(ch) just development: Notch signalling in the adult brain. Nat
Rev Neurosci, (2011)., 269-283.

Ramirez-castillejo, C, et al. Pigment epithelium-derived factor is a niche signal for
neural stem cell renewal. Nat Neurosci, (2006). , 331-339.

Andreu-agullo, C, et al. Vascular niche factor PEDF modulates Notch-dependent
stemness in the adult subependymal zone. Nat Neurosci, (2009)., 1514-1523.

Park, C, et al. Inhibition of neuronal nitric oxide synthase enhances cell proliferation
in the dentate gyrus of the adrenalectomized rat. Neurosci Lett, (2001). , 9-12.

Moreno-lopez, B, et al. Nitric oxide is a physiological inhibitor of neurogenesis in the
adult mouse subventricular zone and olfactory bulb. ] Neurosci, (2004). , 85-95.

Murillo-carretero, M, et al. S-Nitrosylation of the epidermal growth factor receptor: a
regulatory mechanism of receptor tyrosine kinase activity. Free Radic Biol Med,
(2009). , 471-479.

Torroglosa, A, et al. Nitric oxide decreases subventricular zone stem cell proliferation
by inhibition of epidermal growth factor receptor and phosphoinositide-3-kinase/Akt
pathway. Stem Cells, (2007). , 88-97.

Carreira, B. P, et al. Nitric oxide stimulates the proliferation of neural stem cells by-
passing the epidermal growth factor receptor. Stem Cells, (2010). , 1219-1230.

Li, Q, et al. Modeling the neurovascular niche: VEGF- and BDNF-mediated cross-talk
between neural stem cells and endothelial cells: an in vitro study. ] Neurosci Res,
(2006). , 1656-1668.

Chen, ], et al. Endothelial nitric oxide synthase regulates brain-derived neurotrophic
factor expression and neurogenesis after stroke in mice. ] Neurosci, (2005). ,
2366-2375.

Kerever, A, Schnack, V. D, Ichikawa, J, Moon, N, Arikawa-hirasawa, C, Efird, E, &
Mercier, J. T. F., Novel extracellular matrix structures in the neural stem cell niche

capture the neurogenic factor fibroblast growth factor 2 from the extracellular milieu.
Stem cells, (2007). , 2146-2157.

Mercier, F, Kitasako, H. G, & Fractones, ]. T. and other basal laminae in the hypothal-
amus. ] Comp Neurol, (2003)., 324-340.

Mercier, F, & Kitasako, H. G. JT, Anatomy of the brain neurogenic zones revisited:
fractones and the fibroblast/macrophage network. ] Comp Neurol, (2002)., 170-188.

Tsang, K. Y, Cheung, C. D, & Cheah, M. C. KS., The developmental roles of the ex-
tracellular matrix: beyond structure to regulation. Cell Tissue Res, (2010)., 93-110.



[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

Tsang, K. Y, Cheung, C. D, & Cheah, M. C. KS,, The developmental roles of the ex-
tracellular matrix: beyond structure to regulation. Cell Tisue Res, (2010)., 93-110.

Leone, D. P, et al. Regulation of neural progenitor proliferation and survival by betal
integrins. ] Cell Sci, (2005). Pt 12): , 2589-2599.

Emsley, ]. G, & Hagg, T. alpha6betal integrin directs migration of neuronal precur-
sors in adult mouse forebrain. Exp Neurol, (2003). , 273-285.

Ali, S. A, Pappas, 1. S, & Parnavelas, J. G. Collagen type IV promotes the differentia-
tion of neuronal progenitors and inhibits astroglial differentiation in cortical cell cul-
tures. Brain Res Dev Brain Res, (1998)., 31-38.

Briickner, G, et al. Region and lamina-specific distribution of extracellular matrix
proteoglycans, hyaluronan and tenascin-R in the mouse hippocampal formation. J
Chem Nauroanat, (2003). , 37-50.

Gates, M. A, et al. Cell and molecular analysis of the developing and adult mouse
subventricular zone of the cerebral hemispheres. ] Comp Neurol, (1995)., 249-266.

Seghezzi, G, Patel, R. C, Gualandris, S, Pintucci, A, Robbins, G, Shapiro, E. S, Gallo-
way, R. L, Rifkin, A. C, & Mignatti, D. B. P., Fibroblast growth factor-2 (FGF-2) indu-
ces vascular endothelial growth factor (VEGF) expression in the endothelial cells of
forming capillaries: an autocrine mechanism contributing to angiogenesis. J Cell Biol,
(1998). , 1659-1673.

Biro, S, et al. Expression and subcellular distribution of basic fibroblast growth factor
are regulated during migration of endothelial cells. Circ Res, (1994). , 485-494.

Kilpatrick, T. J. and B. PF., Cloned multipotential precursors from the mouse cere-
brum require FGF-2, whereas glial restricted precursors are stimulated with either
FGEF-2 or EGF. J Neurosci, (1995). Pt 1):, 3653-3651.

Gritti, A, Parati, C. L, Frolichsthal, E. A, Galli, P, Wanke, R, Faravelli, E, Morassutti,
L, Roisen, D. ], Nickel, F, & Vescovi, D. D. AL., Multipotential stem cells from the
adult mouse brain proliferate and self-renew in response to basic fibroblast growth
factor. ] Neurosci, (1996). , 1091-1100.

Palmer, T. D, & Takahashi, G. F. ], The adult rat hippocampus contains primordial
neural stem cells. Mol Cell Neurosci, (1997). , 389-404.

Ciccolini, F. and S. CN., Fibroblast growth factor 2 (FGF-2) promotes acquisition of
epidermal growth factor (EGF) responsiveness in mouse striatal precursor cells: iden-
tification of neural precursors responding to both EGF and FGF-2. ] Neurosci,
(1998). , 7869-7880.

Doetsch, F, Petreanu, C. I, Garcia-verdugo, L, & Alvarez-buylla, J. M. A., EGF con-
verts transit-amplifying neurogenic precursors in the adult brain into multipotent
stem cells. Neuron, (2002)., 1021-1034.

235



236  Neural Stem Cells - New Perspectives

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

Vaccarino, F. M, Schwartz, R. R, Nilsen, M. L, Rhee, ], Zhou, J, Doetschman, M, Cof-
fin, T, Wyland, J. D, & Hung, J. ]. YT., Changes in cerebral cortex size are governed
by fibroblast growth factor during embryogenesis Nat Neurosci, (1999)., 848.

Raballo, R, Rhee, L. -C. R, Leckman, J, Schwartz, J. F, & Vaccarino, M. L. FM., Basic
fibroblast growth factor (Fgf2) is necessary for cell proliferation and neurogenesis in
the developing cerebral cortex. ] Neurosci, (2000). , 5012-5023.

Alzheimer, C, & Werner, S. Fibroblast growth factors and neuroprotection. Adv Exp
Med Biol, (2002). , 3335-3351.

Zheng, W, Nowakowski, R. S, & Vaccarino, F. M. Fibroblast growth factor 2 is re-
quired for maintaining the neural stem cell pool in the mouse brain subventricular
zone. Dev Neurosci, (2004)., 181-196.

Neiva, K. G, Zhang, M. M, Warner, Z, Karl, K. A, & Nor, E. JE., Cross talk initiated by
endothelial cells enhances migration and inhibits anoikis of squamous cell carcinoma
cells through STAT3/Akt/ERK signaling. Neoplasia, (2009). , 583-593.

Gomez-gaviro, M. V, et al. The Vascular Stem Cell Niche. ] Cardiovasc Transl Res,
(2012).

Kokovay, E, et al. Adult SVZ lineage cells home to and leave the vascular niche via
differential responses to SDF1/CXCR4 signaling. Cell Stem Cell, (2010). , 163-173.

Aguirre, A, Rubio, M. E, & Gallo, V. Notch and EGFR pathway interaction regulates
neural stem cell number and self-renewal. Nature, (2010). , 323-327.

Mathieu, C, Sii-felice, F. P, Etienne, K, Haton, O, Mabondzo, C, Boussin, A, & Mouth-
on, F. D. MA., Endothelial cell-derived bone morphogenetic proteins control prolifer-
ation of neural stem/progenitor cells. Mol Cell Neurosci, (2008). , 569-577.

Lim, D. A, Tramontin, T. ], Herrera, A. D, Garcia-verdugo, D. G, & Alvarez-buylla, J.
M. A, Noggin antagonizes BMP signaling to create a niche for adult neurogenesis.
Neuron, (2000). , 713-726.

Gross, R. E, Mehler, M. P, Zang, M. F, Santschi, Z, & Kessler, L. JA., Bone morphoge-
netic proteins promote astroglial lineage commitment by mammalian subventricular
zone progenitor cells. Neuron, (1996). , 595-606.

Chen, H. L. and P. DM.,, Concise review: bone morphogenetic protein pleiotropism in
neural stem cells and their derivatives--alternative pathways, convergent signals.
Stem Cells, (2007). , 63-68.

Bauer, S, & Patterson, P. H. Leukemia inhibitory factor promotes neural stem cell
self-renewal in the adult brain. ] Neurosci, (2006). , 12089-12099.

Ying, Q. L, Nichols, C. I, & Smith, ]. A., BMP induction of Id proteins suppresses dif-
ferentiation and sustains embryonic stem cell self-renewal in collaboration with
STATS3. Cell, (2003). , 281-292.



[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

Hill, W. D, Hess, M. -S. A, Carothers, D. C, Zheng, J. ], Hale, ], Maeda, D, Fagan, M,
Carroll, S. C, Conway, J. E, & Sdf-1, S. J. CXCL12) is upregulated in the ischemic pe-
numbra following stroke: association with bone marrow cell homing to injury. ] Neu-
ropathol Exp Neurol, (2004). , 84-96.

Imitola, J, Raddassi, P. K, Mueller, K, Nieto, F. J, Teng, M, Frenkel, Y. D, Li, D, Sid-
man, J, Walsh, R. L, Snyder, C. A, & Khoury, E. Y. S]., Directed migration of neural
stem cells to sites of CNS injury by the stromal cell-derived factor lalpha/CXC che-
mokine receptor 4 pathway. Proc Natl Acad Sci U S A, (2004)., 18117-18122.

Tran, P. B, Ren, V. T, & Miller, D. R]., Chemokine receptors are expressed widely by
embryonic and adult neural progenitor cells. ] neurosci Res, (2004). , 20-34.

Robin, A. M, Zhang, W. L, Zhang, Z. G, Katakowski, R. L, Zhang, M, Wang, L,
Zhang, Y, & Chopp, C. M., Stromal cell-derived factor lalpha mediates neural pro-
genitor cell motility after focal cerebral ischemia. ] Cereb Blood Flow Metab, (2006). ,
125-134.

Thored, P, Arvidsson, C. E, Ahlenius, A, Kallur, H, Darsalia, T, Ekdahl, V, Kokaia, C.
T, & Lindvall, Z. O., Persistent production of neurons from adult brain stem cells
during recovery after stroke. Stem Cells, (2006). , 739-747.

Kallmann, B. A, Wagner, H. V, Buttmann, S, Bayas, M, Tonn, A, & Rieckmann, J. C.
P., Characteristic gene expression profile of primary human cerebral endothelial
cells. FASEB J, (2002). , 589-591.

Carmeliet, P. and T.-L. M., Common mechanisms of nerve and blood vessel wiring.
Nature, (2005)., 193-200.

Ward, N. L. and L. JC., The neurovascular unit and its growth factors: coordinated
response in the vascular and nervous systems. Neurol Res, (2004). , 870-883.

Jones, N, Iljin, D. D, & Alitalo, K. K., Tie receptors: new modulators of angiogenic
and lymphangiogenic responses. Nat Rev Mol Cell Biol, (2001). , 257-267.

Stumm, R. K, Rummel, J. V, Culmsee, ], Pfeiffer, C, Krieglstein, M, Hollt, J, & Schulz,
V. S, A dual role for the SDF-1/CXCR4 chemokine receptor system in adult brain:
isoform-selective regulation of SDF-1 expression modulates CXCR4-dependent neu-
ronal plasticity and cerebral leukocyte recruitment after focal ischemia. ] Neurosci,
(2002). , 5865-5878.

Arai, F, et al. Tie2/angiopoietin-1 signaling regulates hematopoietic stem cell quies-
cence in the bone marrow niche. Cell, (2004). , 149-161.

Koochekpour, S, & Merzak, P. G. A, ascular endothelial growth factor production is
stimulated by gangliosides and TGF-beta isoforms in human glioma cells in vitro.
Cancer Lett, (1996). , 209-215.

237



238 Neural Stem Cells - New Perspectives

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

Breier, G, et al. Transforming growth factor-beta and Ras regulate the VEGF/VEGF-
receptor system during tumor angiogenesis. Int ] Cancer, (2002). , 142-148.

Hirschi, K. K, Lai, B. N, Dean, L, Schwartz, D. A, & Zimmer, R. J. WE., Transforming
growth factor-beta induction of smooth muscle cell phenotpye requires transcription-
al and post-transcriptional control of serum response factor. J Biol Chem., (2002). ,
6287-6295.

Antonelli-orlidge, A, et al. An activated form of transforming growth factor beta is
produced by cocultures of endothelial cells and pericytes. Proc Natl Acad Sci U S A.,
(1989). , 4544-4548.

Sato, Y, Tsuboi, L. R, Moses, R, & Rifkin, H. DB., Characterization of the activation of
latent TGF-beta by co-cultures of endothelial cells and pericytes or smooth muscle
cells: a self-regulating system. J Cell Biol, (1990). , 757-763.

Brionne, T. C, et al. Loss of TGF-beta 1 leads to increased neuronal cell death and mi-
crogliosis in mouse brain. Neuron, (2003). , 1133-1145.

Buckwalter, M. S, et al. Chronically increased transforming growth factor-betal
strongly inhibits hippocampal neurogenesis in aged mice. Am ] Pathol, (2006). ,
154-164.

Wachs, F. P, et al. Transforming growth factor-betal is a negative modulator of adult
neurogenesis. ] Neuropathol Exp Neurol, (2006). , 358-370.

Adams, R. H, & Klein, R. Eph receptors and ephrin ligands. essential mediators of
vascular development. Trends Cardiovas Med, (2000). , 183-188.

Holmberg, J, Armulik, S. K, Edoff, A, Spalding, K, Momma, K, Cassidy, S, Flanagan,
R, Frisén, ]. G, & Ephrin-a, ]. reverse signaling negatively regulates neural progenitor
proliferation and neurogenesis. Genes Dev, (2005). , 462-471.

Conover, ]J. C, Doetsch, G. -V. ], Gale, F, Yancopoulos, N. W, & Alvarez-buylla, G. D.
A., Disruption of Eph/ephrin signaling affects migration and proliferation in the
adult subventricular zone. Nat Neurosci, (2000). , 1091-1097.

Gale, N. W, Baluk, P. L, Kwan, P, Holash, M, Dechiara, ], Mcdonald, T. M, Yancopou-
los, D. M, & Ephrin-b, G. D. selectively marks arterial vessels and neovascularization

sites in the adult, with expression in both endothelial and smooth-muscle cells. Dev
Biol, (2001)., 151-160.

Alvarez-buylla, A, & Lim, D. A. For the long run: maintaining germinal niches in the
adult brain. Neuron, (2004). , 683-686.

Nomura, T, et al. EphB signaling controls lineage plasticity of adult neural stem cell
niche cells. Cell Stem Cell, (2010). , 730-743.



[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

A Vascular Perspective on Neurogenesis
http://dx.doi.org/10.5772/54980

Shingo, T, Gregg, E. E, Fujikawa, C, Hassam, H, Geary, R, Cross, C, Weiss, J. C, &
Pregnancy-stimulated, S. neurogenesis in the adult female forebrain mediated by
prolactin. Science, (2003). , 117120.

Abrous, D. N, & Koehl, M. and Le Moal M, Adult neurogenesis: from precursors to
network and physiology. Physiol Rev., (2005). , 523-569.

Masuda, S, Chikuma, S. R, & Insulin-like, M. growth factors and insulin stimulate er-
ythropoietin production in primary cultured astrocytes. Brain Res, (1997). , 63-70.

Johns, L, Sinclair, D. ], & Hypoxia, A. J. hypoglycemia-induced amino acid release is
decreased in vitro by preconditioning. Biochem Biophys Res Commun, (2000). ,
134-136.

Blondeau, N, et al. K(ATP) channel openers, adenosine agonists and epileptic pre-
conditioning are stress signals inducing hippocampal neuroprotection. Neuro-
science, (2000). , 465-474.

Brines, M. L, et al. Erythropoietin crosses the blood-brain barrier to protect against
experimental brain injury. Proc Natl Acad Sci U S A., (2000). , 10526-10531.

Eid, T, Brines, C. A, Spencer, M. L, Kim, D. D, Schweitzer, J. H, Ottersen, J. S, & De
Lanerolle, O. P. NC., Increased expression of erythropoietin receptor on blood ves-

sels in the human epileptogenic hippocampus with sclerosis. ] Neuropathol Exp
Neurol, (2004)., 73-83.

Hassouna, I, et al. Erythropoietin augments survival of glioma cells after radiation
and temozolomide. Int ] Radiat Oncol Biol Phys, (2008). , 927-934.

Ruscher, K, Freyer, K. M, Isaev, D, Megow, N, Sawitzki, D, Priller, B, Dirnagl, J, &
Meisel, U. A., Erythropoietin is a paracrine mediator of ischemic tolerance in the
brain: evidence from an in vitro model. ] Neurosci, (2002). , 10291-10301.

Calabrese, C, et al. A perivascular niche for brain tumor stem cells. Cancer Cell,
(2007). , 69-82.

239






Chapter 9

Parenchymal Neuro-Glio-Genesis Versus Germinal
Layer-Derived Neurogenesis: Two Faces of Central
Nervous System Structural Plasticity

Luca Bonfanti, Giovanna Ponti, Federico Luzzati,
Paola Crociara, Roberta Parolisi and
Maria Armentano

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56100

1. Introduction

The discovery of neural stem cells (NSCs) at the beginning of the nineties led many people to
consider definitively broken the dogma of a static central nervous system (CNS) made up of
non-renewable elements [1-3]. In parallel, the occurrence and characterization of adult
neurogenesis in the olfactory bulb and hippocampus [3-5] triggered new hopes for brain repair.
Twenty years after, the dream of regenerative medicine applied to brain/spinal cord injuries
and neurodegenerative diseases is still very far [6,7]. As a matter of fact, adult neurogenesis
in mammals occurs mainly within two restricted areas known as ‘neurogenic sites’ [3,8]: the
forebrain subventricular zone (SVZ); reviewed in [9] and the hippocampal dentate gyrus
(subgranular zone, SGZ); reviewed in [10]. As a direct consequence of such topographical
localization, most of the CNS parenchyma out of the two ‘classic’ neurogenic sites remains
substantially a non-renewable tissue. Actually, most of the traumatic/vascular injuries and
neurodegenerative diseases do occur in ‘non-neurogenic’ regions and no efficacious therapies
capable of restoring CNS structure and functions through cell replacement are at present
available. Thus, two decades after the discovery of NSCs and the reaching of a satisfactory
characterization of adult neurogenic sites, a gap remains between the occurrence of stem/
progenitor cells in the CNS of adult mammals and their effective capability to serve in brain
repair. Several aspects do converge in explaining this gap [11], partially accounting for the
heterogeneity of CNS structural plasticity in mammals (summarized in Table 1)

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
I m EC H Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Heterogeneity of postnatal / adult neurogenic processes in different mammals by considering different as-
pects and mammalian species. B, Schematic summary of the main sources (progenitor cells) of adult mammalian neu-
rogenesis, its outcome in vivo / in culture system, and its possible activation after lesion. In the case of many
parenchymal regions, some of these steps are still obscure. BLBP, brain lipid-binding protein; EGL, external germinal
layer; GABA, c-aminobutyric acid; Ng2, nerve / glial antigen 2 proteoglycan; NPY, Neuropeptide Y; SGZ, subgranular
zone; SPL, subpial layer; SVZ, subventricular zone; VMM, ventral migratory mass; VMS, ventrocaudal migratory stream;
MMS, medial migratory stream; DMS, dorsal migratory stream. Adapted from Ref [30].

In this chapter the neurogenic/gliogenic potential of the mammalian brain parenchyma in
vivo will be analyzed with particular reference to variables involved in its heterogeneity (e.g.,
animal species, age, CNS regions; see Figure 1 and Table 1). In particular, these variables do
determine the tissue environment in which stem/progenitor cells are immersed, what seems
to be extremely important for their activity and outcome. In addition, the origin and nature of
stem/progenitor cells would also contribute to their neurogenic/gliogenic potential. It is now

well known that cells may have a broader potential than they normally exhibit in vivo when
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Figure 2. Schematic summary of the features and location of different neurogenic/gliogenic processes occurring
spontaneously in the CNS of postnatal and adult mammals. Red dots indicate newlyborn cells. SVZ, subventricular
zone; SGZ, subgranular zone; EGL, external germinal layer; SPL, subpial layer (rabbit); PSA, PSA-NCAM; Map5, microtu-
bule-associated protein 1B; P23, postnatal day 23. Question marks indicate lack of knowledge about the origin, late
differentiative steps, and final integration of newly generated parenchymal neurons. Adapted from Ref [32].
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exposed to a different environment, either in vitro or in vivo [29]. Hence, in order to avoid one

of the most common misunderstandings, namely the confusion between occurrence of de

novo cell proliferation in the CNS tissue and existence of true gliogenic/neurogenic processes,

here the attention will be focused on the outcome(s) of the newly generated progeny [30].

A. Variables affecting the nature and features of adult neurogenesis

Animal species (animal world) General plasticity and persistent neurogenesis are usually reduced across phylogeny; in

Animal species (mammals)

Age

Microenvironment (niche)

Origin of stem/progenitor

cells

Location in the CNS

Function

parallel, the reparative/regenerative potential is also reduced

Unlike previous belief and current bias, remarkable differences in the location and

extension of adult neurogenesis do exist among mammals

Some neurogenic processes are extensions of delayed developmental programs
(postnatal/protracted neurogenesis) whereas others persist throughout life (persistent

neurogenesis). All neurogenic processes are progressively reduced with age

A well defined neural stem cell niche sustains neurogenesis in neurogenic sites (SVZ,

SGZ), whereas a niche has not been characterized in parenchymal neurogenesis

Neurogenic sites (SVZ, SGZ) directly derive from persistence and modification of pre-
existing, embryonic germinal layers, whereas for parenchymal cell genesis such direct

link is not clear

Location either within a germinal layer-derived niche or in the parenchyma redirects to
the two previous points; in parenchymal neurogenesis many variations are linked to

local cues of the different CNS regions involved

In physiology: linked to the different ecological niches of the animals (present in all

animals)

In repair: linked to the species, in invertebrates and non-mammalian vertebrates the
physiological function is associated with function in repair, whereas in birds and

mammals it is only linked to physiology/homeostasis of specific systems

B. Main differences between cell genesis in adult neurogenic sites and in the parenchyma

Location

Primary progenitor cells
Microenvironment
Origin

Fate (progeny)

Fate (process)

Neurogenic sites Parenchyma

Restricted Widespread

Stem cells Progenitors

Stem cell niche Mature neuropil

Germinal layer-derived No direct link with germinal layers
Mainly neurons Mainly glial cells

(some astrocytes and oligodendrocytes) (some neurons)

Complete Incomplete

Table 1. Heterogeneity of adult neuro-glio-genesis
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Since developmental changes also account for loss of CNS reparative/regenerative capacities
and neuro-glio-genic potential, a paragraph will be devoted to the progenitor cell develop-
mental origin. Then, a brief summary of comparative adult neurogenesis will be given.
Evolutionary explanations can provide an understanding of the logic followed (or not) by
neurogenic processes through phylogeny, also accounting for the failure in mammalian CNS
repair/regeneration and scarce usefulness of adult neurogenesis as a possible solution for brain
repair [31,32].

2. Developmental origin of adult neurogenic/gliogenic processes

What makes it possible the remarkable neurogenesis occurring in neurogenic sites is their
direct origin from embryonic germinal layers which retain stem/progenitor cells along with
the ‘niche” environment allowing their activity [10,33]. The SVZ and SGZ actually are remnants
of their embryonic counterpart, from which they maintain several cellular and molecular
aspects [9] in parallel with an adaptation to the changing anatomy of the postnatal and adult
brain [34,35].

During development, the CNS originates from the neuroepithelium, pseudostratified epithe-
lial cells that maintain contact with both the ventricular and pial surfaces. As brain thickness
increases, neuroepitheial cells transform into radial glia [33,36]. Beside their classic role as
scaffolding for migrating neurons during embryogenesis and their subsequent transformation
into parenchymal astrocytes of the mature CNS [37,38], radial glia cells behave as stem cells,
leading to the genesis of astrocytes, neurons [39,40], and, to a lesser extent, oligodendrocytes
[41]. Thus radial glial cells not only serve as progenitors for many neurons and glial cells soon
after birth, but also give rise to adult SVZ stem cells that continue to produce neurons
throughout adult life [41]. The origin of astrocytes that function as neural progenitors in the
adult hippocampus has not been determined experimentally. A connection to radial glial cells,
has been suggested even in the hippocampal SGZ [42,43]. The relationship of adult NSCs to
their developmental precursors offers clues to the unique characteristics that distinguish these
germinal astrocytes from other astroglial cells in the brain parenchyma [33]. Indeed, paren-
chymal astrocytes lose very early their stem cell potential (around postnatal day 10 in mice
[44]), although they can still proliferate in the severe gliosis induced after lesion [45], and
resume multipotentiality in vitro [46].

On the other hand, gliogenesis persists throughout the CNS in the form of parenchymal cell
genesis capable of creating new oligodendrocytes and, to a lesser extent, astrocytes, throughout
life [12,15]. Most of this gliogenic activity is attributed to synantocytes/polydendrocytes (Ng2+
cells; see below) which are widespread in the CNS tissue and whose origin is still partially
obscure. Oligodendrocytes originate from migratory and mitotic embryonic precursors which
progressively mature into postmitotic myelin-producing cells. The sequential expression of
developmental markers defines distinct phenotypic stages in the oligodendrocyte lineage,
characterized by proliferative capacities, migratory abilities and changes in morphology. Most
knowledge on this issue comes from studies on the rodent embryonic spinal cord. The first
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oligodendrocyte-committed cell appears at embryonic day 12 (E12) in two columns in the
ventral ventricular zone of the motor neuron progenitor domain [47], which is defined by the
expression of Olig2 [48]. The embryonic oligodendrocyte precursors are identified by their
expression of platelet-derived growth factor alpha receptor (PDGFRa) [49]. The appearence
of the oligodendrocyte lineage-associated markers Olig2 (essential for oligodendrocyte
specification and differentiation) and PDGFRa (which permits the expansion of the original
precursor population) is dependent on the concentrations of Sonic hedgehog (Shh) [50,51]. One
or two days after their appearance, PDGFRa+ cells exit the ventricular zone and expand by
local proliferation and migration first in the ventral spinal cord region and then dorsally [52].
Finally, they occupy the entire parenchyma by the time of birth [49]. A dorsal source of
oligodendrocyte precursors was also shown to contribute to oligodendrogenesis in the spinal
cord and hindbrain [53,54]. Fate mapping experiments revealed a double source of oligoden-
drocyte precursors in the forebrain: cells expressing oligodendrocyte lineage markers, such as
Oligl, Olig2, Sox10 and PDGFRa, first appear ventrally, in the neuroepithelium of the medial
ganglionic eminence, and then migrate laterally and dorsally into all parts of the developing
forebrain by E16 to birth [55]. However, several studies have provided evidence for a dorsal
and later source of oligodendrocyte precursors in the lateral and/or caudal ganglionic emi-
nence(s), which constitute a second wave of cells invading the cortex only by E18 [54,56].
Nevertheless, adult oligodendrocyte derive only by dorsal precursors, since medial ganglionic
eminence-derived precursors were demonstrated to completely disappear after birth [56]. On
the whole, it is thought that a unique oligodendrocyte population can derive from progenitor
domains defined by different signaling molecules, in contrast to what has been established for
neuronal specification during embryonic development, where different parts of the ventricular
zone generate distinct types of neurons. In the rodent CNS, once PDGFRa+ cells have left the
ventricular zone, they start to be termed ‘oligodendrocyte progenitor cells” and acquire their
most typical marker: an integral membrane chondroitin sulphate proteoglycan named Ng2
(nerve/glial antigen 2). Ng2 expression becomes detectable only at E14 [57], thus, from E17 to
adulthood all PDGFRa+ cells are Ng2+, and, conversely, all the parenchymal (non-vascular)
Ng2+ cells are PDGFRa+ [57,58]. Early embryonic Ng2+/PDGFaR+ OPCs are small, undiffer-
entiated, proliferative and motile cells [59]. During embryogenesis, their morphology changes
rapidly from a simple oval or polygonal cell body with few unbranched processes to a more
differentiated and branched shape with a smaller cell soma [57,60].

Coming back to adult neurogenesis, non mammalian vertebrates including fish, amphibians,
and reptiles harbor a more widespread genesis of neurons in the parenchyma. Such processes,
due to their location, are apparently independent from the primitive germinal layers. Never-
theless, recent studies which analysed in more detail the origin of adult neurogenesis in fish
show that all neurogenic processes likely originate from remnants of the germinal layers;
reviewed in [61]. Teleost proliferation zones reflect a general proliferation pattern along the
ventricular walls of the brain, distinctly localized in all its subdivisions along the rostrocaudal
axis. Between 12 and 16 distinct proliferation zones have been recognized in different teleost
species [61]. Hence, across different animal classes, most stem cell populations retain contact
to the ventricular system, and they appear as neuroepithelial cells, radial glial or astroglial cell
types. The different shapes of these progenitors have been suggested to be a secondary
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consequence of the architecture of the developing parenchyma overlying the ventricular stem
cell zone of the embryo [9]. This common pattern across animal species, along with data
reported above on the origin of cycling glial progenitors in mammals, indirectly suggests that
adult parenchymal neuro-glio-genesis ultimately derives from embryonic germinal layers, yet
being able to persist independently in some cases.

3. Comparative adult neurogenesis and brain repair

Unlike mammals, other classes of vertebrates including fish, amphibians, and reptiles,
harbor a more widespread adult neurogenesis in the parenchyma. In these animals, stem
and progenitor cells, in addition to their role in physiological plasticity, also participate in
brain repair and regeneration. Failure in mammalian brain repair after traumatic, vascu-
lar, and neurodegenerative injuries is due to: i) a strong reduction in the extension of
neurogenic regions within the whole CNS; ii) a substantial lack of CNS reparative/regener-
ative capacity; iii) the fact that adult neurogenic sites subserve specific physiological
functions rather than brain repair; for review, see [11,62,63]. It is important to note that
although the occurrence of good neurogenic potentials would generally favor brain repair
(at least by making available stem/progenitor cells) there is not a direct, linear relation-
ship between occurrence of stem/progenitor cells and repair/regeneration, the latter
processes strongly depending on the tissue environment and/or tissue reactions; for selected
examples of neurogenesis and regeneration see [64].

Neurogenic processes are detectable in wide regions of the CNS in invertebrates and non-
mammalian vertebrates [61,65,66], whereas in mammals they are restricted to two privileged
areas (neurogenic sites) and the remaining CNS is largely made up of non-renewable tissue
[30,67,68]. The state of substantial ‘general plasticity’ and cell renewal existing in the oldest
living metazoans, so that all cell types, including neurons, are balanced in their production
and loss [69,70], is progressively reduced in vertebrates, although fish and amphibians still
maintain remarkable regenerative capacities [71,72]. Then, in birds and mammals a transition
between regeneration permissive and non-permissive stages occurs soon after birth, and
highly-restricted spots of adult neurogenesis subserve homeostatic functions in specific neural
circuits [73,74]. The decrease in neurogenic abilities occurs in parallel with topographical/
numerical restriction of germinal layer-derived stem cell niches, whereas the decrease in
regenerative abilities occurs in parallel with other aspects: the impossibility to re-access to
embryonic developmental programs during adulthood [75], the lack of differentiated cells
capable of dedifferentiation [76], the development of a strong immune surveillance [77] and
the consequent tissue reactions, most of which detrimental (reviewed in [11,64]). In some cases,
the stem cells found in the CNS of non-mammalian vertebrates are deployed for postnatal
development of parts of the brain until the final structure is reached. In other cases, postnatal
neurogenesis continues into adulthood leading to a net increase of the number of neurons with
age. Finally, in other cases, stem cells fuel neuronal turnover. An example is the protracted
development of the cerebellar granular layer in mammals, which in adult teleosts actually
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becomes a persistent neurogenesis, where the granular layer continuously grows and no
definite adult cerebellar size is reached [61].

In addition, when considering mammals, the failure in CNS repair is a result of evolutionary
constraints in which the injured tissue would not favor a strategy of regeneration but rather
one of minimizing further damage (e.g., gliotic reaction [78]). Hence, as a consequence of
multiple, converging aspects, CNS regenerative capacity in mammals could have reached a
point of non-return, in parallel with the persistence of some neurogenic processes which
remain mainly focused on physiological functions (e.g., cell renewal/addition in selective
neural circuits linked to learning/memory tasks [73,74]).

An increased consciousness that the scarce reparative capacity of the mammalian CNS
depends on multiple aspects should indicate that it is very unlike the finding of a single
molecular factor or pharmacological treatment capable of eliciting repair/regeneration.
Comparative results from vertebrate species of different classes have demonstrated that adult
neurogenesis is widespread among vertebrates but is employed by different species in
different functional contexts [74,79,80], and a growing number of reports show a remarkable
heterogeneity even among mammals [17-19]. This variability concerns both the organization/
extension/function of the two neurogenic sites and many examples of parenchymal neuro-
genesis; reviewed in [30] (see below). This fact, along with our still incomplete knowledge of
adult neurogenesis in humans (especially within the parenchyma), partially hampers the
reaching of well established ‘common rules” which might be used in the translation of
experimental preclinical data to human medicine. Thus, dealing with mammalian CNS
structural plasticity, high levels of heterogeneity involving different ‘types’ of neurogenic
processes should be taken into account.

4. Heterogeneity of cell genesis in the mammalian CNS

We now know that ‘classic’ neurogenic sites are consistently present in all mammals studied,
although with some differences, particularly when the outcome(s) of the neurogenic process
are involved [30]. The occurrence of a rostral migratory stream which is active throughout life
in rodents but temporally restricted to the postnatal period in humans [81] is a prototypical
example of variability among mammals. Indeed, in humans this neurogenic process seems to
fall in a delayed developmental process rather than adult neurogenesis (see below).

In addition to neurogenic sites, studies carried out during the last two decades revealed the
presence of local, parenchymal progenitors which retain some proliferative capacity in most
of the mature mammalian CNS [12,14,15,17-19,82] (Figure 1). This fact suggests that structural
plasticity involving de novo cell genesis in the CNS could be more widespread than previously
thought. As a consequence of the increasing number of reports investigating adult neurogen-
esis in mammals, our perception of this biological process has gained new perspectives and
nuances; for deeper analysis see [30,66,83,84]. What was previously thought as “the genesis of
new neurons in restricted brain areas endowed with NSCs”, can now be intended as a highly
heterogeneous phenomenon (summarized in Figures 1 and 2), whose heterogeneity depends
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on several variables (see Table 1). The main elements of heterogeneity can be summarized as
follows: i) the location of progenitors (gathered within restricted neurogenic sites or widely
spread out in the parenchyma); ii) the nature of the progenitors (bona fide NSCs versus different
types of progenitors); iii) the genetic and molecular features of the progenitors (cell lineage:
neuronal-like versus glial-like; identification of differentiative stages dependent on the
available markers); iv) the existence or not of well characterized neurogenic niches (absence
of niches or occurrence of atypical/non-identified niches in the parenchyma?); v) the extension
in time after birth (protracted, transient persistent neurogenesis); vi) the ultimate fate of the
progeny in terms of cell lineage (neuronal versus glial; astrocytic versus oligodendrocytic); vii)
the ultimate fate of the progeny in terms of cell integration into circuits (complete versus
incomplete neurogenesis); viii) the spontaneous occurrence of the process versus its injury-
induced appearance. This latter point could be considered a further step beyond the so-called
‘constitutive’ neurogenesis, namely the spontaneous, continuous genesis of new neurons as
part of a physiologic, homeostatic process [85].

Due to the multifaceted aspects of the above mentioned processes, some problems of termi-
nology can also be raised (see Refs. [30,32]). A common misunderstanding consists of a
different use of the word “neurogenesis’, which can be intended either as ‘genesis of neurons’
or as ‘genesis of neural cells’, i.e. neurons and glia. Embryonic neurogenesis, namely the
process of building up the whole CNS, involves both neuro- and glio-genesis, occurring in
largely overlapping and strictly intermingled phases, whereas neurogenesis and gliogenesis
can occur separately in the adult. The landscape is even more complex, since research on adult
neurogenesis brought developmental neuroscience within the mature brain, and the intermix
of structurally plastic changes involving cell genesis/differentiation with the fully assembled
adult tissue is accompanied by a previously unexpected intermix of cell lineages (e.g., newly
formed neuroblasts arising from astrocytic-like stem cells in vivo). For this reason, in this review
article, when not speaking of well characterized cell lineages, the notion of “cell genesis’ instead
of ‘neurogenesis’ will be used, since in most ‘neurogenic’ processes different cell types can be
considered among the progenitors, and different progenies can be generated. Hence, apart
from detailed knowledge gathered around the activity of SVZ and SGZ neurogenic sites, many
aspects of parenchymal cell genesis remain obscure and/or unesplored, as a consequence of
the heterogeneity depicted above. In the last few years, parenchymal neuro-glio-genesis was
among the most studied, yet less known, issues, due to the widespread location of the
progenitor cells and to the substantial lack of markers which specifically identify their real
origin as well as the stage-specific steps of their differentiation. As a consequence, the presence/
absence of neurogenic processes within different CNS parenchymal regions in different
mammalian species is still quite controversial and debatable. In most cases, parenchymal cell
genesis occurs at low levels, at the limit of technical detection. Furthermore, in some cases it
is very difficult to show its final outcome(s), most of the parenchymal neurogenesis appearing
‘incomplete’ as to the final differentiation/integration of the progeny [30] (Figure 2). Finally,
to correctly classify both germinal layer-derived and parenchymal neurogenesis some other
aspects should be taken into account, such as the temporal extension of “protracted’/ transi-
ent’developmental neurogenic processes with respect to a ‘constitutive’/ persistent’ neuro-
genesis [30]. A further aspect is that of lesion-induced neuro-glio-genesis, namely the genesis
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of new cells as a consequence of different types of CNS injury [18,25,26,86] or altered homeo-
stasis [87]. This is an important point since many lines of research in the field of neural repair
directed to manipulate stem cells in the perspective of intracerebral transplantation did not
produced substantial therapeutic innovations. As an alternative, another approach might be
that of stimulating/modulating the endogenous sources of cell progenitors present both in
germinal layer-derived stem cell niches (SVZ and hippocampus) and in the parenchyma.

5. Parenchymal neurogenesis

Spontaneous (constitutive) parenchymal neurogenesis can be considered as a very rare
phenomenon in mammals, and its regional location has been shown to be dependent on the
animal species, age, and physiologicalpathological states [30]. Different examples of neuro-
genesis occurring outside the two neurogenic sites have been described in rodents [17,82],
rabbits [18,19] and monkeys [22,88]. Remarkable differences can be observed between closely
related orders (e.g., rodents and lagomorphs [18,19]), between species (e.g., rat and mouse
[17,23,89,90]), and even different strains [91,92].

Most parenchymal neurogenesis described in adult rodents seems to occur spontaneously at
very low levels, rather being elicited/enhanced after specific physiological or pathological
conditions [17,82,86,87] (see below). Dayer and colleagues [17] showed the occurrence of new
neurons in the deep layers of the rat cerebral cortex. By labelling newlyborn cells with multiple
intra-peritoneal injections of BrdU and using markers of both immature and mature neurons
to characterize the new cells through a detailed confocal analysis at different survival times,
they demonstrated genesis of new GABAergic interneurons in both neocortex and striatum.
At 4-5 weeks survival time, the 0.4 +/- 0.13% of the BrdU+ cells were mature NeuN+ neurons
in the neocortex. Morphologic and phenotypic analyses assert these cells belong to different
categories of cortical interneurons. Interestingly, although several BrdU+/DCX+/Tuc4+
neuroblasts were identified close to the SVZ periventricular region, the great majority of
cortical BrdU+ cells were positive for Ng2. From these data the Authors suggested that adult
cortical newborn interneurons might originate from in situ progenitors. Other examples of
spontaneous parenchymal neurogenesis have been described in lagomorphs. In rabbits, newly
generated neurons are spontaneously produced in other regions of the adult brain starting
from local, parenchymal progenitors. In the caudate nucleus, newly formed neuroblasts form
longitudinally-arranged, doublecortin (DCX) and PSA-NCAM immunoreactive striatal chains
similar to the SVZ chains [18]. These neuroblasts are generated from clusters of proliferating
cells which express the astroglial marker brain lipid binding protein (BLBP), and about 1/6 of
surviving cells differentiate into calretinin striatal interneurons. Always in rabbits, in sharp
contrast with our common knowledge concerning the CNS of other mammals studied so far,
a remarkable genesis of cells is detectable in the peripuberal, and to a lesser extent, adult
cerebellar cortex [19]. Systemically-administered BrdU detected at different post-injection
survival times (up to two months) reveals newly generated PSA-NCAM+/DCX+/Pax2+
interneurons of neuroepithelial origin homogeneously distributed in the cerebellar cortex.
Thus, in the striatal and cerebellar parenchyma of lagomorphs new neurons are generated
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independently from the remnants of germinal layers, yet their final outcome and their role in
the adult neural circuits remains obscure; reviewed in [30].

The heterogeneity in parenchymal neurogenesis adds to that described for neurogenic
processes occurring in adult neurogenic sites, which have been related to adaptation to
ecological pressures [80]. At present, this is one of the most satisfactory functional explanations
for adult neurogenesis in the entire phylogenetic tree, along with multiple, genetically-
determined variables spanning from the brain anatomy/developmental history to the animal
lifespan [93]. This range of possibilities can also be increased by non-genetic variables, such as
experience-dependent cues [79,80].

Among the unsolved issues of parenchymal neurogenesis are the numerous reports which
have not been confirmed by further studies or by other laboratories [22,23,26,94-96], along with
a series of data which have been denied in studies trying to reproduce the same results
[24,97-99]. Without entering in the scientific and technical discussion about these controversies,
itis evident that we still not grasp the real limits of parenchymal neurogenesis and that further
studies are required before finally accept or deny the existence of some neurogenic processes.

A case placed in between the spontaneous and experimentally-induced neurogenesis, is that
of the hypothalamus. Several publications based on experiments carried out on rodents have
been reporting data on this brain region as a new site for adult constitutive neurogenesis in
mammals (for review see [100]). Under physiological conditions, both in rats [101] and mice
[102,103], proliferative activity does occur in the ependymal layer of the third ventricle and
within the surrounding parenchyma. In rats, Xu and collaborators using electron microscopy
and immunohistochemistry showed that tanycytes lining the 3™ ventricle proliferate and
express molecules usually found in glial, stem-like progenitor cells, such as BLBP and nestin.
The presence of putative neural progenitors was further supported by the isolation of cells
able to give rise to neurospheres from the hypothalamus. One month after BrdU injection,
proliferating cells, some of which expressing Hu protein, were detected in the surrounding
parenchyma. Similar results were obtained in mice [102], yet in both rodent species no clear
evidence has supported constitutive and complete hypothalamic adult neurogenesis under
physiological conditions. A significant increase in hypothalamic proliferating cells can be
obtained by performing i.v. delivery of BrdU (350% more positive nuclei, in comparison toi.p.
treated animals), nevertheless, in spite of such cell proliferation the level of neurogenesis in
the intact hypothalamus seems to be arrested at a very premature stage. On the other hand,
growth factor infusion [82,101,104] or certain experimental conditions/models, such as
prolonged heat exposure [105] and the mutant mice investigated by Pierce and Xu (2010), seem
to increase neurogenesis in the hypothalamus. Intracerebroventricular infusion of insulin
growth factor I in rats [104] triggered an intense proliferation along the 3™ periventricular area
and in the parenchyma of the caudal hypothalamus. As concerns the genesis of new neurons,
after i.v. treatment with bFGF in rats [101], and CNTF in mice [82], it was shown that prolif-
eration induced by growth factors can be followed by genesis of newborn neurons. Detailed
morphological and molecular analyses of the 3™ periventricular region of these animals
showed interesting architectural similarities with the SVZ neurogenic niche (e.g., proliferating
astroglial cells contacting the ventricle by an apical process bearing a single cilium), with

251



252

Neural Stem Cells - New Perspectives

tanycytes as primary proliferating elements lining the 3" ventricle [104]. Yet, additional studies
are necessary to clearly demonstrate/confirm whether hypothalamic newborn neurons
generated after physiological/pathological stimulation actually become part of the pre-existing
circuits playing a role in energy-balance mechanisms.

Taking into account the multifaceted aspects dealing with parenchymal neurogenesis,
difficulties encountered in such type of research are not only technical. They are also linked to
the occurrence of processes placed in the middle between two well characterized extremes of
structural plasticity, such as synaptic plasticity, and ‘complete’ adult neurogenesis. In a recent
review article [30] five levels have been dissected in the neurogenic processes in order to
critically evaluate/compare different parenchymal neurogenic events (see also Figure 2). The
subsequent steps span from cell division to possible integration of specified/differentiated
elements into the CNS tissue, and according to this view, only when any of the five steps are
filled the neurogenic process should be classified as ‘complete’. As a result, all the parenchymal
neurogenic processes described until now can actually be considered as incomplete. This could
explain why many claims of neurogenic processes were subsequently refuted because not
sustained by experimental evidence. The piriform cortex is one of those regions in which results
reported by different researchers are quite controversial; see for example [88,106-108]. Since
long time, this cortical region is known to harbor a population of neurons immunoreactive for
PSA-NCAM and DCX [108-110], which are two markers highly expressed in newly generated
neurons but also present in non newly generated cells [110]. Indeed, deeper investigations
have shown that the piriform cortex contains a population of immature, non-newly generated
neurons which display very few (or no) synapses and are frequently ensheathed by glial
lamellae [108]. These cells, by remaining in an immature state for indeterminate time, can
represent a ‘reservoir’ of neurons that could possibly be recruited into the preexisting neural
circuits although not generated ex novo [111].

In conclusion, alternative and multiple forms of plasticity involving neurons can overlap
within the so-called non-neurogenic tissue, affecting preexisting cells/circuits and increasing
the complexity of the whole picture of brain structural remodeling.

6. Lesion-induced (reactive) neurogenesis

Brain lesions have been shown to stimulate neurogenesis in normally non-neurogenic regions
such as the neocortex and the striatum. In the neocortex these responses are limited to specific
conditions such as targeted apoptosis or mild ischemia [23,86,112,113]. By contrast, several
lesion paradigms, associated to both strong or mild degeneration and inflammation, have been
shown to induce neurogenesis in the striatum [25,28,114]. It is unknown if lesioned neocortex
and striatum have distinct needs for immature neurons or if the neocortical tissue response is
more detrimental for neurogenesis. This fundamental point reveals our very poor knowledge
of lesion-induced neurogenesis. Indeed, despite an intense research, we have only little
information regarding the nature, fate and potential of the progenitors stimulated by brain
lesions, the mechanisms that trigger their activation and eventually their functional role.
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Initial studies in both cortex and striatum reported that a tiny fraction of lesion-induced
neurons may differentiate into projection neurons, suggesting that endogenous neuronal
progenitors may have the potential to replace degenerated neurons [23,25,115]. However, these
results have not been confirmed by others [28,116]. Moreover, it is now clear that most of the
lesion-induced neurons have a transient existence and, at least in the striatum, they do not
express markers of projection neurons nor transcription factors involved in their specification
[28,116]. Several attempts have been made to increase the survival of these cells, with little
success [117]. An intriguing possibility to be explored is that lesion-induced neuroblasts
occurring in multiple forms of brain injury are committed to transient neuronal types, which
contribute to restorative rather than replacement mechanisms [28,63]. This idea is further
supported by data showing that a transient existence often characterizes also cortical and
striatal neurons generated in normal conditions [18,89].

Neuronal progenitors in the SVZ and SGZ have been shown to respond to injuries by strongly
increasing their proliferation, in the SVZ, also migrating towards damaged regions [25,115].
In parallel, recent reports have showed that in the degenerated neocortex and striatum, new
neurons can also be produced locally from parenchymal neuronal progenitors [28,83,113]. In
the neocortex, Ohira et al. [86] showed that mild ischemia might stimulate the generation of
newborn GABAergic interneurons from progenitors residing in cortical layer I. These cells
were not quiescent in normal conditions as they expressed the endogeneous marker of cell
proliferation Ki67 and they could be labeled with retroviral vectors. Ohira and coworkers could
not define the exact nature of the parenchymal progenitors, which, intriguingly, are very close
to the leptomeninges, from which neuronal progenitors have been recently isolated [118,119].

More specific lineage tracing study will be necessary to confirm the real origin of neural
progenitors activated after lesion. Lineage tracing has shown that reactive astrocytes isolated
from the adult neocortex can give rise to neurospheres in vitro [46,120]. To date, the only in
vivo evidence that neocortical astrocytes can be neurogenic has been obtained in early post-
natal mice after hypoxia/Ischemia [113]. A recent study showed that even if the neural stem
cells derived from adult neocortical astrocytes maintain the capacity for self-renew when
transplanted in the SVZ, they were still unable to produce neurons [121]. This observation
casted some doubts over the actual role of these cells as neuronal progenitors in vivo. None-
theless, this result may only indicate that the neurogenic potential of cortical and SVZ
progenitors rely on distinct factors.

Another example of the in vivo genesis of new neurons within the lesioned brain parenchyma
has been obtained in the striatum in a mice model of progressive striatal degeneration, the
Creb1¢keCrem” mutant mice (CBCM) [28,122]. In this model the SVZ acts as a source of
postmitotic neuroblasts that enter the striatum from a specific subcallosal migratory stream,
as individual elements. Luzzati and coworkers [28] showed that the striatum of CBCM mice
contains also tightly clustered neuroblasts which originate locally from parenchymal prolif-
erating progenitors. These cells showed features of intermediate neuronal progenitors of the
SVZ and SGZ such as clustering and co-expression of glial (Sox2, Sox9, BLBP) and neuronal
markers (Dlx, Sp8, DCX), and the expression of the EGFr [123-126]. This study clearly shows
that the mature parenchyma can be permissive to neuronal genesis, although Luzzati and
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coworkers could not trace the origin of the observed striatal parenchymal neuronal progeni-
tors. Nonetheless, two possibilities can be considered: i) striatal neuronal progenitors could
derive from the displacement of primary/intermediate progenitors from the SVZ; ii) they could
represent local cells becoming neurogenic in response to neurodegeneration.

Together, these data suggests that specific degenerative conditions can stimulate the produc-
tion of new neurons not only in the neurogenic niches but also in the mature brain parenchyma.
This tissue has been classically considered non-permissive for neuronal progenitors, an idea
mainly derived from the observation that SVZ and SGZ neural stem cells differentiate only
into glial cells when transplanted into the brain parenchyma (for review, see [127]). In light on
the accumulating evidence for parenchymal neurogenesis, the classical concept that the mature
brain parenchyma is not permissive for the genesis of new neurons should be restricted to SVZ
and SGZ progenitors. Yet, future studies should better analyze whether factors modulating
the lesion-induced parenchymal neurogenic potential may differ from those acting on 'classic'
neurogenic site progenitors.

7. Parenchymal gliogenesis

In the past, neurogenesis and gliogenesis had always been kept separate, the latter being
considered less important than the former. In recent years, adult gliogenesis has been re-
evaluated as many populations of progenitor cells with glial-like features and proliferative
capacity have been shown to exist in the mature mammalian CNS [13,15]. Actually, paren-
chymal cell genesis in the so-called non-neurogenic regions is mainly gliogenic. In most regions
of the CNS, parenchymal progenitors assure a slow process of ‘constitutive’ gliogenesis leading
to renewal of oligodendrocytes and, to a lesser extent, astrocytes [12,15,128]. In rodents, the
major population of cycling progenitors located outside the germinal niches are Ng2+ cells
morphologically, antigenically, functionally distinct from mature astrocytes, oligodendrocytes
and microglia [12-15]. These cells are also called ‘polydendrocytes’ to highlight their stellate
morphology and lineal relationship to oligodendrocytes [15], ‘synantocytes’ [14] for their
contiguity to neurons, or ‘oligodendrocyte progenitor cells’ (OPCs) because found able of
generating myelinating oligodendrocytes [12,129,130]. Nevertheless, many polydendrocytes
remain as a resident cell population of Ng2-expressing cells in the mature white and grey
matter after oligodendrocytes are generated. Thus it is widely accepted they represent the
fourth CNS major glial population [15], representing 2-9% of total cells [13]. In the last decade,
Ng2+ cells have generated a lot of interest among neuroscientists, because they show a series
of features quite unusual in OPCs. These include: i) an almost uniform distribution in both
grey and white matter areas; ii) a stellate morphology; iii) an intimate association with neurons
from which they receive synapses [13,14]; iv) proliferative capacity in the adult brain [13,131,
132], and v) a potential for giving rise to astrocytes and neurons that may be recruited to areas
of lesion in the context of brain injury or pathology [128]. At present, it is generally accepted
that polydendrocytes are OPCs, even if the demonstration that polydendrocytes differentiate
into mature myelinating oligodendrocytes in vivo is challenging, because Ng2 expression is
lost before the terminal differentiation of these cells and the appearance of mature oligoden-
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drocyte antigens. Some observations provide circumstantial evidences for the oligodendro-
glial fate of polydendrocytes in vivo. For instance, they co-express the PDGFRa, and during
the first postnatal week, in the corpus callosum and cortex, they start expressing the immature
oligodendrocyte antigen O4 [133]. Polydendrocytes also express the basic helix-loop-helix
(bHLH) transcription factors Oligl and Olig2, which are required for oligodendrocyte
specification and differentiation [132,134] as well as Sox9 and Sox10 transcription factors.
Moreover, pulse-chase labelling of proliferating cells using 5-bromo-2'-deoxyuridine (BrdU)
revealed that the number of BrdU+Ng2+ cells decreases while that of BrdU+ oligodendrocytes
increases over time [12,135]. Cell grafting experiments have shown that polydendrocytes give
rise to myelinating cells when they are transplanted into an environment free of endogenous
myelinating cells [136]. Recently, more direct evidence for the oligodendroglial fate of
polydendrocytes was obtained from cell fate-mapping experiments using transgenic mice that
express Cre recombinase (Cre) in Ng2-expressing cells or that express inducible Cre (CreeR),
under the regulation of the Cspg4, PDGFRa or Olig2 genes, which enable determination of the
fate of polydendrocytes at a given time during development [95,137,138]. These studies
showed that oligodendrocytes continue to be generated in the mature brain.

Early cell-culture studies showed that OPCs purified from rat optic nerves differentiate not
only into oligodendrocytes but also into process-bearing ‘type-2 astrocytes’ in the presence of
serum factors, which led to the concept of bipotential oligodendrocyte type-2-astrocyte (O-2A)
progenitor cells [139]. There are now controversial observations suggesting that bipotentiality
of polydendrocytes might be real or an in vitro artifact [136,140,141], and most likely these cells
are inherently capable of differentiating into astrocytes but are prevented from fulfilling their
astroglial fate in the normal in vivo environment [128].

On the whole, while all of these studies consistently support the oligodendrocyte lineage of
the Ng2+ cells, the genesis of astrocytes from Ng2+ cells is confirmed only during postnatal
ages. All these different and sometimes controversial results may be explained by some
methodological/technical differences, but may also reflect heterogeneity in progenitor cell
populationssubpopulations (mostly not yet identified), which is far to be elucidated [98]. In
this context, we have recently identified a population of multipolar glial cells immunoreactive
for the microtubule associated protein 5 (Map5) [142], which share features but also differences
with Ng2+ progenitor cells [19]. These multipolar, Map5+ cells are newly generated, paren-
chymal elements of the oligodendroglial lineage, which represent a stage-specific population
of polydendrocytes (Crociara et al., in preparation; Figure 2).

8. Conclusion and future perspectives

The CNS of mammals, in spite of having lost most of its regenerative/repair capacity with
respect to other phyla, is endowed with remarkable plasticity. This property is heterogene-
ously distributed in different regions and can manifest in different ways. A better knowledge
of the various forms of spontaneous and lesion-induced structural plasticity, of their mutual
relationships and of the relative underlying mechanisms is fundamental in order to figure out
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new efficacious therapeutic perspectives for brain repair. During the last two decades, the
discovery of neural stem cells and the studies on adult neurogenesis have opened the intri-
guing possibility of cell replacement-aimed therapeutic strategies. Under pressure of this
perspective, studies on CNS stem cells and progenitors have increased exponentially, some-
times leading to excessive emphasis about theoretical correlations between neuro-glio-genic
processes and brain repair. In this context, focusing on the ‘real’ neurogenic/gliogenic potential
of the mammalian CNS should avoid to turn an exciting biological discovery into a therapeutic
illusion. Indeed, the approach of regenerative medicine applied to the CNS is still hampered
by overwhelming problems concerning the final integration of both transplanted and endo-
genously-induced cells [6]. The reason of this failure might be mostly due to evolutionary
constraints [78], and to the fact that cell renewal typical of adult constitutive neurogenesis is
primarily involved in tissue homeostasis of highly restricted regions, being hardly useful in
response to external injury and neurodegenerative brain damage affecting the parenchyma
[11,62]. On the other hand, the parenchymal cell genesis might represent a new plastic potential
to be explored within wide regions of the CNS, including those areas affected by different
neurodegenerative diseases and traumatic injuries. With respect to classic SVZ and SGZ
neurogenesis, parenchymal neuro-glio-genesis does constitute an alternative source of
progenitors, although with different outcomes [30]. Indeed, a vast number of reports currently
published in this domain, although accurate and carried out with multiple technical ap-
proaches, do suggest that in most cases newly formed elements barely survive and do not fully
integrate. In addition, the extreme heterogeneity of parenchymal neuro-glio-genesis makes the
brain parenchyma a harsh territory, in which many questions remain unanswered and new
ones are opened (see Box 1). For instance, beside a deep knowledge on the cell cycle and early
cell lineage in neurogenic sites (see for example [143,144]), such information is starting to be
gathered only in specific perenchymal regions and or situations [145,146]. Hence, further
studies of parenchymal stem/progenitor cells, on their origin and their different fates and
outcomes, should grant new challenges in the multifaceted field of CNS structural plasticity
and repair.

® Which is the real extension of parenchymal cell genesis in the CNS of different mammals and in humans?

® Do parenchymal progenitors divide asymmetrically?

* Which are the real stemness properties of different parenchymal progenitors?

* Which stem/progenitor cells do contribute to postnatal neurogenesis but become depleted as their progeny
differentiates, and which continue to replenish the stem/progenitor cell reservoir?

® Which is the origin of the different types of parenchymal progenitors?

* What is(are) the ultimate fate(s) of parenchymal neuro-glio-genesis?

* Which are the specific stimuli that can trigger quiescent parenchymal progenitor cell division and differentiation?
e Can the fate of parenchymal progenitors be altered by microenvironmental cues or it is predetermined? To which
extent these changes do depend on regional localization?

e Can distinct parenchymal stem/progenitor cells be forced to produce unusual progeny if needed?

® Which are the factors leading to the progressive decrease of neurogenic and gliogenic activity with increasing age,

both in neurogenic sites and parenchyma?

Box 1. Some open questions



Parenchymal Neuro-Glio-Genesis Versus Germinal Layer-Derived Neurogenesis: Two Faces of ...
http://dx.doi.org/10.5772/56100

Author details

Luca Bonfanti’, Giovanna Ponti, Federico Luzzati, Paola Crociara, Roberta Parolisi and

Maria Armentano

*Address all correspondence to: luca.bonfanti@unito.it

Neuroscience Institute Cavalieri Ottolenghi (NICO), University of Turin, Italy

References

(1]

[10]

[11]

B. A. Reynolds, S. Weiss, "Generation of neurons and astrocytes from isolated cells of
the adult mammalian central nervous system," Science, vol. 255, pp. 1707-1710, 1992.

C. G. Gross, “Neurogenesis in the adult brain: death of a dogma,” Nature Review
Neurosciences, vol. 1, pp. 67-73, 2000.

F. H. Gage, “Mammalian neural stem cells,” Science,,vol. 287, pp. 1433-1438, 2000.

C. Lois, A. Alvarez-Buylla, “Long-distance neuronal migration in the adult mamma-
lian brain,” Science, vol. 264, pp. 1145-1148, 1994.

F. H. Gage, G. Kempermann, T. D. Palmer, D. A. Peterson, J. Ray, "Multipotent pro-
genitor cells in the adult dentate gyrus,” Journal of Neurobiology, vol. 36, pp.
249-266, 1998.

E. Arenas, “Towards stem cell replacement therapies for Parkinson's disease”, Bio-
chemical and Biophysical Research Communications, vol. 396, pp. 152-156, 2010.

O. Lindvall, Z. Kokaia, “Stem cells in human neurodegenerative disorders--time for
clinical translation?” Journal of Clinical Investigation, vol. 120, pp. 29-40, 2010.

L. Bonfanti, G. Ponti, “Adult mammalian neurogenesis and the New Zealand white
rabbit,” Veterinary Journal, vol. 175, pp. 310-331, 2008.

Kriegstein, A. Alvarez-Buylla, “The glial nature of embryonic and adult neural stem
cells,” Annual Review of Neuroscience, vol. 32, pp. 149-184, 2009.

Zhao, E. M., Teng, R. G. Jr Summers, G. L. Ming, F. H. Gage, “Distinct morphological
stages of dentate granule neuron maturation in the adult mouse hippocampus,” Jour-
nal of Neuroscience, vol. 26, pp. 3-11, 2006.

L. Bonfanti, “From hydra regeneration to human brain structural plasticity: a long
trip through narrowing roads,” The Scientific Word Journal, vol. 11, pp. 1270-1299,
2011.



258 Neural Stem Cells - New Perspectives

[12]

[13]

[18]

[19]

[21]

[22]

[23]

[24]

[25]

P.]., Horner, A. E., Power, G. Kempermann, H. G. Kuhn, T. D. Palmer, J. Winkler, L.
J. Thal, F. H. Gage, “Proliferation and differentiation of progenitor cells throughout
the intact adult rat spinal cord,” Journal of Neuroscience, vol. 20, pp. 2218-2228, 2000.

M. R. Dawson, A. Polito, ]. M. Levine, R. Reynolds, “NG2-expressing glial progenitor
cells: an abundant and widespread population of cycling cells in the adult rat CNS,”
Molecular and Cellular Neuroscience, vol. 24, pp. 476-488, 2003.

M. Butt, N. Hamilton, P. Hubbard, M. Pugh, M. Ibrahim, “Synantocytes: the fifth ele-
ment,” Journal of Anatomy, vol. 207, pp. 695-706, 2005.

Nishiyama, M. Komitova, R. Suzuki, X. Zhu, “Polydendrocytes (NG2 cells): multi-
functional cells with lineage plasticity,” Nature Reviews Neuroscience, vol. 10, pp.
9-22, 2009.

J. Trotter, K. Karram, A. Nishiyama, “NG2 cells: Properties, progeny and origin,”
Brain Research Review, vol. 63, pp. 72-82, 2010.

Dayer, K. Cleaver, T. Abouantoun, H. Cameron, “New GABAergic interneurons in
the adult neocortex and striatum are generated from different precursors,” Journal of
Cell Biology, vol. 168, pp. 415-427, 2005.

F. Luzzati, S. De Marchis, A. Fasolo, P. Peretto, “Neurogenesis in the caudate nucleus
of the adult rabbit,” Journal of Neuroscience, vol. 26, pp. 609-621, 2006.

G. Ponti, P. Peretto, L. Bonfanti, “Genesis of neuronal and glial progenitors in the cer-
ebellar cortex of peripuberal and adult rabbits,” PLoS One, vol. 3, 2366, 2008.

T.D. Palmer, E. A. Markakis, A. R. Willhoite, F. Safar, F. H. Gage, “Fibroblast growth
factor-2 activates a latent neurogenic program in neural stem cells from diverse re-
gions of the adult CNS,” Journal of Neuroscience, vol. 19, pp. 8487-8497, 1999.

S. Belachew, R. Chittajallu, A. A. Aguirre, X. Yuan, M. Kirby, S. Anderson, V. Gallo,
“Postnatal NG2 proteoglycan-expressing progenitor cells are intrinsically multipo-
tent and generate functional neurons,” Journal of Cell Biology, vol. 161, pp. 169-186,
2003.

E. Gould, A.]. Reeves, M. S. Graziano, C. G. Gross, “Neurogenesis in the neocortex of
adult primates” Science, vol. 286, pp. 548-552, 1999.

S.S. Magavi, B. R. Leavitt, ]. D. Macklis, “Induction of neurogenesis in the neocortex
of adult mice. Nature, vol. 405, pp. 951-955, 2000.

D. R. Kornack, P. Rakic, “Cell proliferation without neurogenesis in adult primate
neocortex,” Science, vol. 294, pp. 2127-2130, 2001.

Arvidsson, T. Collin, D. Kirik, Z. Kokaia, O. Lindvall, “Neuronal replacement from
endogenous precursors in the adult brain after stroke,” Nature Medicine, vol. 8, pp.
963-970, 2002.



[26]

(28]

[29]

[30]

[31]

[35]

[36]

[37]

[38]

Parenchymal Neuro-Glio-Genesis Versus Germinal Layer-Derived Neurogenesis: Two Faces of ...
http://dx.doi.org/10.5772/56100

H. Nakatomi, T. Kuriu, S. Okabe, S. Yamamoto, O. Hatano, N. Kawahara, A. Tamura,
T. Kirino, M. Nakafuku, “Regeneration of hippocampal pyramidal neurons after is-
chemic brain injury by recruitment of endogenous neural progenitors,” Cell, vol. 110,
pp. 429-441, 2002.

P. Thored, A. Arvidsson, E. Cacci, H. Ahlenius, T. Kallur, V. Darsalia, C.T. Ekdahl, Z.
Kokaia, O. Lindvall, “Persistent production of neurons from adult brain stem cells
during recovery after stroke,” Stem Cells, vol. 24, pp. 739-747, 2006.

F. Luzzati, S. De Marchis, R. Parlato, S. Gribaudo, G. Schiitz, A. Fasolo, P. Peretto,
“New striatal neurons in a mouse model of progressive striatal degeneration are gen-
erated in both the subventricular zone and the striatal parenchyma,” PLoS One, vol.
6, 25088, 2011.

J. Ninkovic, M. Gotz, Fate specification in the adult brain: lessons from eliciting neu-
rogenesis from glial cells, Bioessays, 2013, in press.

L. Bonfanti, P. Peretto, “Adult neurogenesis in mammals - A theme with many varia-
tions,” European Journal of Neuroscience, vol. 34, pp. 930-950, 2011.

L. Bonfanti, F. Rossi, G. K. Zupanc, “Towards a comparative understanding of adult
neurogenesis,” European Journal of Neuroscience, vol. 34, pp. 845-846, 2011.

L. Bonfanti, The (real) neurogenic/gliogenic potential of the postnatal and adult brain
parenchyma, ISRN Neuroscience, vol 2013, pp. 1-14, 2013.

R. A. Thrie, A. Alvarez-Buylla, “Lake-front property: A unique germinal niche by the
lateral ventricles of the adult brain,” Neuron, vol. 70, pp. 674-686, 2011.

P. Peretto, C. Giachino, P. Aimar, A. Fasolo, L. Bonfanti, “Chain formation and glial
tube assembly in the shift from neonatal to adult subventricular zone of the rodent
forebrain,” Journal of Comparative Neurology, vol. 487, pp. 407-427, 2005.

L. Bonfanti, P. Peretto, “Radial glial origin of the adult neural stem cells in the sub-
ventricular zone,” Progress in Neurobiology, vol. 83, pp. 24-36, 2007.

W. Haubensak, A. Attardo, W. Denk, W. B. Huttner, “Neurons arise in the basal neu-
roepithelium of the early mammalian telencephalon: a major site of neurogenesis,”
Proceedings of the National Academy of Sciences U.S.A, vol. 101, pp. 3196-3201,
2004.

T. Voigt, “Development of glial cells in the cerebral wall of ferrets: direct tracing of
their transformation from radial glia into astrocytes,” Journal of Comparative Neu-
rology, vol. 289, pp. 74-88, 1989.

J. P. Misson, T. Takahashi, V. S. Caviness, “Ontogeny of radial and other astroglial
cells in murine cerebral cortex,” Glia, vol. 4, pp. 138-148, 1991.

259



260 Neural Stem Cells - New Perspectives

[39]

[40]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

P. Malatesta, E. Hartfuss, M. Gotz, “Isolation of radial glial cells by fluorescent-acti-
vated cell sorting reveals a neuronal lineage,” Development, vol. 127, pp. 5253-5263,
2000.

S. C. Noctor, A. C. Flint, T. A. Weissman, R. S. Dammerman, A. R. Kriegstain, “Neu-
rons derived from radial glial cells establish radial units in neocortex,” Nature, vol.
409, pp. 714-720, 2001.

F. T. Merkle, A. D. Tramontin, J. M. Garcia-Verdugo, A. Alvarez-Buylla, “Radial glia
give rise to adult neural stem cells in the subventricular zone” Proceedings of the Na-
tional Academy of Sciences U.S.A, vol. 101, pp. 17528-17532, 2004.

M. F. Eckenhoff, P. Rakic, “Radial organization of the hippocampal dentate gyrus: a
Golgi, ultrastructural, and immunocytochemical analysis in the developing rhesus
monkey” Journal of Comparative Neurology, vol. 223, pp. 1-21, 1984.

Seri, J. M. Garcia-Verdugo, L. Collaudo-Morente, B. S. McEwen, A. Alvarez-Buylla,
“Cell types, lineage, and architecture of the germinal zone in the adult dentate gy-
rus,” Journal of Comparative Neurology, vol. 478, pp. 359-378, 2004.

E. D. Laywell, P. Rakic, V. G. Kukekov, E. C. Holland, D. A. Steindler, “Identification
of a multipotent astrocytic stem cell in the immature and adult mouse brain,” Pro-
ceedings of the National Academy of Science U.S.A., vol. 97, pp. 13883-13888, 2000.

M. V. Sofroniew, “Molecular dissection of reactive astrogliosis and glial scar forma-
tion,” Trends in Neuroscience, vol. 32, pp. 638-647, 2009.

Buffo, I. Rite, P. Tripathi, A. Lepier, D. Colak, A. P. Horn, T. Mori, M. Gotz, “Origin
and progeny of reactive gliosis: A source of multipotent cells in the injured brain,”
Proceedings of the National Academy of Science U.S.A., vol. 105, pp. 3581-3586, 2008.

T. M. Jessell, “Neuronal specification in the spinal cord: inductive signals and tran-
scriptional codes,” Nature Reviews Genetics, vol. 1, pp. 20-9, 2000.

H. Takebayashi, S. Yoshida, M. Sugimori, H. Kosako, R. Kominami, M. Nakafuku, Y.
Nabeshima, “Dynamic expression of basic helix-loop-helix Olig family members: im-
plication of Olig2 in neuron and oligodendrocyte differentiation and identification of
a new member, Olig3,” Mechanisms of Development, vol. 99, pp. 143-148, 2000.

N. P. Pringle, W. D. Richardson, “A singularity of PDGF alpha-receptor expression in
the dorsoventral axis of the neural tube may define the origin of the oligodendrocyte
lineage,” Development, vol. 117, pp. 525-533, 1993.

Poncet, C. Soula, F. Trousse, P. Kan, E. Hirsinger, O. Pourquie, A. M. Duprat, P. Co-
chard, “Induction of oligodendrocyte progenitors in the trunk neural tube by ventral-
izing signals: effects of notochord and floor plate grafts, and of sonic hedgehog”,
Mechanisms of Development, vol. 60, pp. 13-32, 1996.

N. P. Pringle, W. P. Yu, S. Guthrie, H. Roelink, A. Lumsden, A. C. Peterson, W. D.
Richardson, “Determination of neuroepithelial cell fate: induction of the oligoden-



[56]

[58]

[61]

[62]

[63]

Parenchymal Neuro-Glio-Genesis Versus Germinal Layer-Derived Neurogenesis: Two Faces of ...
http://dx.doi.org/10.5772/56100

drocyte lineage by ventral midline cells and sonic hedgehog,” Developmental Biolo-
gy, Vol. 177, pp. 30-42, 1996.

B. C. Warf, ]J. Fok-Seang, R. H. Miller, “Evidence for the ventral origin of oligoden-
drocyte precursors in the rat spinal cord. Journal of Neuroscience, Vol. 11, pp.
2477-2488, 1991.

Vallstedt, J. M. Klos, J. Ericson, “Multiple dorsoventral origins of oligodendrocyte
generation in the spinal cord and hindbrain” Neuron, vol. 45, pp. 55-67, 2005.

W. D. Richardson, N. Kessaris, N. Pringle, “Oligodendrocyte wars. Nature Reviews
Neuroscience, vol. 7, pp. 11-8, 2006.

N. Tekki-Kessaris, R. Woodruff, A. C. Hall, W. Gaffield, S. Kimura, C. D. Stiles, D. H.
Rowitch, W. D. Richardson, “Hedgehog-dependent oligodendrocyte lineage specifi-
cation in the telencephalon,” Development, vol. 128, pp. 2545-2554, 2001.

N. Kessaris, M. Fogarty, P. lannarelli, M. Grist, M. Wegner, W. D. Richardson, “Com-
peting waves of oligodendrocytes in the forebrain and postnatal elimination of an
embryonic lineage,” Nature Neuroscience, vol. 9, pp. 173-179, 2006.

Nishiyama, X. H. Lin, N. Giese, C.H. Heldin, W.B. Stallcup, “Co-localization of NG2
proteoglycan and PDGF alpha-receptor on O2A progenitor cells in the developing
rat brain,” Journal of Neuroscience Research, vol. 43, pp. 299-314, 1996.

M. Diers-Fenger, F. Kirchhoff, H. Kettenmann, J. M. Levine, ]. Trotter, “AN2/NG2
protein-expressing glial progenitor cells in the murine CNS: isolation, differentiation,
and association with radial glia,” Glia, vol. 34, pp. 213-228, 2001.

M. Berry, P. Hubbard, A. M. Butt, “Cytology and lineage of NG2-positive glia,” Jour-
nal of Neurocytology, vol. 31, pp. 457-467, 2002.

J. M. Levine, F. Stincone, Y. S. Lee, “Development and differentiation of glial precur-
sor cells in the rat cerebellum,” Glia, vol. 7, pp. 307-321, 1993.

H. Grandel, M. Brand, “Comparative aspects of adult neural stem cell activity in ver-
tebrates,” Development Genes and Evolution, in press, 2012.

Y. Kozorovitskiy, E. Gould, “Adult neurogenesis: a mechanism for brain repair?,”
Journal of Clinical Experimental Neuropsychology, vol. 25, pp. 721-732, 2003.

G. Martino, S. Pluchino, L. Bonfanti, M. Schwartz, “Brain regeneration in physiology
and pathology: The immune signature driving therapeutic plasticity of neural stem
cells,” Physiological Reviews, vol. 91, pp. 1281-1304, 2011.

P. Ferretti, “Is there a relationship between adult neurogenesis and neuron genera-
tion following injury across evolution?” European Journal of Neuroscience, vol. 34,
pp. 951-962, 2011.

261



262

Neural Stem Cells - New Perspectives

[65]

[66]

[68]

[69]

[76]

[77]

[78]

G. K. Zupanc, “Neurogenesis and neuronal regeneration in the adult fish brain,”
Journal of Comparative Physiology A, vol. 192, pp. 649-670, 2006.

B. W. Lindsey, V. Tropepe, “A comparative framework for understanding the biolog-
ical principles of adult neurogenesis,” Progress in Neurobiology, vol. 80, pp. 281-307,
2006.

U.S., Sohur, J. G. Emsley, B. D., Mitchell, J. D. Macklis, “Adult neurogenesis and cel-
lular brain repair with neural progenitors, precursors and stem cells,” Philosophical
Transactions of the Royal Society B-Biological Sciences, vol. 361, pp. 1477-1497, 2006.

G. Ponti, P. Crociara, M. Armentano, L. Bonfanti, “Adult neurogenesis without ger-
minal layers: the "atypical” cerebellum of rabbits,” Archives Italiennes de Biologie,
vol. 148, pp. 147-158, 2010.

O. Koizumi, H. R. Bode, “Plasticity in the nervous system of adult hydra. III. Conver-
sion of neurons to expression of a vasopressin-like immunoreactivity depends on ax-
ial location,” Journal of Neuroscience, vol. 11, pp. 2011-2020, 1991.

Y. Umesono, K. Agata, “Evolution and regeneration of the planarian central nervous
system,” Development Growth and Differentiation, vol. 51, pp. 185-195, 2009.

R. F. Sirbulescu, G. K. Zupanc, “Spinal cord repair in regeneration-competent verte-
brates: Adult teleost fish as a model system,” Brain Research Review, vol. 67, pp.
73-93, 2011.

T. Endo, J. Yoshino, K. Kado, S. Tochinai, “Brain regeneration in anuran amphib-
ians,” Development Growth and Differentiation, vol. 49, pp. 121-129, 2007.

P. M. Lledo, M. Alonso, M.S. Grubb, “Adult neurogenesis and functional plasticity in
neuronal circuits,” Nature Reviews Neuroscience, vol. 7, pp. 179-193, 2006.

G. Kempermann, “New neurons for ‘survival of the fittest’,” Nature Reviews Neuro-
science, vol. 13, pp. 727-736, 2012.

K. Whalley, S. Gogel, S. Lange, P. Ferretti, “Changes in progenitor populations and
ongoing neurogenesis in the regenerating chick spinal cord,” Developmental Biolo-
gy, vol. 332, pp. 234-245, 2009.

Jopling, C., Sleep, E., Raya, M., Marti, M., Raya, A., and Belmonte, ].C. (2010) Zebra-
fish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation.
Nature 464, 606-609.

L. Mescher, A. W. Neff, “Limb regeneration in amphibians: immunological consider-
ations,” ScientificWorldJournal, vol. 6, pp. 1-11, 2006.

Z.M. Weil, G. ]. Norman, A. C. DeVries, R. J. Nelson, “The injured nervous system: a
Darwinian perspective,” Progress in Neurobiology, vol. 86, pp. 48-59, 2008.



[79]

[80]

[81]

[82]

[83]

[84]

[85]

(87]

[88]

[89]

[90]

Parenchymal Neuro-Glio-Genesis Versus Germinal Layer-Derived Neurogenesis: Two Faces of ...
http://dx.doi.org/10.5772/56100

K. M. Johnson, R. Boonstra, J. M. Wojtowicz, “Hippocampal neurogenesis in food-
storing red squirrels: the impact of age and spatial behaviour,” Genes Brain and Be-
haviour, vol. 9, pp. 583-591, 2010.

J. M. Barker, R. Boonstra, J]. M. Wojtowicz, “From pattern to pourpose: how compara-
tive studies contribute to understanding the function of adult neurogenesis,” Europe-
an Journal of Neuroscience, vol. 34, pp. 963-977, 2011.

N. Sanai, T. Nguyen, R. A. Ihrie, Z. Mirzadeh, H.H. Tsai, M. Wong, N. Gupta, M.S.
Berger, E. Huang, ]J. M. Garcia-Verdugo, D.H. Rowitch, A. Alvarez-Buylla, “Corri-
dors of migrating neurons in the human brain and their decline during infancy,” Na-
ture, vol. 478, pp. 382-386, 2011.

M. V. Kokoeva, H. Yin, J. S. Flier, “Neurogenesis in the hypothalamus of adult mice:
potential role in energy balance,” Science, vol. 310, pp. 679-683, 2005.

G. H. Kuhn, K. Blomgren, “Developmental dysregulation of adult neurogenesis,” Eu-
ropean Journal of Neuroscience, vol. 33, pp. 1115-1122, 2011.

M. Feliciano, A. Bordey, “Newborn cortical neurons: only for neonates?” Trends in
Neurosciences, in press, 2012.

J. G. Emsley, B. D. Mitchell, G. Kempermann, J. D. Macklis, “Adult neurogenesis and
repair of the adult CNS with neural progenitors, precursors, and stem cells,” Prog-
ress in Neurobiology, vol. 75, pp. 321-341, 2005.

K. Ohira, T. Furuta, H. Hioki, K. C. Nakamura, E. Kuramoto, Y. Tanaka, N. Funatsu,
K. Shimizu, T. Oishi, M. Hayashi, T. Miyakawa, T. Kaneko, S. Nakamura, “Ischemia-
induced neurogenesis of neocortical layer 1 progenitor cells,” Nature Neuroscience,
vol. 13, pp. 173-179, 2009.

A. Pierce, A. W. Xu, “De novo neurogenesis in adult hypothalamus as a compensato-
ry mechanism to regulate energy balance,” Journal of Neuroscience, vol. 30, pp.
723-730, 2010.

P.]. Bernier, A. Bédard, J. Vinet, M. Lévesque, A. Parent, “Newly generated neurons
in the amygdala and adjoing cortex of adult primates,” Proceedings of the National
Academy of Science U.S.A., vol. 99, pp. 11464-11469, 2002.

Gould, N. Vail, M. Wagers, C.G. Gross, “Adult-generated hippocampal and neocorti-
cal neurons in macaques have a transient existence,” Proceedings of the National
Academy of Science U.S.A., vol. 98, pp. 10910-10917, 2001.

J. S. Snyder, J. S. Choe, M. A. Clifford, S. I. Jeurling, P. Hurley, A. Brown, J. F. Kamhi,
H. A. Cameron, “Adult-born hippocampal neurons are more numerous, faster-ma-
turing and more involved in behavior in rats than in mice,” Journal of Neuroscience,
vol. 29, pp. 14484-14495, 2010.

263



264 Neural Stem Cells - New Perspectives

[91]

[92]

[94]

[96]

[98]

[99]

[100]

[101]

[102]

Kempermann, E. J. Chesler, L. Lu, R. W. Williams, F. H. Gage, “Natural variation and
genetic covariance in adult hippocampal neurogenesis,” Proceedings of the National
Academy of Science U.S.A., vol. 103, pp. 780-785, 2006.

P.]. Clark, R. A. Kohman, D. S. Miller, T. K. Bhattacharya, W. J. Brzezinska, J. S. Rho-
des, “Genetic influences on exercise-induced adult hippocampal neurogenesis across
12 divergent mouse strains,” Genes Brain and Behaviour, vol. 10, pp. 345-353, 2011.

Amrein, K. Isler, H. P. Lipp, “Comparing adult hippocampal neurogenesis in mam-
malian species and orders: influence of chronological age and life history stage,” Eu-
ropean Journal of Neuroscience, vol. 34, pp. 978-987, 2011.

M. Zhao, S. Momma, K. Delfani, M. Carlen, R. M. Cassidy, C. B. Johansson, H. Bris-
mar, O. Shupliakov, J. Frisen, A. M. Janson, “Evidence for neurogenesis in the adult
mammalian substantia nigra,” Proceedings of the National Academy of Science
U.S.A,, vol. 100, pp. 7925-7930, 2003.

L. E. Rivers, K. M. Young, M. Rizzi, F. Jamen, K. Psachoulia, A. Wade, N. Kessaris,
W. D. Richardson, “PDGFRA/NG2 glia generate myelinating oligodendrocytes and
piriform projection neurons in adult mice,” Nature Neuroscience, vol. 11, pp.
1392-1401, 2008.

Guo, Y. Maeda, ]. Ma, J. Xu, M. Horiuchi, L. Miers, F. Vaccarino, D. Pleasure, “Pyra-
midal neurons are generated from oligodendroglial progenitor cells in adult piriform
cortex,” Journal of Neuroscience, vol. 30, pp. 12036-12049, 2010.

S. H. Kang, M. Fukaya, J. K. Yang, J. D. Rothstein, D. E. Bergles, “NG2+ CNS glial
progenitors remain committed to the oligodendrocyte lineage in postnatal life and
following neurodegeneration,” Neuron, vol. 68, pp. 668-681, 2010.

W. D. Richardson, K. M. Young, R. B. Tripathi, I. McKenzie, “NG2-glia as multipo-
tent neural stem cells: fact or fantasy?” Neuron, vol. 70, pp. 661-673, 2011.

Frielingsdorf, K. Schwarz, P. Brundin, P. Mohapel, “No evidence for new dopami-
nergic neurons in the adult mammalian substantia nigra,” Proceedings of the Nation-
al Academy of Science U.S.A., vol. 101, pp. 10177-10182, 2004.

M. Migaud, M. Batailler, S. Segura, A. Duittoz, I. Franceschini, D. Pillon, “Emerging
new sites for adult neurogenesis in the mammalian brain: a comparative study be-
tween the hypothalamus and the classical neurogenic zones,” European Journal of
Neuroscience, vol. 32, pp. 2042-2052, 2010.

Y. Xu, N. Tamamaki, T. Noda, K. Kimura, Y. Itokazu, N. Matsumoto, M. Dezawa, C.
Ide, “Neurogenesis in the ependymal layer of the adult rat 3rd ventricle,” Experi-
mental Neurology, vol. 192, pp. 251-264, 2005.

M. V. Kokoeva, H. Yin, ]J. S. Flier, “Evidence for constitutive neural cell proliferation
in the adult murine hypothalamus,” Journal of Comparative Neurology, vol. 505, pp.
209-220, 2007.



[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Parenchymal Neuro-Glio-Genesis Versus Germinal Layer-Derived Neurogenesis: Two Faces of ...
http://dx.doi.org/10.5772/56100

L. Bennett, M. Yang, G. Enikolopov, L. lacovitti, “Circumventricular organs: a novel
site of neural stem cells in the adult brain,” Molecular and Cellular Neuroscience,
vol. 41, pp. 337-347, 2009.

M. Pérez-Martin, M. Cifuentes, ]. M. Grondona, M. D. Lépez-Avalos, U. Gomez-Pine-
do, J. M. Garcia-Verdugo, P. Fernandez-Llebrez, “IGF-I stimulates neurogenesis in
the hypothalamus of adult rats,” European Journal of Neuroscience, vol. 31, pp.
1533-1548, 2010.

K. Matsuzaki, M. Katakura, T. Hara, G. Li, M. Hashimoto, O. Shido, “Proliferation of
neuronal progenitor cells and neuronal differentiation in the hypothalamus are en-
hanced in heat-acclimated rats,” Pflugers Archiv-European Journal of Physiology,
vol. 458, pp. 661-673, 2009.

Pekcec, W. Loscher, H. Potschka, “Neurogenesis in the adult rat piriform cortex.
Neuroreport, vol. 17, pp. 571-574, 2006.

L. A. Shapiro, K. L. Ng, Q. Y. Zhou, C. E. Ribak, “Olfactory enrichment enhances the
survival of newly born cortical neurons in adult mice,” Neuroreport, vol. 18, pp.
981-985, 2007.

M. A. Gomez-Climent, E. Castillo-Gomez, E. Varea, R. Guirado, J. M. Blasco-Ibanez,
C. Crespo, F. ]. Martinez-Guijarro, ]J. Nacher, “A population of prenatally generated
cells in the rat paleocortex maintains an immature neuronal phenotype into adult-
hood,” Cerebral Cortex, vol. 18, pp. 2229-2240, 2008.

T. Seki, Y. Arai, “Expression of highly polysialylated NCAM in the neocortex and
piriform cortex of the developing and the adult rat,” Anatomy and Embryology
(Berl.), vol. 184, pp. 395-401, 1991.

L. Bonfanti, “PSA-NCAM in mammalian structural plasticity and neurogenesis,”
Progress in Neurobiology, vol. 80, pp. 129-164, 2006.

L. Bonfanti, J. Nacher, “New scenarios for neuronal structural plasticity in non-neu-
rogenic brain parenchyma: the case of cortical layer II immature neurons,” Progress
in Neurobiology, vol. 98, pp. 1-15, 2012.

M. Vessal, C. Darian-Smith, “Adult neurogenesis occurs in primate sensorimotor cor-
tex following cervical dorsal rhizotomy,” Journal of Neuroscience, vol. 30, pp.
8613-8623, 2010.

Bi, B, Salmaso N, Komitova M, Simonini MV, Silbereis J, Cheng E, Kim J, Luft S,
Ment LR, Horvath TL, Schwartz ML, Vaccarino FM, Cortical glial fibrillary acidic
protein-positive cells generate neurons after perinatal hypoxic injury. Journal of Neu-
roscience 31, 9205-9221, 2011.

Tattersfield A, Croon R, Liu Y, Kells A, Faull R, Connor B. Neurogenesis in the stria-
tum of the quinolinic acid lesion model of Huntington’s disease. Neuroscience 127,
319-332, 2004.

265



266 Neural Stem Cells - New Perspectives

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

Parent ], Vexler Z, Gong C, Derugin N, Ferriero D. Rat forebrain neurogenesis and
striatal neuron replacement after focal stroke. Annals of Neurology, 52, 802-813, 2002.

LiuF, You Y, Li X, Ma T, Nie Y, Wei B, Li T, Lin H, Yang Z, Brain injury does not
alter the intrinsic differentiation potential of adult neuroblasts. Journal of Neuro-
science, 29, 5075-5087.

Hoehn B, Palmer T, Steinberg G. Neurogenesis in rats after focal cerebral ischemia is
enhanced by indomethacin. Stroke 36, 2718-2724, 2005.

Nakagomi T, Molnar Z, Nakano-Doi A, Taguchi A, Saino O, Kubo S, et al. Ischemia-
induced neural stem/progenitor cells in the pia mater following cortical infarction.
Stem cells and development 20, 2037-2051, 2011.

Decimo [, Bifari F, Rodriguez F, Malpeli G, Dolci S, Lavarini V, et al. Nestin- and
doublecortin-positive cells reside in adult spinal cord meninges and participate in in-
jury-induced parenchymal reaction. Stem cells 29, 2062-2076, 2011.

Shimada IS, Peterson BM, Spees JL Isolation of locally derived stem/progenitor cells
from the peri-infarct area that do not migrate from the lateral ventricle after cortical
stroke. Stroke 41, 3552-3560, 2010.

Shimada I, LeComte M, Granger J, Quinlan N, Spees J. Self-renewal and differentia-
tion of reactive astrocyte-derived neural stem/progenitor cells isolated from the corti-
cal peri-infarct area after stroke. The Journal of neuroscience: the official journal of
the Society for Neuroscience 32, 7926-7940, 2012.

T. Mantamadiotis, T. Lemberger, S. C. Bleckmann, H. Kern, O. Kretz, A. Martin Vil-
lalba, F. Tronche, C. Kellendonk, D. Gau, J. Kapthammer, C. Otto, W. Schmid, G.
Schiitz, “Disruption of CREB function in brain leads to neurodegeneration,” Nature
Genetics, vol. 31, pp. 47-54, 2002.

Suh H, Consiglio A, Ray ], Sawai T, D’Amour KA, Gage FH, In vivo fate analysis re-
veals the multipotent and self-renewal capacities of Sox2+ neural stem cells in the
adult hippocampus. Cell Stem Cell, 1, 515-528, 2007.

Cheng LC, Pastrana E, Tavazoie M, Doetsch F miR-124 regulates adult neurogenesis
in the subventricular zone stem cell niche. Nature Neuroscience 12, 399-408, 2009.

Steiner B, Klempin F, Wang L, Kott M, Kettenmann H, Kempermann G, Type-2 cells
as link between glial and neuronal lineage in adult hippocampal neurogenesis. Glia
54, 805-814, 2006.

Doetsch F, Petreanu L, Caille I, Garcia-Verdugo JM, Alvarez-Buylla A EGF converts
transit-amplifying neurogenic precursors in the adult brain into multipotent stem
cells. Neuron 36, 1021-1034, 2002.

Burns T, Verfaillie C, Low W. Stem cells for ischemic brain injury: a critical review.
Journal of Comparative Neurology 515, 125-144, 2009.



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Parenchymal Neuro-Glio-Genesis Versus Germinal Layer-Derived Neurogenesis: Two Faces of ...
http://dx.doi.org/10.5772/56100

E. Boda, A. Buffo, “Glial cells in non-germinal territories: insights into their stem/
progenitor properties in the intact and injured nervous tissue,” Archives Italiennes
de Biologie, vol. 148, pp. 119-136, 2010.

W. B. Stallcup, L. Beasley, “Bipotential glial precursor cells of the optic nerve express
the NG2 proteoglycan,” Journal of Neuroscience, vol. 7, pp. 2737-2744, 1987.

R. Reynolds, M. Dawson, D. Papadopoulos, A. Polito, I. C. Di Bello, D. Pham-Dinh, J.
Levine, “The response of NG2-expressing oligodendrocyte progenitors to demyelina-
tion in MOG-EAE and MS,” Journal of Neurocytology, vol. 31, pp. 523-536, 2002.

A. Aguirre, R. Chittajallu, S. Belachew, V. Gallo, “NG2-expressing cells in the sub-
ventricular zone are type C-like cells and contribute to interneuron generation in the
postnatal hippocampus,” Journal of Cell Biology, vol. 165, pp. 575-589, 2004.

K. L. Ligon, S. P. Fancy, R. ]J. Franklin, D. H. Rowitch, “Olig gene function in CNS
development and disease,” Glia, vol. 54, pp. 1-10, 2006.

R. Reynolds, R. Hardy, “Oligodendroglial progenitors labeled with the O4 antibody
persist in the adult rat cerebral cortex in vivo,” Journal of Neuroscience Research,
vol. 47, pp. 455-470, 1997.

Q. Zhou, S. Wang, D. ]J. Anderson, “Identification of a novel family of oligodendro-
cyte lineage-specific basic helix-loop-helix transcription factors,” Neuron, vol. 25, pp.
331-343, 2000.

Bu, A. Banki, Q. Wu, A. Nishiyama, “Increased NG2(+) glial cell proliferation and oli-
godendrocyte generation in the hypomyelinating mutant shiverer,” Glia, vol. 48, pp.
51-63, 2004.

R. J. Franklin, S. C. Barnett, “Do olfactory glia have advantages over Schwann cells
for CNS repair?” Journal of Neuroscience Research, vol. 50, pp. 665-672, 1997.

L. Dimou, C. Simon, F. Kirchhoff, H. Takebayashi, M. Gotz, “Progeny of Olig2-ex-
pressing progenitors in the gray and white matter of the adult mouse cerebral cor-
tex,” Journal of Neuroscience, vol. 28, pp. 10434-10442, 2008.

M. Komitova, E. Perfilieva, B. Mattsson, P.S. Eriksson, B. B. Johansson, “Enriched en-
vironment after focal cortical ischemia enhances the generation of astroglia and NG2
positive polydendrocytes in adult rat neocortex,” Experimental Neurology, vol. 199,
pp. 113-121, 2006.

M. C. Raff, R. H. Miller, M. Noble, “A glial progenitor cell that develops in vitro into
an astrocyte or an oligodendrocyte depending on culture medium,” Nature, vol. 303,
pp- 390-396, 1983.

Espinosa de los Monteros, R. Bernard, B. Tiller, P. Rouget, J. de Vellis, “Grafting of
fast blue labeled glial cells into neonatal rat brain: differential survival and migration

267



268 Neural Stem Cells - New Perspectives

[141]

[142]

[143]

[144]

[145]

[146]

among cell types,” International Journal of Developmental Neuroscience, vol. 11, pp.
625-639, 1993.

K. Groves, S. C. Barnett, R. ]. Franklin, A. J. Crang, M. Mayer, W. F. Blakemore, M.
Noble, “Repair of demyelinated lesions by transplantation of purified O-2A progeni-
tor cells. Nature, vol. 362, pp. 453-455, 1993.

M. Riederer, “Microtubule-associated protein 1B, a growth and phosphorilated scaf-
fold protein,” Brain Research Bulletin, vol. 71, pp. 541-558, 2007.

Encinas JM, Michurina TV, Peunova N, Park JH, Tordo J, Peterson DA, Fishell G,
Koulakov A, Enikolopov G, Division-coupled astrocytic differentiation and age-relat-
ed depletion of neural stem cells in the adult hippocampus, Cell Stem Cell, vol. 8, pp.
566-579, 2011.

G. Ponti, K. Obernier, C. Guinto, L. Jose, L. Bonfanti, A. Alvarez-Buylla, The cell cy-
cle and lineage progression of neural progenitors in the ventricular-subventricular
zones of adult mice. Proceedings of the National Academy of Science U.S.A., in
press, 2013.

Simon, M. Gotz, L. Dimou, “Progenitors in the adult cerebral cortex: cell cycle prop-
erties and regulation by physiological stimuli and injury,” Glia, vol. 59, pp. 869-881,
2011.

S. Sugiarto, A. I. Persson, E. G. Munoz et al., “Asymmetricdefective oligodendrocyte
progenitors are glioma precursors,” Cancer Cell, vol. 20, pp. 320-340, 2011.



Section 3

Neural Stem Cells and Regenerative Medicine







Chapter 10

A Survey of the Molecular Basis for the Generation of
Functional Dopaminergic Neurons from Pluripotent
Stem Cells: Insights from Regenerative Biology and
Regenerative Medicine

Kaneyasu Nishimura, Yoshihisa Kitamura,
Kiyokazu Agata and Jun Takahashi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55442

1. Introduction

Animals that possess regenerative abilities are widespread in the animal kingdom [1]. Hydra,
planarian, zebrafish, newt and axolotl are known prominent species, and the cellular aspects
of the stem cell system for regeneration are well elucidated [2]. However, few animals can be
used to investigate the molecular basis of neuronal regeneration, in spite of the presence of
prominent regenerative animals, as mentioned above. Planarians, for instance, can regenerate
a functional brain after amputation in a few days, even from non-brain tissue [3,4]. Newts can
regenerate several tissues and organs (i.e., lens, limbs, jaws, hearts and tails) with recovery of
function and physiology after injury or tissue removal [5-8]. These animals achieve regenera-
tion of missing nervous system utilizing stem cells. However, it is difficult to regenerate
nervous system in mammalians, including human beings, although these animals possess
neural stem cells. Therefore, regenerative animals provide unique opportunities to investigate
the generation and utilization of stem cells to repair lost or injured tissue in non-regenerative
animals. On the other hand, the successful derivation of neural cells from human embryonic
stem cells (ESCs) [9] and induced pluripotent stem cells (iPSCs) [10,11] under in vitro conditions
provides a new experimental strategy for clinical translation. In other words, although human
beings lack regenerative abilities, the new clinical strategy of “regenerative medicine,”
including cell-transplantation therapy, has been developed to recover lost neural functions by
using stem cells. This research field has become a greatly advancing scientific field worldwide.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
I m EC H Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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In this chapter, we focus on the molecular systems of generation of functional dopaminergic
(DA) neurons in vivo and/or in vitro in regenerative and non-regenerative animals. The first
topic investigates how regenerative animals recruit new DA neurons from stem cells after
injury. The second topic explores how to generate DA neurons from mammalian ESCs and
iPSCsunder in vitro conditions. The third topic evaluates clinical applications for human neural
disease, especially Parkinson’s disease.

2. DA neuronal regeneration in regenerative animals

Freshwater planarians, Plathelminthes, have a primitive central nervous system (CNS) that is
composed of a well-organized brain and a pair of ventral nerve cords [12]. Large-scale
expression analyses have revealed that many neural genes involved in vertebrate brain
development and function are also expressed in distinct domains of the planarian CNS [13,14].
These results indicate that the planarian CNS is functionally regionalized according to a
discrete expression of neural-specific genes.

We recently discovered that the planarian CNS contains dopamine, serotonin, y-aminobutyric
acid (GABA) and acetylcholine, which are known to be present in mammalians, and that the
planarian nervous system constitutes particular neural networks and functions [15-19]. Since
planarians possess pluripotent stem cells throughout their entire bodies, their CNS can be
completely regenerated along with recovery of morphology and function after amputation [20].

Recently, two different processes of DA neuroregeneration in the planarian Dugesia japonica
have been described. One involves DA neuroregeneration accompanied by brain regeneration
after artificial amputation [15,21]. The other involves DA neuronal regeneration after selective
degeneration of DA neurons by the DA neurotoxin 6-hydroxydopamine (6-OHDA) [22].
Although both of these processes are achieved by manipulating pluripotent stem cells, the
systems of the processes are different between these regenerative processes [23]. In this section,
we focus on these two processes of DA neuroregeneration in planarians, one of prominent
regenerative animals.

2.1. Brain regeneration and DA neuroregeneration in planarians

Planarians can regenerate a functional brain within 7-10 days after amputation. This regener-
ative process can be divided into at least five steps: (1) anterior blastema formation, (2) brain
rudiment formation, (3) pattern formation, (4) neural network formation and (5) functional
recovery. Each step is defined by sequential gene expression alterations that are similar to those
observed in mammalian brain development [20].

2.1.1. The early stage of brain regeneration after amputation

The first step of head regeneration after amputation is wound closure, which involves adhesion
of the dorsal and ventral tissues, thereby inducing activation of noggin-like gene A (DjnlgA) at
the edge of the amputated site [24]. Subsequently, a blastema (a mass of cells derived from
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pluripotent stem cells) is formed by mitogen-activated protein (MAP) kinase activation 24
hours after amputation [25,26]. It has been revealed that blastema cells are supplied from the
post-blastema region via mitosis from G2-phase pluripotent stem cells. Activation of c-Jun-N-
terminal kinase (JNK) after amputation induces G2/M transition and supplies blastema cells.
Subsequently, activation of extracellular signal-related kinase (ERK) signalling is required for
blastema cells to exit the undifferentiated state and enter the differentiation state in order to
form the brain rudiment [27]. Similarly, activation of ERK signalling facilitates exit from self-
renewal and regulates differentiation signals, as in mouse ESCs [28]. These findings indicate
that planarian stem cells and mouse ESCs may possess a similar molecular basis for cell fate
determination.

After the formation of the brain rudiment, the wnt and bone morphogenic protein (BMP)
signaling pathways regulate brain polarity along the anterior-posterior axis [29,30] and the
dorso-ventral axis [31,32], respectively. Therefore, pluripotent stem cells are regulated by
various signals in spacio and temporal manners to form the brain. Similarly, wnt and BMP
signaling pathways also regulate polarity of neural tube formation in mammalian early
development [33,34].

2.1.2. The stem cell system of DA neuroregeneration in the head regeneration process

During head regeneration, DA neurons begin to appear in future brain regions starting three
days after amputation. On day 5, the number of new DA neurons increases and axons start to
extend. On day 7, brain regeneration is complete along with complete reconstruction of DA
neurons (Figure 1A) [15]. Other neurotransmitter-synthesizing neurons, such as GABAergic,
octopaminergic (OA) and cholinergic neurons are also regenerated in a similar manner from
pluripotent stem cells during brain regeneration [17-19]. Recently, we revealed that the
numbers of each type of different brain neurons are maintained in a constant ratio that is
dependent on body size in intact planarians [21]. For instance, the ratio of DA neurons to OA
neurons is 2:1 in intact planarian brains. Interestingly, in the early stage of brain regeneration,
the ratio is larger than 2:1; however, it is gradually restored to 2:1 during brain regeneration.
The ratio among different neuronal cell types fluctuates in the early stages of regeneration and
is gradually restored to the original ratio. These data suggested that non-cell-autonomous
mechanisms utilized to adjust the ratio among different types of brain neurons [21].

2.2. DA neuronal regeneration after selective DA lesions

We recently established an experimental model to investigate cell-type specific regeneration
following selective degeneration by 6-hydroxydopamine (6-OHDA), a DA neurotoxin [22].
According to our observations, DA neurons are completely degenerated within 24 hours after 6-
OHDA-administration. Newly generated DA neurons begin to appear in the brain four days
after 6-OHDA-induced lesions. Thereafter, the number and the axons of DA neurons gradual-
ly recover over a period of several days. Finally, DA neurons are completely recovered within
14 daysafter 6-OHDA-induced lesions (Figure 1B). Bromodeoxyuridine (BrdU)-pulseand chase
experimentsindicate thatnewly generated DA neurons are derived from proliferative stem cells
that enter the S-phase in the trunk region and migrate to the head region from the trunk region
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withoutentering the M-phase (i.e., they remainin the G2-phase) and then giverise to DA neurons
in the head region (Figure 1C). In addition, histological analyses support the hypothesis that
pluripotent stem cells may directly give rise to differentiated DA neurons in planarians (Figure
1D, E). This observation suggests that G2-phase proliferating stem cells can respond to degener-
ation of DA neurons and are committed to DA neurons in planarians [22].

Although most vertebrates show low regenerative capabilities, newts have powerful regen-
erative abilities among adult vertebrates. Surprisingly, adult newts regenerate brain tissue
after partial brainectomy in spite of having a complex brain structure [35,36]. Recent reports
indicate that newts maintain the neurogenic potential to repair lost midbrain DA neurons,
even in the adult state [37]. Although proliferative abilities are essentially quiescent in the
midbrain of adult newts, quiescent ependymoglia cells are activated by the degeneration of
midbrain DA neurons. Additionally, activated ependymoglia cells start to proliferate and
differentiate to DA neurons to repair lost DA neurons. This neurogenic potential is activated
under conditions of injury-responsive cell-replacement and not under homeostatic conditions
[38,39]. These reports indicated that these regenerative animals possess unique stem cells
system to regenerative missing DA neurons.

3. Strategies for generation of DA neurons in non-regenerative animals

Regenerative animals easily regenerate lost brain and neural tissues by maturating stem cells.
Regenerative animals provide us unique ideas to generate neural tissue from mammalian
pluripotent stem cells such as ESCs and iPSCs.

Although the capacity for brain formation is present during the developmental stage among
animals, including human beings, it is difficult to regenerate missing neurons and brain tissue
inthe adultstate. Ithas been reported that neurogenesis homeostatically occurs in the restricted
regions of the adult mammalian brain such as hippocampus and subventricular zone [40,41].
However, it remains controversial whether dopaminergic neurogenesis/neuroregeneration
occurs in the adult mammalian midbrain [42,43] and whether neurogenic potential is “lost”
or “quiescent” in the adult mammalian brain. Regardless, this potential is not adequate to
recover missing neurons and brain tissue in the adult mammalian brain. If human beings had
an adequate regenerative potential, some types of neural disorders and brain injuries might
be self-curable. However, it is difficult to self-repair neurodegenerative disorders. Therefore,
it is strongly expected that neuronal differentiation techniques will contribute for therapeutic
applications, such as cell-transplantation therapy using ESCs/iPSCs.

Parkinson’s disease (PD) is a candidate disease for the expected application of cell-transplan-
tation therapy. PD is an intractable neurodegenerative disorder that arises from the progres-
sive death of DA neurons in the substantia nigra pars compacta. Although human beings lack
adequate abilities to regenerate DA neurons, techniques to generate midbrain DA neurons
from ESCs/iPSCs in vitro have been developed and are being improved for use in cell-
transplantation therapy (Figure 2).
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After amputation

Before lesion | After 6-OHDA-lesion

e
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Figure 1. A) The regeneration process of DA neurons after decapitation. Immunofluorescence of brain DA neurons
one day, three days, five days and seven days after decapitation. (B) The process of DA neuronal regeneration in the
brain after 6-OHDA-induced-lesions. Immunofluorescence of brain DA neurons in an intact brain three days, seven
days and 14 days after 6-OHDA-administration. (C) BrdU-incorporation is detected in newly generated DA neurons
five days after 6-OHDA-administration. Double-immunofluorescence of tyrosine hydroxylase (TH; green) and BrdU
(magenta). The arrowheads indicate BrdU/TH-double positive neurons. (D, E) Double-fluorescence of TH mRNA
(green) and PiwiA proteins (a marker for pluripotent stem cells; magenta) seven days after 6-OHDA-administration.
Scale bars: 200 pm (A-D), 50 pm (high magpnification image in C) and 50 pm (E). (F) A schematic drawing of the pla-
narian brain nervous system and an image of the distribution of DA neurons. The blue color represents the brain. The
orange color represents ventral nerve cords (VNCs). The green cells are DA neurons.

3.1. Induction of midbrain DA neurons in vitro from ESCs/iPSCs

In 2000, it was reported that stromal cell-derived inducing activity (SDIA) strongly promotes
neural induction in mouse ESCs co-cultured with mouse PA6 stromal cells under serum-free
conditions without growth factors [44]. SDIA-induced neurons contain high amounts of DA
neurons and are integrated into the 6-OHDA-lesioned mouse striatum after transplantation.
Additionally, ithas been proven that functional DA neurons can be differentiated from primate
and human ESCs using SDIA [45,46]. Therefore, the establishment of the SDIA method opened
new fields for both basic neuroscience research and therapeutic applications.
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Figure 2. A) A phase contrast image of colonies of undifferentiated human iPSCs on SNL feeder cells. (B) DA neurons
derived from human iPSCs differentiated using the SFEB method in vitro. Double-immunofluorescence of Blil-tubulin
(TubBIll), a neuronal marker (green), and TH, a marker of DA neurons (magenta). Scale bars: 500 um (A) and 50 pm

(B).

Recently, the molecular mechanisms of mammalian brain development have become better
understood. The expression and secretion of patterning factors facilitate neural induction and
define anterior-posterior and dorso-ventral patterning of the mammalian brain. For instance,
mammalian midbrain development is governed by fibroblast growth factor 8 (FGF8) and Sonic
hedgehog (Shh), which are locally expressed at the midbrain-hindbrain boundary and the
ventral neural tube, respectively [47]. The floor plate is located along the ventral midline of
the neural tube and is known to function as a signaling center during brain development and
a source of midbrain DA neurons [48,49]. Midbrain DA neuronal specification is regulated by
several transcription factors, including Lmx1a, FoxA2, Nurrl and Pitx3 [50-53]. Therefore,
cellular aspects of brain development provide ideas for improving the differentiation methods
of authentic neural identity and subtype specification, such as differentiating DA neurons from
ESCs/iPSCs in vitro.

Recently, neural lineage commitment has been improved with dual inhibition of SMAD
signaling by bone morphogenic protein (BMP) inhibitor (noggin and dorsomorphine) and
transforming growth factor-8 (TGF-f3)/activin/nodal inhibitor (5B431542). These combinations
promote efficient neural induction of both human ESCs and iPSCs in serum-free, floating
cultures of embryoid body-like aggregates (SFEB) and stromal (PA6) feeder co-cultures [54,55].
In addition, GSK38 inhibitor (CHIR99021) strongly activates wnt signaling and induces the
Lmx1a expression in FoxA2-positive floor plate precursors and the neurogenic conversion of
human ESC-derived midbrain floor plates towards DA neurons [56]. This differentiation
method mimics mammalian brain development.

Recently, human ESCs/iPSCs maintenance and differentiation have been advanced in order to
achieve clinical translation, which results in chemically defined conditions and the elimination
of animal-derived components and the need for feeder cells [57,58].
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4. Towards the clinical application of ESCs/iPSC-derived DA neurons in
Parkinson’s disease

Clinically, PD is estimated to affect approximately 1% of the population over 65 years of age,
and PD patients often exhibit muscle rigidity, tremors, bradykinesia and akinesia. Currently,
the primary clinical treatment for PD is dopamine replacement therapy using L-dihydroxy-
phenylalanine (L-DOPA) and/or dopamine receptor agonists. Although pharmacotherapy
temporarily improves parkinsonian symptoms, the efficacy of pharmacotherapy is gradually
lost over long-term treatment, and the wearing-off phenomenon, the on-off phenomenon and
drug-induced dyskinesia develop. In addition, the progression of the degeneration of midbrain
DA neurons cannot be delayed. Therefore, new strategies such as cell transplantation therapy
are expected to recover lost DA neurons.

The first clinical trial of cell transplantation using human fetal ventral midbrain in PD patients
was performed in the latter half of the 1980’s [59]. Currently, over 400 PD patients have been
evaluated in this clinical trial. Some PD patients who underwent grafting have exhibited
drastic improvements in movement symptoms. However, strict ethical problems remain
regarding the use of human fetal cells for the treatment of human disease. Therefore, efficient
methods need to be developed for differentiating DA neurons from ESCs/iPSCs, instead of
using human fetal cells, as described above. In addition, the efficiency and safety of ESCs/
iPSCs-derived DA neurons should be evaluated in vivo experiments using animal models
before conducting human trials. In general, DA neurotoxins such as rotenone, 6-OHDA and
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) are used to create parkinsonian animal
models with rodents and non-human primates. In particular, since the pathological symptoms
and brain anatomy of monkeys are similar to those of humans, the outcomes of monkey trials
strongly contribute to realizing human trials.

4.1. Preclinical trials of human ESCs/iPSC-derived DA neurons for PD

In 2005, it was reported that intra-striatal primate ESC-derived DA neurons survive and
function in the putamen in MPTP-lesioned primate parkinsonian models [60]. In that study,
positron emission tomography imaging revealed that ['*F]-F-DOPA uptake increased in
grafted monkeys 14 weeks after transplantation. In addition, the neurological scores of the
grafted monkeys improved in comparison with that observed in sham-operated monkeys
starting from 10 weeks after transplantation. This study is the first report to indicate the
functional efficiency of grafted DA neurons derived from primate ESCs and has opened up
the possibility for transplantation therapy using ESC-derived DA neurons.

Meanwhile, human ESC/iPSC-derive DA neurons have the potential to improve motor
function in PD model rats after intra-striatal grafting [56,61,62]. However, some problems, such
as tumorigenicity, remain in clinical trials. We recently reported that long-term neural
maturation (> 28 days) of human ESCs reduces tumorigenicity after grafting in primate
parkinsonian models. In addition, motor symptoms are also improved by grafting human ESC-
derived DA neurons that have maturated over a long term (42 days). These results suggest
that human ESC-derived DA neurons that are differentiated for appropriate terms strongly
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contribute to both reducing the risk of tumor genesis and improving parkinsonian motor
dysfunction [46]. Recently, we first reported that human iPSC-derived DA neurons that are
differentiated under feeder-free and serum-free conditions survived in an MPTP-lesioned
primate parkinsonian model for six months [63]. This report may support the therapeutic
potential of human iPSCs for future clinical trials.

5. Stem cell utilization in vivo and in vitro for non-regenerative animals:
Lessons from regenerative animals

Although the number of regenerative animals used to investigate DA neuronal regenera-
tion is limited, the cellular mechanisms of DA neuronal regeneration are starting to be
understood [22,39]. The cellular and molecular mechanisms for DA neuronal regeneration
in regenerative animals provide new ideas for generation of DA neurons in non-regenera-
tive animals. Our histological analysis of regeneration indicates that pluripotent stem cells
may directly give rise to differentiated DA neurons in the planarian head region (Figure
1D, E) [22]. In addition, we have not yet obtained direct evidence for the presence of neural
stem cells in planarians. First, we have not observed proliferating cells in the brain, either
during regeneration or in intact brains. Second, the expression of the planarian musashi
family of genes supports the above hypothesis. Musashi, an RNA binding protein, is
expressed in neural stem cells in various animals[64]. Although three musashi-like genes
(DjmlgA-C) have been isolated from planarians, the expressions of these genes are detect-
ed in the planarian CNS and are not eliminated by X-ray irradiation [65]. These results
indicate that planarian musashi-like genes are expressed in differentiated cells, not in
proliferative stem cells. Based on these observations, we speculate that the neural stem cell
system most likely evolved at a later stage of evolution [66].

In the case of brain regeneration, the brain rudiment is formed inside of the blastema. The
cells that participate in blastema formation already exist from the proliferative state, and a
portion of these cells start to form the brain rudiment [25,26]. Therefore, the commitment
of DA neurons may immediately occur after brain rudiment and brain pattern formation.

In the case of DA neuronal regeneration after 6-OHDA-induced lesions, G2-phase stem cells
are recruited into DA neurons in the brain. Since the presence of neural stem cells were not
clarified in planarians, the key roles for differentiation into DA neurons from pluripotent stem
cells would function in G2-phase in the cell cycle. The neurons remaining in the brain after 6-
OHDA-induced lesions may play an important role in sensing the loss of DA neurons and
recruiting G2-phase stem cells into DA neurons [22]. Recent findings using eukaryote cells
indicate that cell fate determination of either self-renewal or differentiation occurs during the
G2/M phase in the cell cycle [67]. Therefore, the results of our study concerning the cellular
system of DA neuronal regeneration are supported by these observations. Therefore, G2-phase
stem cell strongly contributed to DA neuronal regeneration by response to extrinsic environ-
ment in planarians. However, we have not yet understand a clear answer regarding which
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signal molecules contribute to the recruitment of G2-phase stem cells to DA neurons in
planarians.

In the case of newts, another regenerative animals, quiescent ependymoglia cells can sense
degeneration of DA neurons, and re-enter into the cell cycle to restore lost DA neurons [39].
In this case, DA receptor-expressing surrounding cells (i.e., ependymoglia cells) respond to the
degeneration of DA neurons via DA receptor signaling, and contribute to regenerate DA
neurons. Therefore, the responsibility of stem cells to extrinsic environment is important for
DA neuronal regeneration in both planarians and newts.

The findings from regenerative animals may provide any idea to generate DA neurons from
ESCs/iPSCs of non-regenerative animals. Recent strategies for DA neuronal induction from
ESCs/iPSCs have based on mimicking midbrain development, that is, the activation of
morphogenic factors and transcriptional regulation. In addition, the establishment of 3-
dimensional (3D) culture systems strongly contributes to mimicking the complicated organo-
genesis and lead to the acquisition of sub-regional identities because the cells respond to
extrinsic signals [57, 69].

Recently, Kirkeby et al. developed an induction method for human ESC-derived DA neurons
using dual-SMAD inhibition with embryoid body formation. The gene expression profile and
transplantation aspects of human ESC-derived DA neurons can be recaptured in the human
fetal midbrain [70], suggesting that 3D cultures are suitable for mimicking brain organogenetic
processes in authentic midbrain DA neurons.

In addition, our findings in planarians may contribute to improving strategies of cell-
transplantation therapy. That is, how to integrate ESCs/iPSC-derived grafting neurons into
the host brain. We found that commitment to DA neurons in stem cells occurs during the
G2-phase of the cell cycle. Which state of committed cells can be easily incorporated into
lesioned regions and whether the location of commitment activates important factor(s) in
the incorporation of committed cells into appropriate positions should be considered.
Additionally, both planarians and newts showed drastic behavioral recovery according to
DA neuronal regeneration [22,37]. This suggested that regenerated DA neurons contribut-
ed to functional recover by integrating to the existing neural circuit. We speculate that this
phenomenon may provide to the any ideas how to integrate ESCs/iPSC-derived neurons
into existing neural circuit after grafting and contribute to recover the motor function. We
will attempt to answer several important questions in our future works. A deeper under-
standing of the answers to the above questions may provide unique clues regarding not
only how to commit DA neurons in vitro, but also how to optimize cell-transplantation
therapy in the future.

6. Conclusion

Stem cell research is an interesting field in basic science due to its potential therapeutic
applications. It is now extensively studied to investigate that the cellular and molecular
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mechanisms of DA neuronal regeneration in many regenerative animals in vivo have been
described over the last several years, although numerous unclear issues remain. Important
aspects learned from regenerative animals suggest that the cell sources and stem cell systems
of DA neuronal regeneration may reflect several concepts in the achievement of regeneration,
even among regenerative animals. Therefore, it is difficult to find a common rule for DA
neuronal regeneration among animals. However, this trend in regenerative biology will be
more emphasized by discoveries made in future studies of regenerative animals, and will
provide hints about more efficient utilization of stem cells towards clinical application.
Importantly, studying the diversity of regenerative contexts in different animals may contrib-
ute to highlighting diverse concepts and attractive clues for investigating the generation of DA
neurons in vivo and in vitro in regenerative medicine.
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1. Introduction

Regenerative processes occurring under physiological (maintenance) [1-3] and pathological
(reparative) [4-6] conditions are a fundamental part of life, and vary greatly among different
species, individuals, and tissues. Despite the central nervous system (CNS) has been consid-
ered for years as a perennial tissue, it has recently become clear that both physiological and
reparative regeneration occur also within the CNS to sustain tissue homeostasis and repair.
Importantly, the proliferation and differentiation of endogenous neural stem cells (NSCs)
residing within the healthy CNS, or surviving injury, are considered crucial in sustaining these
events. However, these processes are not robust enough to promote a functional and stable
recovery of the nervous system architecture. Thus, the development of cell-based therapies
designed to promote functional (direct vs. indirect) neural cell replacement was anticipated [7].
Nevertheless, most of the experimental cell therapies with neural lineage-committed progen-
itors have failed to foster substantial repair in disease models where the anatomical and
functional damage is widespread and an inflamed and/or degenerative microenvironment co-
exists. Conversely, the systemic injection of in vitro expanded neural stem/precursor cells
(NPCs) — both as neurospheres as well as plastic-adherent monolayers - has provided a
remarkable amelioration of the clinico-pathological features of rodents affected by experi-
mental inflammatory CNS disorders that include experimental autoimmune encephalomye-
litis (EAE), cerebral ischemic/haemorrhagic stroke, spinal cord injury (SCI) and traumatic brain
injury (TBI). This has been shown to be dependent on the capacity of transplanted NPCs to
engage multiple mechanisms of action within specific microenvironments in vivo [8]. Among
a wide range of potential therapeutic actions — and in addition to the expected cell replacement
—this phenomenon may also occur via several bystander effects. These effects are heterogeneous
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and likely exerted by undifferentiated NPCs releasing immune regulatory and neuroprotec-
tive molecules within specific microenvironments in response to local stimuli elicited by
inflammatory cells (therapeutic plasticity). The molecular and cellular mechanism(s) that sustain
the multifaceted therapeutic plasticity of NPCs remain far from being fully characterized [9].

The transplantation of undifferentiated exogenous NPCs very efficiently protects the CNS
from experimental chronic degeneration induced by inflammation both in small rodents (mice
and rats) [10-14] as well as in non-human primates [15]. Specific homing of systemically
injected NPCs is shown, so far, in experimental models of multiple sclerosis (MS), ischemic/
haemorrhagic stroke, SCI and TBI, and epilepsy. In vitro and in vivo data provide extensive
evidence of the molecular mechanisms behind the ability of NPCs to cross the blood-brain
barrier (BBB) and specifically accumulate at the sites of inflammation/tissue damage [16-18].
After entering the CNS using constitutively functional cell adhesion molecules and inflam-
matory chemokine receptors, systemically injected NPCs accumulate at the level of perivas-
cular CNS areas, where they establish atypical ectopic perivascular niches [16, 19]. In these areas,
a much likely active cell-to-cell communication takes place between transplanted NPCs and
the different cells of the atypical niche. As consequence of this, transplanted NPCs survive while
displaying undifferentiated features, and promote neuroprotection by releasing immune
modulatory molecules and neurotrophic factors in situ. Further evidence exists about an
additional peripheral immune-modulatory effect exerted by NPCs [20, 21]. Systemically
injected NPCs, in fact, enter also peripheral organs (e.g. draining lymph nodes and spleen)
were they accumulate at the boundaries of blood vessels and interact closely with lymphocytes
and professional antigen presenting cells (APCs), impairing their maturation and functional
activation [15, 22, 23].

NPC-based therapies have been therefore considered a plausible alternative strategy for the
treatment of neurological inflammatory disorders. However, some urgent and still unclear
questions have to be solved prior to straightforwardly translate most of these exciting
experimental observations into clinical medicines, such as: (i) the ideal stem cell source,
whether it has to be derived from pluripotent or multipotent sources; (ii) the ideal route of cell
administration, whether it has to be focal or systemic; (iii) the optimal time point for cell
administration, depending on the disease characteristics; (iv) the ideal balance between
differentiation and persistence of stem cells into the targeted tissue and (v) the ideal mechanism
of tissue repair to foster, whether it has to be cell replacement or tissue protection/healing.
Further, while some encouraging efforts are being devoted towards the development of
guidelines and establishment of explorative phase I clinical trials, still one of the major
constraints to the easy translation into human medicines is represented by the immunogenicity
of allogeneic stem cells, and the modest expandability of somatic human NPCs in vitro. Within
this scenario, the emerging figure of induced pluripotent stem (iPS) cells [24], induced neuronal
(iN) cells [25] and/or induced neural stem cells (iNSCs) [26] holds a new exciting promise.

In this chapter we will describe the most recent evidence of the remarkable therapeutic
plasticity of transplanted NPCs, when injected systemically in inflammation-driven CNS
degeneration experimental models. We will first focus on the evidence that inspired the
modern stem cell experimental therapies and then elaborate on the mechanisms regulating the
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cross talk between somatic NPCs and the dysfunctional microenvironment, both at the outer
and inner endothelial sides, and their clinico-pathological impact. Finally, we will discuss the
rationale of the most recent explorative trials that are bringing neural stem cell therapies into
the clinic.

2. Adult neural stem cells

2.1. A change in the dogma

Stem cells (SCs) possess the unique ability to self-renew and differentiate into different cell
types in the body. Their contribution is essential during embryonic and early post-natal life,
where they regulate morphogenesis and development by properly balancing proliferation and
differentiation. Though their number is destined to decrease with time, their presence in adult
organisms is still required to ensure homeostasis and repair. While the regenerating properties
of some tissues (e.g., the skin) and organs (e.g., the liver) are undisputed, the brain with its
unique organization and complexity was considered for long time an exception. In fact, the
dogmatic concept ‘no new neurons after birth’ (1913) expressed by Santiago Ramon y Cajal,
sustaining the limitation of neurogenesis to prenatal life, has been resonating for decades
within the scientific community, finally becoming an established belief. NSCs were thought
to be present within the brain only during the developmental stage. It was only in the late 60’s,
thanks to the availability of new techniques and advanced tools of investigation, that the
picture of the brain as an immutable organ started to be reviewed. Altman and colleagues,
using (*H)-thymidine pulses and autoradiographs, first demonstrated the presence of prolif-
erating neurons in different regions of the post-natal brain in rats [1, 2, 27]. However, the
turning point was marked later in 1983 when Goldman and Nottebohm at Rockfeller Univer-
sity (USA) described newly generated neurons at the level of the hyperstriatum ventrale, pars
caudalis (HVc), of the ventricular zone in intact adult female canaries [3] Subsequently,
numerous pioneering experiments contributed in demonstrating that specific regions of the
mammalian CNS undergo a continuous, though moderate, level of neurogenesis throughout
adult life [28].

2.2. Adult neurogenesis in physiological conditions

Today it is widely accepted that in the adult mammalian brain, newly generated cells derive
from NSCs residing in two regions [29], the ventricular-subventricular zone (V-SVZ) of the
forebrain lateral ventricles [2, 27, 30] and the subgranular zone (SGZ) of the dentate gyrus (DG)
of the hippocampus [1, 31, 32] (Figure 1). Because of the peculiar cellular organization and
exclusive microenvironment, these neurogenic regions are commonly referred to as germinal-
like niches [33, 34]. Although different, these two areas share an extremely organized and
specialized microenvironment where NSCs can strategically interact with a rich vascular
plexus [35, 36], while communicating with their progeny and neighbouring NSCs as well as
with differentiated neural cells trough specialized structures (e.g. primary cilium, basal and
apical processes). Altogether, these cellular components provide a unique milieu of extracel-
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lular matrix proteins and growth factors other than electrical stimuli, which define the dynamic
characteristic of the adult brain stem cell niches. In here, a strictly regulated balance between
proliferation and differentiation of NSCs ensure the maintenance of a constant, though
quantitatively modest, pool of progenitor cells throughout lifetime [37].
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Figure 1. Schematic representations of the adult V-SVZ and SGZ neurogenic compartments.A and C, coronal sec-
tions of the adult mouse brain showing the localization of the V-SVZ and SGZ of the hippocampus. B and D, cytoarchi-
tecture of the V-SVZ (B), and of the SGZ of the DG of the hippocampus (D) in the adult mammalian brain. B,
Composition of the B1 cell domain into the V-SVZ. NSCs or type B1 cells (blue) extend from the proximal domain (do-
main |, dark grey) to the distal domain (domain Ill, light grey). At the level of the ventricles, B1 cells contact the CSF
with their primary cilium extruding in the centre of a rosette of multi-ciliated ependymal cells (yellow), forming the
typical pinwheel-like structures on the ventricular surface. Here, NSCs can sense different signals circulating into the
CSF. In the distal domain, type B1 cells contact the blood vessels (red) with their specialized end-foot terminations. In
the intermediate domain (or domain Il) type B1 cells give rise to IPCs (or type C cells, green), which are transit-amplify-
ing cells generating neuroblasts (or type A cells, red). In this domain they are also in contact with their progeny, neigh-
bouring cells and neuronal terminations. D, Composition of the RA domain at the level of the DG of the SGZ. RAs (or
type 1 cells, blue) extend from the hilus of the hippocampus (domain I, dark gray) to the IML (distal domain or domain
IIl, light gray). At the level of domain |, RAs sense the hilus microenvironment with their primary cilium and contact
other RAs, IPCs and blood vessels (red). RAs extend, trough their main shaft, into the distal domain where their arbori-
sations receive signals from glial cells and neuronal terminations. RAs give rise to IPCs that mature (trough blue IPC1 or
type 2a cells, and light green IPC2 or type 2b cells) and differentiate into immature granule cells (IGC, red). During
their maturation, IPCs move from the proximal domain to the intermediate domain (or domain Il, composed by SGZ
and GCL), where RAs receive signals from the progeny, neighbouring NSCs, interneurons (purple) and microglia (grey).
Finally IGC differentiate into mature GC (green), which extend their axons into the hilus and arbores dendrites into the
distal domain. Only few new-born neurons survive and become a long-lasting GC (pink).

2.2.1. Defining the cellular composition of the V-SVZ

The V-SVZ is situated in proximity of the lateral ventricles and contains slow-cycling SCs
with astroglial properties that express glial-fibrillary acidic protein (GFAP), called type Bl
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cells. These cells give rise to intermediate progenitor cells (IPCs) or type C cells, which lose
GFAP immunoreactivity and acquire the expression of the distal-less homeobox (Dlx)-2.
These cells finally give origin to a pool of neuroblasts (type A cells) expressing the polysia-
lylated form of neural cell adhesion molecule (PSA-NCAM) and the early neuronal marker
doublecourtin (DCX) [38]. Within rodent’s brain these neuroblasts form chains of migra-
tion along the rostral migratory stream (RMS) to reach the olfactory bulb (OB), where they
terminally differentiate into at least six different subtypes of OB interneurons, depending on
their origin along the axes of the V-SVZ [39-41]. The V-SVZ niche (Figure 1 A-B) can be
divided in three differently organized domains where self-renewing B1 cells receive different
signals: proximal (or apical, I), intermediate (1) and distal (or basal, III) [37]. Type B1 cells retain
the typical apical-basal bi-polarity of their embryonic predecessors (radial glia) [42] extend-
ing their processes along the three different domains and spanning the cerebrospinal fluid
(CSF) and the blood stream. In the proximal domain (composed by VZ and part of the SVZ)
Type B1 cells are enclosed within a cluster of ependymal (type E) cells, which sense the CSF
by means of motile cilia and create an appropriate gradient of molecules within the VZ [43].
Type B1 cells are therefore physically separated from the ventricles. Nevertheless, their
contact with the CSF is still made possible by a single apical primary cilium extruding in the
centre of a rosette of type E cells. Typically, these apical end-foot terminations cluster together
to finally arise in the middle of a layer of E cells forming a characteristic pinwheel structure
resembling the embryonic forebrain germinal zone [36, 42]. Recently, it has been shown that
the expression of the adhesion and signalling molecule vascular cell adhesion molecule
(VCAM)-1 is critical for the correct positioning of these protrusions and the preservation of
this complex structure [44]. The small apical surface of Bl cells gives them the chance to
sense the CSF which contains soluble factors, such as insulin-like growth factor (IGF)-2, bone
morphogenetic proteins (BMPs) and Noggin, Wnts, Sonic hedgehog (Shh) and retinoic acid,
able to modulate NSCs behaviour [45]. At the same time a long basal process from the opposite
pole (distal domain), bridges B1 cells to the surrounding vascular plexus that runs in the
parenchymal side of the V-SVZ. Here, with a specialized end-foot termination, type B1 cells
contact endothelial cells (ECs) of the blood vessels, thus being influenced from soluble factors
released from ECs and/or possibly by molecules produced far away from the niche and
released in the blood stream. The intermediate domain (composed by the SVZ) contains B1
cell progeny, such as IPCs and neuroblasts, which participate in the maintenance of the niche
equilibrium perhaps trough mechanisms of direct feedback on NSCs providing informa-
tion about the number of new neurons already generated. This balance, seems to be regulated
on one side by canonical Notch signalling trough ligands released or expressed by both IPCs
and neighbouring B1 cells [46, 47] and on the other side by neurotransmitters [e.g. gamma-
aminobutyric acid (GABA)] secreted by neuroblasts [48]. Importantly, while many studies
have focussed on the role of the microenvironment on the functionality of NSCs [49], much
less is known about the role that NSCs themselves exert on the definition of the niche. Recently
it has been shown that NSCs in the germinal niches do secrete a multitude of factors, among
which some with immune modulatory potentials that may influence the behaviour of the
surrounding cells, including microglia [50]. In parallel to the rodent CNS, the lateral wall of
the lateral ventricles (and the hippocampus) of the human brain contains NSCs that generate

291



292

Neural Stem Cells - New Perspectives

new neurons throughout adult life [51-53]. A total of four layers have been observed forming
the human lateral ventricular wall, which comprise a monolayer of ependymal cells, a
hypocellular gap, a ribbon of astrocytes, and a transitional zone into the brain parenchyma
[52, 54]. Unlike the rodent and non-human primate brain [55], SVZ astrocytes of the human
brain are separated from the ependyma by a hypocellular gap [52]. The presence of promi-
nent neurogenesis in the V-5VZ as well as of a RMS of migrating neuroblasts in the human
brain has been, however, intensively debated (for a preview, see [56]). Initially it was reported
the existence of a ribbon of astrocytes in the adult human V-SVZ that function as multipo-
tent NSCs in culture although, only few proliferating cells and no evidence of chains of
migratory (B-III tubulin positive) immature neurons were observed [52]. In contrast, a later
report evidenced a robust cell proliferation in adult human V-SVZ and the presence of a
RMS of neuroblasts along a lateral ventricular extension that connects the lateral ventricle to
the OB [51]. Finally, two recent studies have provided evidence of a small ventricular lumen
connecting the lateral ventricles to the OB that is observed only in the foetal [57], but not
adult, human brain [55, 58]. Interestingly, the absence of this ventricular extension has been
confirmed even in the postnatal infant human brain [58], whereas a new medial migratory
stream (MMS) targeting the prefrontal cortex has been observed. Altogether these findings
suggest a dynamic evolution in human SVZ neurogenesis throughout life; with the infant
human SVZ, RMS and MMS activity, undergoing a progressive extinction at ages older than
18 months post-natal [58].

2.2.2. Defining the cellular composition of the SGZ

The second putative progenitor cell compartment is located in the SGZ of the DG of the
hippocampus (Figure 1C-D), namely the region of the brain involved in learning and memory
[1, 31, 32]. In this area, NSCs residing at the interface of the hilus and dentate gyrus are called
type-1 progenitors or radial astrocytes (RAs) [59] and they mainly correspond to astroglial cells
[60]. They mature in dentate granule cells and migrate towards the granule cell layer (GCL) to
finally integrate into hippocampal circuitry [59]. RAs, unlike B1 cells of the V-SVZ, are found
deeper into the brain parenchyma, surrounded by neurons, neighbouring RAs and other glial
cells but without any chance to contact the CSF [37]. However, Bl cells and RAs share some
key features: they both express astroglial markers, have ultrastructural characteristics of
astrocytes [41] and possess long processes reaching different compartments of the niche far
away from where the cell bodies reside [37]. RAs function as the primary precursors for the
generation of new dentate granule neurons, either directly or via the generation of IPC1 (type
2a cells) and IPC2 (type 2b cells) [61]. Similarly to the V-SVZ, also the SGZ can be subdivided
in a proximal, intermediate and distal domain along which RAs, with their polarized structure
(apical-basal), span from the hilus interface (proximal domain) to the inner molecular layer
(IML, distal domain) [37]. The proximal domain contains the primary cilium (important for
Sonic hedgehog (Shh) signalling), which sense the hilus microenvironment, and lateral
processes contacting other RAs and IPCs and, importantly, blood vessels. Here ECs release
vascular endothelial growth factor (VEGF), IGF and brain-derived neurotrophic factor (BDNF)
responsible for the regulation of the balance between proliferation and differentiation. RAs
have their cell bodies in the SGZ and extend their main shaft along the GCL, which compose
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the intermediate domain. In this area astrocytes receive inputs from their progeny, including
immature and mature granule neurons, IPCs and different neuronal and glial (e.g. microglia)
cell types. Type 2a cells expressing Achaete-scute homolog (Ascl)-1 (also known as Mash-1) -
a transcription factor important for neuronal commitment - are likely to originate in the
proximal domain and then rapidly migrate into the intermediate one, where they divide once
before differentiating into type 2b cells that will express DCX [62]. Similarly to V-SVZ, feedback
mechanisms from the progeny, such as canonical and non-canonical Notch signalling are
responsible for the quiescence of RAs or their transition to IPCs [63, 64]. In the IML, RAs
terminate with an elaborate and branched structure contacting glial cells, neuronal processes
and synapses. Although the contacts taking place in this area are still not completely under-
stood, it seems probable that the GABAergic and glutamatergic inputs coming from inter-
neurons and mossy cells, are important for the regulation of NSCs [65]. These astrocyte-like
cells of CNS germinal areas work as real pacemakers of adult neurogenesis, as they receive
internal and external inputs from their main shaft as well as from the end-foot of their radial
processes that contact ECs in the V-SVZ [42], or embedded into the molecular layer in the SGZ
[41]. However, despite the relatively high rate of neurogenesis, only a minority of new born
cells eventually survive, mature and integrate within the existing circuitries at the level of the
GCL of the hippocampus [66]. In parallel, postnatal SGZ neurogenesis in the human brain has
been demonstrated to occur across the lifespan [55]. Although the role of new born neurons
generating in the SGZ is not yet fully understood, increasing evidence suggest a possible role
in learning and memory function [55].

3. CNS inflammation effects on endogenous adult NSC niches

3.1. Switching from an immune-privileged to an immune-specialized state

Protection and homeostasis are fundamental keystones for the proper maintenance of the CNS.
Hence, brain and spinal cord must be kept under an extreme security state to ensure their fully
functionality and, ultimately, the survival of an organism. However, in the past the CNS has
been often regarded as an immune privileged site, where immune cells were not supposed to
enter and interact with cells of the nervous system. This common belief was strongly supported
by observations showing lack of lymphatic vessels, absence of parenchymal APCs, low
expression of constitutive major histocompatibility complex (MHC) class I and II molecules
within the brain parenchyma, as well as poor rejection of transplanted allo- or xeno-graft. In
the last decades this historical concept has been extensively revised, and there is now con-
vincing evidence that the CNS is instead an immune specialized site, where a complex regimen
of immune surveillance does occur under physiological as well as pathological conditions and
is essential to guarantee its optimal functionality [67]. It is now clear that cells of both the innate
(microglia and monocyte-derived macrophages) and the adaptive (mainly CD4* cells) immune
system are present within the brain parenchyma and exert beneficial effects on adult brain
plasticity and neurogenesis, as well as on the spontaneous attempt of the CNS to self-repair
following an injury [68].
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3.2. Effects of inflammation on neurogenesis

Studies conducted over the last decade have extensively proved that the immune and nervous
systems interact by engaging an active bidirectional crosstalk. Indeed, the expression of
receptors able to recognize inflammatory mediators released by activated immune cells allows
endogenous progenitor cells to increase their proliferation rate and specifically home to the
site of inflammation after a trauma. As a consequence, both acute [69, 70] and chronic CNS
inflammation [6, 71] has been shown to perturb the anatomical architecture and functional
activity of adult germinal niches.

Work on EAE mice, the most widely accepted model of MS, has shown that chronic CNS
inflammation in myelin oligodendrocyte glycoprotein (MOG);; s-immunized mice causes a
transient decrease in the proliferation rate of both C and B1 type cells and a contemporary
increased accumulation of neuroblasts within the V-SVZ [6]. This effect, observed during the
peak of the disease, was attributed to cell non-autonomous factors, such as pro-inflammato-
ry (Th1) cytokines [e.g. interferon (IFN)- and its intracellular effector Stat-1]. However, these
data contrast with other studies showing how inflammatory demyelination in MOG*" mice
immunized with purified mouse myelin increased proliferation and mobilization of neural
progenitor cells from the V-SVZ of adult mice. Surprisingly, while new born cells generat-
ed at the level of V-5VZ commonly intended to differentiate into neurons, in response to
EAE, these cells were able to generate astrocytes and oligodendrocytes as well, thus
suggesting that inflammation can diverge (at least partially) their intrinsic nature [4].
Increased proliferation, measured in terms of BrdU-positive cells, has been found also at the
level of the hippocampus both during the acute and chronic phases of the disease in
MOG35-55 immunized mice. Similarly to the observed accumulation of neuroblasts in the
V-SVZ, autoimmune inflammation leads to increased numbers of immature DCX-positive
cells in the DG of the hippocampus [72]. Even though some alterations in the Notch, Wnt/f3-
catenin, Shh, and BDNF signalling pathways have been observed, their real contribution to
the deregulation of hippocampal neurogenesis in the course of chronic autoimmune
neuroinflammation needs to be further confirmed [72]. In addition, magnetic resonance
imaging (MRI) techniques revealed structural alterations in the hippocampus, evidencing
marked hippocampal atrophy [73], which may correlate with deficits in attention, informa-
tion processing capacity and long-term memory observed in the majority of MS patients.
Enhanced proliferation during the acute phase of the disease has been observed in proteoli-
pid protein (PLP)3,5-induced relapsing EAE in SJL mice. However, during both the
relapsing and chronic phase of the disease, the number of SVZ progenitors cells decreased,
without changes in the ultrastructural features of the type B, C or A cells, but accompa-
nied by an impaired maturation of oligodendrocyte progenitor cells (OPCs). This suggests
that the chronic activation of glial cells (namely microglia and astrocytes) might be deleteri-
ous for the repair potential of endogenous brain stem/progenitor cells. Indeed, minocycline-
induced inactivation of microglia during the chronic phase in relapsing-remitting EAE mice
was associated with an improvement in the number of proliferating Sox2/Bromodeoxyuri-
dine (BrdU)" neural stem cells [74]. Finally, models of targeted focal EAE, obtained by
stereotactic injection of cytokines [e.g. tumor necrosis factor (INF)-a and INF-y] in rodents
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pre-immunized with a sub-clinical amount of myelin peptides, allowed to better analyse the
time course effect of auto-immune inflammation in the neurogenic areas. In this experimen-
tal model a decreased proliferation in the proximity of the V-S5VZ was observed at 3 days,
followed by an increase at 7 days after the injection of the cytokines, suggesting a regenera-
tive attempt at the level of the V-SVZ area. Interestingly, the concomitant death of neuro-
blasts, the decreased type C cell proliferation, and the reduction of type A migrating cells,
during the initial phase, might explain the impaired long-term olfactory memory observed
by means of behavioural analysis [75]. Altogether, these findings suggest the existence of a
compensatory mechanism of the injured brain in its attempt to counteract neuronal injury
and disturbed conductivity resulting from T cell attack to the myelin sheaths wrapping the
axons, which is among the most accepted causes of EAE and MS [76].

In agreement with what described in animal models, SVZ activation and expansion have been
found at the level of periventricular active and chronic active lesions in MS patients, thus
suggesting that the repetitive exposure to inflammatory insults does not completely exhaust
the proliferative potential of the SVZ [77]. V-SVZ from post-mortem brains shows an altered
balance between neurogenesis and gliogenesis, likely related to these inflammation effects
within the neurogenic niche of MS patients [78]. Interestingly, the majority of MS patients show
deficits in attention, information processing capacity and long-term memory, thus suggesting
that neuronal damage in MS can result not only in motor and sensory deficits but also cognitive
impairment. In support of these MRI techniques revealed structural alterations in the hippo-
campus, evidencing marked hippocampal atrophy [73].

Acute events, occurring in non-autoimmune diseases such as stroke, have been similarly
proved of giving rise to increased proliferation of endogenous NSCs in the V-SVZ. These cells
migrate from the neurogenic niche towards the ischemic boundary regions of the striatum and
cerebral cortex, where they differentiate into mature striatal neurons [79-81]. During this
(injury-reactive) site-specific homing, newly generated neuroblasts form chain-like structures
in association with reactive astrocytes and blood vessels in the striatum, a reminiscence of the
embryonic migration of type A cells along the RMS [82, 83]. Initially, this potential self-repair
mechanism was supposed to happen only during the acute post-stroke phase. However,
subsequent studies showed that stroke-induced neurogenesis is an extensive and long-lasting
(up to 2 weeks) event, with continuous production of mature striatal neurons for several
months after the insult [84]. Unfortunately, the vast majority of migrating new born neurons
die within few weeks after the ischemia, and only few damaged cells (about 0.1%) are replaced
by newly generated neurons [85]. Similar evidence of stroke-induced neurogenesis has been
reported in post-mortem brains, where new born neurons are present in the ischemic penum-
bra surrounding cerebral cortical infarcts, preferentially localized in the vicinity of blood
vessels [80]. The identification of those factors able to influence NSCs proliferation, homing
and survival after stroke may have a great therapeutic impact. Several cytokines and growth
factors that may be released by injured cells are thought to play a substantial role in promoting
the observed neurogenic response after stroke. Among these, ciliary neurotrophic factor
(CNTF) [86], transforming growth factor (TGF)-a [87], VEGF [88], fibroblast growth factor
(FGF)-2 [89] and erythropoietin (Epo) [90] have been proposed.
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Much less is known about the presence of adult neurogenesis after SCI. Most likely, this can
be ascribed to a more diffuse scepticism concerning the existence of stem cells within the spinal
cord. Indeed, even if the spinal cord is generally considered a non-neurogenic tissue, multi-
potent precursors can be isolated and propagated in vitro [91, 92]. In addition, spinal neuro-
genesis has been shown to occur to a limited extent in response to several types of trauma
[93-95]. In a very recent study, the modulation of neurogenesis in the more canonical niches
of the adult brain has been investigated following SCI in rats. Interestingly, BrdU* positive
cells were found to be significantly decreased both at the level of the V-5VZ and the SGZ in
subacute [15 days post injury (dpi)] condition. However, while V-SVZ proliferation returns to
normal levels at 90 dpi, this does not happen at the hippocampal level. This could be equally
explained by either a higher plasticity in the V-SVZ or a higher sensibility of the SGZ [96].
Alterations in adult neurogenesis have been extensively observed in a multitude of models of
other neurodegenerative diseases. Rats suffering by pilocarpine-induced temporal lobe
epilepsy (TLE), exhibit increased neurogenesis in the V-SVZ [97] as well as in the SGZ [98]
after a period of latency and then it lasts for several weeks following prolonged seizures
activity. Further, status epilepticus (SE) seems to accelerate the maturation and integration of
adult new born DG cells [99]. However, chronic TLE induces a decrease of neurogenesis, as
children affected by frequent seizures show decreased numbers of newly generated neurons
and proliferating cells [100]. Impaired (cell type specific) proliferation of V-S5VZ as well as SGZ
progenitors has been observed also in experimental models of Alzheimer’s disease (AD) [101].
While it is not clear whether this is reflected in an increased [102] or decreased neurogenesis
[103], mainly because of the high number of different models used [104, 105], a recent study
suggested that abnormalities at the level of both the neurogenic niches might precede the onset
of amyloid deposition and memory impairments [106]. Interestingly, in post-mortem brains
of patients with AD, it has been observed an increase of neurogenesis into the SGZ accompa-
nied by depletion in the V-SVZ [107].

3.3. The double face of inflammation

According to what described, it is suggestive that the CNS is able to start a beneficial, though
limited, process of self-repair. However, most of the new born cells generated following injury
are destined to die within few weeks, maybe due to a failure in their integration or due to the
inflammatory milieu. Even if these cells have been shown to fully differentiate into mature
neurons [82], the very low rate of occurrence imposes logical concerns regarding the thera-
peutic value of this regenerative response to brain injury [81, 108]. Because of the rearrange-
ments occurring in the neurogenic niches after an inflammatory event, the immune system has
been accredited as one of the major responsible of this failure. This assumption is further
corroborated by the observation that the increasing complexity of the immune system over the
evolutionary process has been accompanied by a concomitant loss of regenerative capacity
[109]. Also, several findings link inflammation to the pathogenesis of neurodegenerative
disorders and anti-inflammatory drugs seem to be promising candidates for their treatment.
Recent studies suggest that inflammation may indeed have a neuroprotective effect [110].
Nevertheless, the real effect of inflammation in several of these pathologies still needs to be
completely clarified.
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The early (acute) post-traumatic phase of a neuroinflammatory process involves the action of
resident microglial cells. These cells of myeloid origin are usually present in a resting but
dynamic state, ready to shift their activity and undergo morphological and functional trans-
formations in response to any kind of brain damage or injury [111, 112]. While on one side the
selective ablation of microglia has been shown to exacerbate the ischemic injury in a mouse
model of focal cerebral ischemia [113], on the other side mounting evidence indicates that
chronic microglial activation may also contribute to the development and progression of
neurodegenerative disorders, mainly through the release of pro-inflammatory cytokines such
as interleukin (IL)-1, IL-6, and TNF-a [114]. As an example, infiltrating blood-derived macro-
phages have been shown to exert a beneficial role in an experimental model of SCI, where they
contribute to limit the action of activated resident microglia, whose prolonged presence would
finally lead to detrimental consequences [115]. Indeed, when the activity of microglia is not
properly contained, their action may lead to a prolonged (chronic) inflammation eventually
culminating in the formation of fibrotic tissue.

Endogenous T cells are key components of the protective immunity process. As such, phys-
iological trafficking of lymphocytes through the CNS is required to support the essential
function of immune surveillance [116]. Cellular composition analysis of the CSF of healthy
patients has revealed that up to 80% of the total number of cells is represented by central
memory and effector memory T-cells. This atypical composition, which is very different from
the one of the blood, also suggests a major role for the CSF in the defence of the CNS [117].
Indeed, the CSF drains the interstitial fluid of the CNS and brings CNS antigens to the cervical
lymph nodes, thus supplying for the absence of a proper lymphatic drainage [118, 119].
Following the seminal observation that self-specific T-cells recognizing myelin basic protein
were able to protect injured CNS neurons from secondary degeneration in a rat model of optic
nerve crash injury [120], several studies further supported the idea that T cell-dependent
autoimmunity might promote recovery from CNS injuries [121, 122]. These studies finally
culminated with the idea that boosting T-cell response to CNS antigens by means of immuni-
zation with CNS myelin-associated self-antigens could have enhanced this therapeutic
potential [123-125]. Also, myelin-reactive T-cells possess neuroprotective effects, which may
be essentially attributed to their ability to release neurotrophic factors such as BDNF, nerve
growth factor (NGF) and CNTF [126]. Importantly though, auto-reactive T-cells showing this
protective effect may turn out to be harmful if escaping the control exerted by the immune
system, finally resulting into the development of autoimmune diseases such as MS. Therefore,
a strict control is required to finely tune the balance between the good and the bad [76].

To further complicate the scene, several inflammatory mediators, such as TNF-a, TGF-f3, IL-1,
IL-6, IL-10 and IL-12 may have contrasting effects (e.g neuroprotective vs. neurotoxic) de-
pending on the overall context. As an example, the role of IL-6 is crucial for the induction of
EAE [127], and its overexpression exacerbates tissue injury in experimental models of SCI [128,
129]. Also, high levels of this inflammatory marker in the blood of patients undergoing
inflammatory response after stroke correlates with the disease severity and poor clinical
outcome [130]. Accordingly, the use of monoclonal antibody directed towards IL-6 proved to
be beneficial in the treatment of acute SCI and MOG;; 55-induced EAE [131, 132]. However,
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IL-6 knockout mice showed significantly increased of chronic (but not acute) lesion volumes
and worse long-term functional outcome after stroke [133]. This may imply the need of a finely
tuned regulation, most likely depending on their precise timing and location other than on the
specific nature of the disease. Indeed, while some pathologies such as MS, SCI, stroke, TBI and
are characterized by an acute inflammatory event followed by secondary neurodegeneration,
others, such as epilepsy, Alzheimer’s disease (AD), Parkinson’s disease (PD), and Hunting-
ton’s disease (HD) are instead caused by primary neurodegeneration subsequently leading to
secondary reactive inflammation [19].

As described in this paragraph, the CNS is able to regulate the proliferation rate within the
adult neurogenic niches as an extreme attempt to respond to damages in both primary and
secondary inflammatory neurodegenerative diseases. Nevertheless, this process is not robust
enough to effectively re-establish the complex functionality of the CNS. Therefore, protocols
aiming at pharmacological manipulation of endogenous precursors from germinal niche(s),
in vivo, might be therapeutically inefficacious in inflammatory CNS disorders. Thank to the
development of protocols allowing in vitro growth and large scale-up of brain-derived NPCs
[134], innovative therapies, for both acute and chronic CNS inflammatory disorders, based on
stem cell transplants have been proposed [7]. Transplantation of adult exogenous NPCs
represents, in fact, an alternative, and possibly more efficacious, therapeutic approach that
might overcome the limited endogenous repair. Motivated by the ambitious expectation to
achieve CNS repair (and/or regeneration) via functional neural cell replacement, many
different preclinical studies have evidenced a potential benefit of NPC-based treatments in
experimental animal models of several neurological diseases [8].

4. Exogenous NPC-based therapies: The systemic administration

4.1. Systemic injection and functional recovery

Following the seminal observation that systemically delivered NPCs were able to target an
intracranial tumour in rodent (both mice and rats) model of experimental brain tumours [135],
numerous studies started to investigate the validity of this administration route in a variety of
CNS disorders. Over the last decade, data have been provided on the feasibility of systemic
NPC transplants via either intravenous (i.v.) cell injection into the blood stream, or interacer-
ebroventricular (i.c.v.)/intrathecal (i.t.) into the CSF, in experimental CNS disease models
[10-13, 16, 136-138]. Adult somatic mouse NPCs, administered 22 days post immunization
(dpi) greatly reduced the functional impairment observed in chronic MOG;; s;-immunized
EAE mice [11]. Also, rat NPC neurospheres, administered i.c.v. or i.t. in rats affected by acute
EAE, attenuate the clinical symptoms when administered at the same day of disease induction
(0 dpi) [136]. Intravenous injected mouse NPCs were proved to be efficacious in PLP,35
immunized relapsing EAE mice [16]. Indeed, mice, treated with NPCs at the disease onset or
at the time of the first relapse, recovered faster and showed a decrease in the relapse rate
compared to controls. At the end of the follow-up (90 dpi) both treatments resulted in a lower
relapsing remitting EAE cumulative score [16]. Finally, MOG;; ss-immunized chronic EAE
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mice receiving either mouse neurospheres (i.c.v) or single cell NPCs (i.v.), at 6 and 8 dpi
respectively also showed significant clinical amelioration [20, 139].

The therapeutic efficacy of systemically administered NPCs has been later observed in a
different pathological context, such as stroke. Mouse somatic NPCs, systemically transplanted
3 days after middle cerebral artery occlusion (MCAO0), resulted in a better recovery, signifi-
cantly improving the neurological severity score starting from 18 days post transplantation
(dpt) until the end of the follow-up (30 dpt) [140]. Similar neurological improvements were
observed in rats subjected to MCAo and common carotid artery occlusion (CCAo) after i.t.
transplantation (7 days after stroke) of rat NPCs [141]. Significant locomotor recovery was also
observed after acute systemic NPC transplant in mice suffering from contusion SCI [13].

Similarly to rodent cells, human NPCs have been proved to be therapeutically efficacious.
Foetal NPCs administered either i.v. or it. at the disease onset, reduced the severity of
MOG, j,5-induced chronic EAE in common marmosets [15]. Further, human embryonic stem
cell (ESC)-derived NPCs have been shown to reduce disease severity of chronic EAE mice
[142]. Human immortalized NPCs have been widely enrolled in stroke models. The systemic
injection of the HB1.F3 NPC line resulted in neurological improvements of rats treated 1 day
after MCAo or intracerebral hemorrhage (ICH) stroke models [12, 137, 138]. The same line
resulted therapeutically effective also in quinolinic acid-induced experimental HD in rats,
where NPCs administered intravenously at 7 days after disease induction, significantly
ameliorated the behavioural outcome [14].

All these evidences showing behavioural recovery upon systemicinjection of NPCs in different
CNS inflammatory models, led to the investigation of the molecular mechanisms standing
behind, since this capacity bears the hope of developing less invasive surgical techniques to
implant therapeutic adult human stem cells into patients affected by highly debilitating CNS
disorders, such as MS, stroke, SCI, epilepsy, PD, AD and HD.

4.2. Homing capacity: NPCs breach the CNS batrriers

Brain and spinal cord are protected by a complex control system, composed by tight barriers
shielding the action of a unique troop of immune cells. Indeed, to access the brain and spinal
cord parenchyma, circulating cells have to breach through all the barriers that closely seal the
CNS from the surrounding environment. Namely, these are the blood-brain barrier (BBB) at
the level of parenchymal capillaries and post-capillary venules, the blood-cerebrospinal fluid
barrier (BCSFB) at the level of the choroid plexus in the brain ventricles, and the blood-
leptomeningeal barrier (BLMB) at the level of the leptomeningeal/subarachnoid space. The
main role of these barriers is to maintain the chemical composition of the CNS microenviron-
ment, thus ensuring the proper functionality of neuronal circuits, synaptic transmission and
remodelling, angiogenesis, and neurogenesis in the adult brain, while their rupture is involved
in many neuroinflammatory disorders [143]. Because of the existence of such barriers, the
access of systemically injected NPCs to the CNS parenchyma seems quite unlikely.

Structurally, the main component of the BBB is represented by specialized ECs characterized
by the absence of fenestrae, low pinocytotic activity and by the presence of intercellular tight
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junctions (TJs) [144]. This clutched arrangement prevents the free passage of molecules, while
the transport of nutrients into the CNS and the discard of toxic molecules into the circulation
isensured by active mechanisms, thus guarantying a proper neuronal activity [145]. Moreover,
the BBB is an essential constituent of the so-called neurovascular unit, aboundary zone defined
on one side by the endothelium basement membrane (located in the abluminal side of the
vasculature) and on the other by the parenchymal basement membrane, which establishes the
ultimate border between the perivascular space and the CNS parenchyma. In post-capillary
venules these two membranes lay in close proximity, leaving just a narrow perivascular space
in between, which becomes more significant at the level of arteries and veins. In this area,
occasional APCs (leptomeningeal mesothelial cells) reside and play a major role in the
immunosurveilance program of the CNS. Finally, the inner and outer sides of the parenchymal
basement membrane are juxtaposed to the glia limitans, whose crossing seems to be crucial for
the effective triggering of a neuroinflammation process [146, 147]. The functionality of the BBB
in clinical situations, such as those occurring in some neurodegenerative disorders like MS,
ischemic stroke, sub-arachnoid haemorrhage, TBI and AD is markedly reduced, leading to an
increased permeability and trafficking of immune cells into the CNS parenchyma [148-152].

Most of the knowledge about the mechanisms that allow circulating cells to breach the
barrier(s) [117, 153, 154] and move into the CNS parenchyma comes from observations
conducted with models of CNS inflammation. Initial studies showed how intravenously
injected radioactively labelled encephalitogenic T cells were able to cross the BBB of healthy
recipients [153]. It was also shown that, while activation is mandatory for T-cells to cross the
endothelial barrier and reach perivascular spaces, antigen specificity is dispensable to further
cross the glia limitans and invade the CNS parenchyma after having encountered the appro-
priate APCs [155].

The extravasation of specific T cells requires a multistep process [156]. The first step, known
as capture (in non-inflamed endothelia) or fethering (in inflamed endothelia) and rolling is
represented by an initial, transient contact promoted by the specific interaction between
members of the selectin and integrin families expressed by the activated endothelium with
their respective ligands on circulating immune cells. It has been shown how the recruit-
ment of inflammatory cells across the BBB involves a4-integrin and its ligands of the
immunoglobulin (Ig) superfamily, namely vascular cell adhesion molecule (VCAM)-1 and
mucosal addressin cell adhesion molecule (MAdCAM)-1 [147]. Upon this initial contact,
circulating cells decrease their initial speed and resist the shear stress created by the blood
flow, mainly through endothelial intercellular adhesion molecule (ICAM)-1 and VCAM-1,
but not ICAM-2 [157]. Elegant studies have consistently shown that the inhibition of the
dimeric a4Bl-integrin and its cognate receptor VCAM-1 on the activated endothelium
prevented the accumulation of leukocytes in the CNS and the development of EAE [158].
Interestingly, when the inflammatory process is started, a41-integrin is no more dispensa-
ble for T-cell capture or rolling [159].

The following step requires the firm adhesion and crawling of T-cells along the vascular wall.
This is orchestrated by some chemokines and chemoattractants, such as stromal cell-derived
factor (SDF)-1a/CXCL12 [160], monocyte chemoattractant protein (MCP)-1/CCL2 [161],
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regulated and normal T cell expressed and secreted (RANTES)/CCL5 [162], EBI1 ligand
chemokine (ELC)/CCL19, secondary lymphoid-tissue chemokine (SLC)/CCL21 released by the
inflamed endothelia and CCR7 [163]. By binding to their G-coupled receptor (e.g.: C-X-C
chemokine receptor -CXCR- type 4 for SDF-1 and CCR2 for MCP-1), these chemokines transmit
an inside out signalling to T-cell surface integrins, which undergo dramatic conformational
modifications thus increasing their avidity (specificity for the ligand). Once engaged in such a
firm adhesion, T-cells need to make their way through the endothelium. To this purpose they
start probing the vasculature to find the optimal site to breach the wall. Following adhesion
toblood vessel walls, leukocytes undergo a series of actin rearrangements that eventually mark
their transition to a more flatten and polarized shape [164]. Finally, T-cells cross the border
either by paracellular or transcellular diapedesis or by creating pores through the cells -
transcellular diapedesis -. While the former require the disassembly of the intercellular junction
structure, the latter involves the formation of “cell-in-cell” interactions through the arrange-
ment of docking structures or transmigratory cups enriched in ICAM-1 and VCAM-1, which
partially embrace migrating leukocytes [165].

A very similar sequential process has been shown being recapitulated when systemically
injected NPCs specifically home to the site of damage. In fact, NPCs posses the ability to reach
the cerebral parenchyma where they eventually induce recovery in animal models of neuro-
degenerative diseases such as EAE [10, 11] stroke [12, 166], SCI [167, 168], epilepsy [138, 169],
HD [14], other than glioblastoma [135, 170]. The first studies showing the extravasation
capacity of NPCs [10-12] clearly demonstrated that this capacity was strictly related to the
activation of the ECs by an inflammation process occurring within the brain. NPCs adminis-
tered either i.c.v. ori.v. to healthy animals were, in fact, never observed inside the CNS, while
mainly accumulating in peripheral organs, or remaining confined in the ventricles or subar-
achnoid space. Only after activation of endothelial cells, exogenous NPCs were observed to
accumulate into the CNS. Systemically injected NPCs are, in fact, able to follow a gradient of
chemoattractants (e.g. pro-inflammatory cytokines and chemokines) released by the inflam-
matory lesions into the blood stream and CSF. Following these signals, NPCs rapidly reach
the source of pro-inflammatory molecules within and interact with the activated endothelial/
ependymal cells around inflamed CNS tissues. At this level, NPCs and endothelial cells start
an organized sequence of events resembling those described for T cell extravasation that allow
the selective entrance and specific homing of transplanted cells in multifocal inflammatory CNS
areas [16]. Interestingly enough, only small percentages (between 1-5%) of the systemically
administered NPCs actually infiltrate and integrate within the CNS [11, 13, 140]. Mouse SVZ-
derived adult NPCs transplanted in a subacute model of brain inflammation were shown to
adhere to the CD49d counterligand VCAM-1 [16]. Further in vivo experiments showed that
migration of mouse NPCs towards the site of damage is dependent on the CXCR4-SDF-1a
signalling in mouse models of MS and brain tumour [17, 171]. In stroke models, the up-
regulation of VCAM-1 on the surface of endothelial cells facilitates the targeting and the
subsequent extravasation of VLA-4 expressing NPCs to the site of injury [18]. In line with this,
mouse NPCs sorted via FACS for the presence of VLA-4 revealed a more efficient transendo-
thelial migration in a mouse model of stroke after intracarotid injection [18]. More recently it
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was shown that also the CCR2/CCL2 interaction is substantially involved in the recruitment
of systemically delivered NPCs in a mouse model of stroke [172].

In vitro experiments confirmed that mouse NPCs express many functional receptors on theirs
surfaces, among which the a4 subunit of the integrin VLA-4 [16], the SDF-1a receptor CXCR4
[173] and CD44, a cell-surface glycoprotein that binds to hyaluronic acid (HA) and is expressed
also in activated T cells [174, 175]. Interestingly, NPCs led to the formation of transmigratory
cups, enriched in multiple adhesion molecules such as ICAM-1 and VCAM-1, on the surface
of endothelial cells [175] as previously shown for T lymphocytes diapedesis [176].

Similarly, also immortalized human NPC lines express CD44 [175] and CXCR4 [173]. However,
in a recent study, human NPCs were shown to interact with activated ECs through integrins
a2, a6 and (1 rather than CXCR4 [177]. Further, human NPCs express the receptors CXCR1
and CXCR5, which mediate their in vitro migration across a monolayer of human brain ECs in
response to IL-8/CXCL8 and B lymphocyte chemoattractant (BLC)/CXCL13, chemokines
previously known to favour the trans-endothelial migration of immune cells [178].

All these evidences suggest that systemically injected mouse and human NPCs share the
expression of a variety of functional immune-like receptors, such as functional cell adhesion
molecules (e.g. CD44 and VLA-4) and inflammatory chemokine receptors (e.g. CCR2, CCR5
and CXCR4), giving them a unique leukocyte-like molecular signature. This characteristic,
allowing NPC interaction with activated endothelial and ependymal cells, represents an
essential requirement in the therapeutic paradigm of systemic delivery. Therefore, the
discovery of the specific homing ability of NPCs across the BBB opened new frontiers for the
treatment of CNS diseases, in particular for those diseases characterized by disseminated
damage.

4.3. NPC interaction with the dysfunctional CNS microenvironment: The establishment of
ectopic niches

Consistent data exists reporting the ability of i.v. injected NPCs to cross the BBB and accumu-
late into the CNS. Here, exogenous NPCs co-exist with different host components, such as ECs,
infiltrating inflammatory cells, activated macrophages/microglia and reactive astrocytes [19].
In this context, the intimate association with ECs, the physical proximity to the vasculature
and the enhanced expression of stem cell regulators and growth factors involved both in
angiogenesis and neurogenesis has been described to play a major role in defining a molecular
architecture reminiscent of prototypical germinal stem cell niches [16]. Within these atypical
ectopic perivascular niches, in addition to hierarchical (mother-to-daughter) communication, a
sophisticated level of cell-to-cell horizontal communication takes place between transplanted
NPCs and resident cells. Recent evidences confirm that NPCs are able to communicate with
host cells via cellular contacts. For instance, functional gap junction formation has been shown
to allow exogenous NPCs to rescue host neurons and their projections in animal models of
Purkinje neurodegeneration. Gap junctions permitted the trans-cellular delivery of homeo-
stasis-modulating molecules, as well as directly influenced the coordinated activity of the host
network via Ca"™ waves. Moreover, hypoxic preconditioning of NPCs before their in vitro
engraftment increased Connexin 43 expression and improved subsequent communication
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with host cells [179]. Possible mechanisms of communication include also secretion of growth
factors, hormones, cytokines, chemokines and small molecular mediators [180], cell-to-cell
interactions via tunnelling nanotubes [181] and secretion of circular membrane vesicles [182],
other than cell-to-cell contacts [183].

Correlative evidence suggest that, depending on local inflammatory milieu, transplanted
NPCs may either remain in the niche while maintaining an undifferentiated state, or move out
from the niche, finally acquiring a terminally differentiated phenotype [16]. When systemically
injected in chronic EAE mice, syngenic NPCs were found almost exclusively in areas of CNS
damage, mainly within the submeningeal space in close proximity to subpial inflammatory
foci (after i.t. stem cell injection), or around post-capillary venules (after i.v. stem cell injection)
[11]. Ten days after transplantation, relatively few cells were found in the CNS parenchyma
and at 30 dpi many of the surviving donor cells were localized deeply within the brain
parenchyma and displayed a marked distribution pattern: most of them were confined within
areas of demyelination and axonal loss, and only very few cells were found within regions
where the myelin architecture was preserved [11]. Similar results were obtained after i.c.v NPC
injection at the peak of EAE in rats: cells entered into the brain or spinal cord parenchyma and
mostly accumulated at sites of inflamed white matter but not into adjacent grey matter regions.
In line with the previous study, after 2 weeks cells had migrated into distant white matter tracts
but, on the contrary, most of them had acquired specific markers of the astroglial and oligo-
dendroglial lineages [184]. Mouse NPC transplants in rodents affected by EAE are also
associated with significantly reduced glial scar formation [11] and an increased survival and
recruitment of endogenous neural cells participating to the naturally occurring brain repara-
tive response upon myelin damage [10, 15, 16, 185, 186].

Human NPCs have shown a higher rate of cell integration after being administered in
different animal models. In particular, the HB1.F3 immortalized cell line, i.v. injected in a
model of ischemic stroke, were shown to enter the ischemic area and differentiate into
neurons and astrocytes, similarly to what observed with focal injected cells [12, 187].
Transplanted cells seemed to adapt their fate accordingly to the region of engraftment,
showing the appropriate neuronal and glial markers. NeuN* and NF* cells were identi-
fied primarily in the CA1 area of the hippocampus and in the dentate gyrus, mixed with
GFAP* cells. Vimentin, GFAP and NF markers showed a progressive expression during the
first 2-3 weeks after transplantation, suggesting a step-by-step maturation of the cells [187].
The very same line of cells, injected in a rat model of ICH [137], was observed to infil-
trate the brain, survive and migrate towards the peri-hematomal areas. The cells were found
mainly differentiating into GFAP* and NeuN* cells. However, the rapid behavioural
recovery observed in ICH rats as soon as 2 weeks after transplantation, suggested that the
NPC therapeutic effect was mainly related to neuroprotection, rather than to integration
into neuronal circuitry [137, 187], since the latter would require longer time to produce
clinical ameliorations. A similar trend towards human NPC differentiation has been
observed in animal models of SCI, SE and HD. HB1.F3 hNPCs administered in mice
subjected to compression SCI, were observed to differentiate into BIII-tubulin® neurons at
21 days after transplantation [167]. GABA-immunoreactive interneurons were, instead,
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observed originating from HB1.F3 when systemically administered the day after lithium-
pilocarpine induction of experimental SE in rats [138]. Further, HB1.F3 cells injected 7 days
after unilateral quinolinic acid (QA)-induced model of HD in rats were found to stay
confined around blood vessels, mostly in the damaged hemisphere and only partially
differentiating in GFAP* and NeuN" cells at 3 weeks post transplantation [14].

Despite these evidences showing the ability of exogenous NPCs to survive and differentiate
into multiple derivatives according to local cues, the majority of the data provided has
substantially failed to show convincing relevant differentiation and integration of transplanted
NPCs in vivo. It is now quite evident that NPCs (and more generally somatic adult SCs) might
protect the CNS trough mechanisms alternative to direct cell replacement, which imply the
interaction of NPCs with both resident neural and immune cells [7, 188]. Cell replacement is
therefore only one of the multiple ways by which transplanted NPCs can promote tissue repair,
and a much more complex therapeutic scenario should be foreseen. The concept of stem cell
therapeutic plasticity (or functional multipotency) has therefore emerged, describing the different
way(s) NPCs use to interact with tissue-resident vs. infiltrating immune cells, at the level of
the inflammatory tissue context in which they are either transplanted or migrate to after
transplantation. These bystander effects, are mainly represented by neuroprotection, which
might occur both through secretion of soluble factors and cell-to-cell contact interactions and
immunomodulation, intended as the capacity of NPCs to influence the activity of the immune
system in the CNS and/or in the periphery, at the level of secondary lymphoid organs [5, 19].

4.3.1. Tissue trophic effects

NPCs may exert their neuroprotective effect by increasing in sifu bioavailability of several
molecules, such as neurotrophins, growth factors and developmental stem cell regulators, thus
promoting the survival and function of endogenous glial and neuronal progenitors that
escaped the primary insults [19].

Mouse NPCs systemically injected in mice affected by middle cerebral artery occlusion
(MCAOo) were observed to mostly maintain an undifferentiated phenotype, while accumulat-
ing at the boundaries of the lesioned area [140, 141]. Tissue survival was associated with a
down regulation of inflammation, glial scar formation and neuronal apoptotic cell death at
both mRNA and protein levels [140]. Increased levels of BDNF, NGF and neurotrophin (NT)-3
were found in the CSF of stroke-affected rats after intra-cisterna magna administration of
NPCs. In addition, immunohistochemical analysis of the injured brain revealed an increase of
MHC classIlevels in treated rats [141]. Interestingly, this neuroprotective effect in the ischemic
microenvironment seems to start very soon after the systemic administration of cells. In fact,
data have been provided showing an increase in the gene expression levels of IGF-1, VEGF,
TGF-18, BDNF and CXCL12/SDF1-a in the NPC-transplanted MCAo brain, as soon as 24 hours
after the acute i.c.v. injection [189]. Further, NPCs have been proved to increase in vivo
vascularisation when administered after stroke, most likely due to their ability to increase the
presence of VEGF, FGF, BDNF and chemoattractant factors (such as SDF-1a), which promote
angiogenesis and mobilization of endogenous endothelial progenitors [18, 190]
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More recently, adult mouse NPCs systemically injected in mice (3 injections few hours after
the injury) suffering from acute contusion SCI, showed an undifferentiated morphology
(similarly to what observed in EAE) at the level of the damaged CNS. Ex vivo RT-PCR analysis
showed NPC-driven up regulation of BDNF, NT-3, NGF, leukemia inhibitory factor (LIF) and
TNEF- o only at 48h after treatments, while no differences were observed neither at 24h or 7
days after transplantation [13]. Similarly to what observed by indirect evidence in vivo, real-
time PCR gene expression analysis directly revealed high levels of NGF, BDNF and NT-3 and
glial cell line-derived neurotrophic factor (GDNF) in the transcripts of cultured rat NPCs [141,
191]. In addition, in line with the observed pro-angiogeneic effect in vivo after transplantation
of mouse NPCs in stroke models [18, 190], human NPCs were proved to secrete VEGF in
vitro [192].

All these evidences suggested that the underlying molecular mechanisms by which trans-
planted NPCs instruct tissue protection effects are partly related to increased in vivo
bioavailability of major neurotrophins [11, 138, 139, 193] able to modulate the host environ-
ment resulting more permissive to regeneration. Neurotrophins exert important roles as
mediators in cell cycle regulation, cell survival, and differentiation during development and
adulthood. The delivery of diffusible proteins to the CNS has been seen as a possible
therapeutic weapon for neurological diseases. However, because the CNS is likely impene-
trable for many of these diffusible proteins, NPCs might be envisaged as carrier of neurotro-
phic factors. To this aim, NPCs have been genetically modified to act as Trojan horses to
deliver the desired diffusible molecules at the site of injury, thus fostering their innate capacity
to secrete neurotrophic and growth factors [194]. Among all the candidate neurotrophic
factors to be delivered, GDNF has shown a potent neuroprotective effect on a variety of
neuronal inflammatory models, such as stroke and PD [195-197]. However, its effects are
generally transient and need consecutive administrations to obtain long-standing results.
NPCs over-expressing GDNF can instead provide durable neuroprotective effects, as shown
with mouse NPCs, transplanted i.c.v in rats 3 days after MCAo [198]. The exogenous cells
resulted in an overall increase of cell survival of endogenous cells after the insult, which in
turn was associated to a partial functional recovery. Interestingly, treated rats also dis-
played a significant increase of the synaptic proteins synaptophysin and post-synaptic density
protein (PSD)-95, suggesting an enhanced neuronal function and a possible reconstruction
of endogenous neural circuitries after the grafting [198]. Finally, a recent study showed that
the intravenous administration HB1.F3 human NPCs transduced with INF-f and cytosine
deaminase (CD), was able to interfere with toll-like-receptor (TLR)-4 (up-regulated into the
site of injury) suppressing the SCI-induced proliferation of reactive astrocytes and promot-
ing functional recovery [199]. Other neurotrophic factors, such as BDNF and VEGF, have
been over-expressed in NPCs and mainly tested upon intraparenchymal injection in models
of SCI [200] or ICH [201, 202]. Taken together, these data suggest that the clinical ameliora-
tion observed in CNS disease animal models are, at least in part, mediated by a multilay-
ered NPC neurotrophic signature.
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4.3.2. Regulation of the immune system

Considerableevidence of theimmune modulatory capacity of NPCshas derived from transplan-
tation studies through different routes in the EAE model. As mentioned, transplanted NPCs are
consistently found around inflamed blood vessels, in close contact withboth endogenousneural
cells (e.g. astrocytes and neurons) and CNS-infiltrating blood-borne CD45" immune cells [185].
Also, i.c.v. administered NPCs were found to attenuate brain inflammation primarily through
areduction of perivascular infiltrates and CD3* T cells with a concomitantincrease of CD25" and
CD25*/CD62L* regulatory T cells [136]. Interestingly, i.v. injection of NPCs also protects against
chronic neural tissue loss as well as disease-related disability in EAE, via induction of apopto-
sis of blood-borne CNS-infiltrating encephalitogenic T cells [185]

NPCs have been shown to possess immune modulatory capacity also in models of stroke,
where T cells do not have a major role in the disease pathology. Irrespectively of the route of
administration (systemically vs. intraparechimally), transplanted NPCs migrate towards the
site of infarct in MCAo and ICH models [12, 137, 138, 203-207] and once reached the ischemic
boundary zone (IBZ), grafted NPCs interact with the inflammatory environment. The sub-
acute (delayed) i.v. injection of mouse NPCs after MCAo in mice, significantly down-regulates
multiple RNA species involved in inflammation, including IFN-y, TNF-a, IL-1$, IL-6 and
leptin receptor [140]. Therefore, NPCs may exert an immune modulatory action, causing a
profound down regulation of inflammatory lymphoid (T cells) and myeloid (macrophages) cells
within inflamed brain areas.

While the inhibition of the T cell responses by NPCs is a quite established concept [208], the
effect of the interaction between transplanted NPCs and microglia/macrophages is still
controversial, mainly because of the non-univocal data regarding the role sustained by
professional phagocytes under CNS inflammatory conditions. In vivo studies have in fact
produced opposite evidences that might underline once more the bimodal action of some
immune regulators [209]. NPC transplantation promote the infiltration of CD11b* myeloid
cells into the brain of MCAo mice, thus suggesting that myeloid cell activation might be
required for transplanted NPCs to exert part of their neuroprotective action [189]. Indeed,
MCAo0 mice in which CD11b* microglia have been selectively ablated showed exacerbation of
the ischemia-dependent brain injury [113]. However, several studies have showed a significant
reduction of microglia/macrophages in the brain of mice, with either ischemic or haemorrhagic
stroke, together with improved neuronal survival and locomotor functions after NPC trans-
plantation [22, 140]. Also in this case, NPCs have been engineered in order to increase their
immune modulatory capacity. Recently, mouse NPCs were transduced with IL-10, which has
been proved to efficiently suppress EAE symptoms and promote survival of neurons and
oligodendrocytes [210-212]. Mouse NPCs, transduced with a lentiviral vector encoding IL-10,
showed enhanced ability to induce remyelination, neuronal repair and immune suppression
after systemic injection in EAE mice compared to control NPCs [213].

In vitro, NPCs are shown to increase the apoptosis of PLP,35-specific Th1 pro-inflammatory
(but not Th2 anti-inflammatory) cells through the engagement of death receptors, including
FasL, TNF-related apoptosis-inducingligand (TRAIL), and APO3L, on the surface of NPCs [16].
Mouse and rat NPCs also inhibit T cell activation and proliferation in response to T cell recep-



Systemic stem cell therapies and brain diseases
http://dx.doi.org/10.5772/55426

tor (TCR)-mediated stimuli (e.g., concanavalin A and anti-CD3/anti-CD28) [136, 214]. NPC/T
lymphocyte co-culture experiments suggest that part of the anti-proliferative effect of NPCs
might depend on the inhibition of IL-2 and IL-6 signalling on T lymphocytes [214]. In addi-
tion, NPCs have shown a selective pro-apoptotic effect on Th17 cells in vitro via a FasL (CD95L)-
dependent mechanism, identifying the axis Fas-Birc3 as an additional survival pathway for
NPCs [215]. Mouse C17.2 NPCs also suppress T-cell proliferation, at least in part, by reactive
production of the soluble mediators nitric oxide (NO) and prostaglandin E2 (PGE2). High levels
of NOand PGE2 areinfactinducedin T cells when co-cultured with NPCs. In addition, inducible
NO synthase (iNOS) and microsomal type 1 PGES (mPGES-1) are detected in NPCs in co-
culture with T-cells, suggesting that NO and PGE2 production in NPCs is induced by expo-
sure to activated T cells [216].

Human NPCs have been proved to suppress the proliferation and alter the cytokine secretion
profiles of activated T cells on both xenogeneic antigen-specific T cells derived from EAE
induced non-human primates (common marmosets), and allogeneic mitogen-activated T cells.
Co-culture of human NPCs with T cells, revealed their immune modulatory capacity through
both direct cell-to-cell contacts as well as via the release of soluble mediators into the culture
medium [15]. Notably, in contrast to the mouse counterpart, human NPCs have a limited
cytotoxicity against T cells in vitro, given that FasL is only barely detectable on their surface.
However, human NPCs exposed to cytokines express high levels of TNF-a, resulting in a
higher cytotoxic potential against monocytes and macrophages [217]. In line with this,
immortalized human NPCs were also proved, trough direct in vitro experiments, to reduce T
cell activation and proliferation. Conditioned media collected from human NSCs (HB1.F3 line)
in vitro, directly suppress the proliferation of activated human T cells through both induction
of apoptosis and cell cycle arrest. Nonetheless, human NPC-released mediators alter the
cytokine production pattern of T lymphocytes, increasing the expression of IL-4, IL-10, TNF-
a, and IFN-y and decreasing IL-2, thus affecting the overall activation [200].

4.4. NPC interactions with the dysfunctional non-CNS microenvironment

In parallel to the observed immune modulation and neuroprotection into the CNS, other studies
have shown that systemically injected cells may act also outside the injured CNS. Different
studies, in fact, have reported the capacity of NPCs to target and synergize with immune cells
at the level of secondary lymphoid organs (e.g. draining lymph nodes) and the spleen, result-
ing in the attenuation of the inflammatory response following EAE, stroke and SCI.

It was initially showed in vitro that NPCs strongly inhibited the ability of EAE-derived lympho-
cytes to produce pro-inflammatory Thl cytokines in response to MOGs;; 55 stimulation. In
addition, specifically activated T cellsisolated from EAE mice treated with NPCs, were deficient
in their ability to adoptively transfer EAE (to a naive host), thus suggesting a long-lasting
inhibition of encephalitogenicity of T cells [20]. Further data have been provided about a specific
and almost exclusive targeting of the peripheral immune system in SJL mice with PLP-in-
duced EAE, in which NPCs had been injected subcutaneously (s.c.) at 3 and 10 dpi [21]. This
alternative administration protocol showed a significant clinical improvement in EAE mice
despiteinjected cells were neverbeen consistently found into theinflamed CNS. Sub-cutaneous-

307



308 Neural Stem Cells - New Perspectives

ly injected, s.c.-injected cells were mainly found accumulating and persisting (up to 2 months)
at the level of the perivascular areas of the draining lymph nodes, where they interacted with
resident cells. Similarly to what observed in the CNS parenchyma, NPCs accumulated as focal
clusters around blood vessels of the hilum and medullary/paracortical areas. Here they
established close interactions with endothelial cells and cell-to-cell contacts with CD11c¢* DCs,
F4/80" professional phagocytes and MHC class II*immune cells [21]. Further, ex vivo analyses of
lymph nodes isolated from NPC-treated EAE mice, showed hampered activation and matura-
tion of myeloid DCs. This was associated, according to both in vivo and in vitro analyses, to the
release of BMP-4 and TNF-a or TLR agonists. The BMP-dependent effect is highly specific for
immune regulatory NPCs and, in turn, leads to the restraint of encephalitogenic T cell expan-
sion at sites of antigen presentation. In addition to BMP-4, transplanted NPCs modulated the
local increase of major stem cell fate determinants, including BMP-7, the extracellular matrix
protein tenascin C, Shh and Noggin. The pattern of NPC accumulation, the secretion of
extracellular matrix proteins and stem cell regulators, and thelack of expression of neurallineage
antigens (e.g. PSA-NCAM, class III p—tubulin, NeuN, NG-2 and GFAP) once more suggest the
establishment of perivascular atypical ectopic niche-like areas in the peripheral lymph nodes,
similarly to what already seen in the CNS [15]. Supported by these experiments, a successive
step forward was undertaken to test NPCs therapeutic capacity in a non-human primate model
of EAE. Systemically injected foetal human NPCs into MOG, ¢s-immunized common marmo-
sets delivered at either the clinical onset of the disease or at subclinical occurrence of MRI
detectablebrainlesions, were found notonly at thelevel of perivascularinflammatory CNSareas
but also in secondary lymphoid organs. In parallel to these observations, human NPCs inter-
fere in vitrowith anumber of key functions, such as the differentiation of myeloid precursor cells
(MPCs) into immature DC (iDC) and the maturation of iDC to functional mature DCs. A
significant impairment of the differentiation of CD14* MPCs into CD1a*iDCs has been report-
ed when MPCs were cultured with granulocyte macrophage colony-stimulating factor (GM-
CSF) and IL-4 in presence of NPCs [15]. In the same study, NPCs influenced the up regulation
of the co-stimulatory molecules CD80, CD86 and MHC-II on LPS-treated DCs, thus impairing
their capacity to induce a proliferative allogeneic response in mixed leukocyte reaction in vitro.
Clinically wise, thei.v.NPCinjection resulted more efficacious than thei.t. NPC treatment. This
might be related to either the higher number of surviving cells or to an additional peripheral
effect. Systemic NPCs were, in fact, subjected to selective capturing into cervical lymph nodes
where they persisted up to 3 months while establishing close contacts with blood-borne
inflammatory cells [15].

Similarly to what observed in EAE models, i.v. administered human NPCs, in a rat model of
ICH, revealed a peripheral therapeutic function in attenuating the inflammatory response to
the insult [22]. In line with previous studies, cells were rarely observed into the injured brain
while the majority of NPCs were found distributed within the systemic organs. In particular,
few NPCs were observed in mesenteric lymph nodes while large numbers were detected in
the spleen, especially in the marginal zone area, which is typically enriched in macrophages.
Once again NPCs were found in close contact with immune cells and some of them were
establishing cell-to-cell contact interactions with CD11b* spleen macrophages. This result was
probably due to the existence of a link between brain and spleen inflammation, called “brain-
spleen inflammatory coupling”. Remarkably, splenectomy prior to ICH has been shown to
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reduce the initial cerebral oedema and inflammatory cell infiltration caused by stroke [22].
NPC accumulation into the spleen, in this case, modulated brain inflammation by reducing
the level of major inflammatory mediators in stroke, such as TNF-a, IL-6 and nuclear factor-
kappa B (NF-kB), and consequently improved neurologic outcome.

It has been recently shown that mouse NPCs (from fully mismatched C57BL/6 mice) co-
transplanted with pancreatic islet under the kidney capsule of Balb/c diabetic mice prevents
acute islet allograft rejection. This effect was related to a significant reduction of CD4" T cells
and with a concomitant enrichment of CD4*/CD25*/FoxP3* regulatory T cells in the spleen,
inducing active tolerance. These data suggest that the peripheral immune-modulation exerted
by NPCs could alleviate the immune reaction leading to organ rejection. Unfortunately this
condition appeared strictly associated with the development of NPC-derived tumours mainly
sustained by insulin secretion from the co-transplanted islets [218].

Whether most of the immune regulatory effects of systemically injected NPCs act mainly into
the CNS or in the periphery is still under debate. Peripheral lymphoid organs have been
demonstrated to play an important role in the regulation of the immune responses to myelin
antigens in EAE and a very sophisticated modulation of T-cell self-reactivity is known to take
place [219-221]. A very recent study proposes a molecular mechanism sustaining NPCs
immune modulation capacity in EAE. The preventive (0 dpi) or therapeutic (10 dpi) i.v.
administration of NPCs resulted in their accumulation in lymph nodes and spleen, with rare
cells observed into the CNS and without any evidence of myelin repair. Nevertheless, treated
mice showed partial clinical recovery. Remarkably, the authors achieved the same results even
transplanting NPC conditioned-medium or minimally irradiated NPCs (unable to differenti-
ate but capable of secreting cytokines and neurotrophins), evidence sustaining a true periph-
eral function of NPCs. In particular, the observed clinical amelioration seem to be related to
the selective inhibition of encephalitogenic Th17 cell differentiation through secreted factors.
LIF has been identified as the key factor responsible for the observed inhibition of Th17 cell
differentiation and the authors elucidated the signalling pathway behind this novel mecha-
nism of action, where LIF antagonizes IL-6-induced Th17 cell differentiation through ERK-
dependent inhibition of STAT3 phosphorylation [23]. Further studies will be needed to
establish the absolute relevance of these pre-clinical data in EAE, where peripheral lymphoid
organs play an important role in the regulation of the immune responses to myelin antigens,
and their potential for future applications in MS. All the preclinical data describing NPC
therapeutic effect upon systemic administration are summarized in Table 1.

. . Observed Proposed
Disease Model Species Transplant Features . Refs
Effect(s) Mechanism(s)

Cell type Cellno./ Route  Time
animal

Experimental Autoimmune Encephalomyelitis (EAE)

Acute EAE Rat Rat 1.5-2x10* i.cv.or Disease  Cell None [10]

neurospheres it. peak differentiatio
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Observed Proposed
Disease Model Species Transplant Features . Refs
Effect(s) Mechanism(s)
Cell type Cellno./ Route  Time
animal
n (neuronal
and glial and
tissue
trophism
Acute EAE Rat Rat 2x104 i.c.v. 0 dpi Immune None [136]
neurospheres regulation
(central)
Chronic EAE Mouse Mouse NPCs 1x10° i.v.orit. 22 dpi (Low) cell Inhibition of  [11]
differentiatioreactive gliosis
n and tissue
trophism
Chronic EAE Mouse Mouse 2.5x103  icwv. 6 dpi Immune Reduction of  [139]
neurospheres regulation  CNS
(local) inflammatory
infiltrates,
increase of
regulatory T
cells
Chronic EAE Mouse Mouse NPCs  1x10° i.v. 8 dpi Immune Suppression of [20]
Passive EAE regulation  encephalitogen
(peripheral) icT cells
Chronic EAE Mouse HumanES  5x10° i.cv. 7 dpi Immune Suppression of [142]
cell-derived regulation  encephalitogen
NPCs (local) icTcells
Chronic EAE Mouse IL-10- 1.5x10° iv.or 10,22 or Immune Inductionof T [213]
transduced i.cv. 30 dpi regulation  cell apoptosis,
mouse NPCs (local, promotion of
peripheral) myelin debris
and cell clearance
differentiatio
n
Chronic EAE Mouse Mouse and  2x10°6 i.v. 0 or 10 dpi Immune LIF-mediated  [23]
human ES regulation inhibition of
cell-derived (peripheral) Th17 cell

NPCs

differentiation
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. . Observed Proposed
Disease Model Species Transplant Features . Refs
Effect(s) Mechanism(s)
Cell type Cellno./ Route  Time
animal
Chronic EAE Mouse Mouse MSC- 3.5x10%-6. i.t. 21, 28 and Tissue None [258]
derived NPCs 1x10° 35 dpi trophism
Chronic EAE Mouse CCR5- 1.5x108  i.v. 22 dpi Immune None [259]
Passive EAE transduced (peak) regulation
mouse BM-
derived NPCs
Chronic EAE Common Human NPCs 2-6x10° i.t. oriv. Disease Immune Suppression of [15]
Marmoset onset regulation  encephalitogen
(central) ic T cells,
imparment of
dendritic cell
maturation
Relapsing EAE Mouse Mouse NPCs 1x10° i.v. Disease Immune Induction of T [16]
onsetor regulation cell apoptosis
first (central)
relapse
Relapsing EAE Mouse Mouse NPCs 0.5x10°  s.c. 3and 10  Immune BMP-4- [21]
dpi, or 10 regulation dependent
dpionly  (peripheral) hindrance of
dendritic cell
maturation
Relapsing EAE Mouse Mouse NPCs 1.5x10°  i.cv. Disease Immune None [260]
and Olig2- onsetor  regulation
transduced first (central) and
NPCs relapse  Tissue
trophism
Stroke
MCAo Rat Rat NPCs 1x10° it 2 dpi Cell None [204]
differentiatio
n (neuronal)
MCAo (10" or  Rat Human NPCs 5x10° i.v. 1 dpi Cell None [12,187]
90') differentiatio
n (neuronal,
glial)
MCAo (180") Rat Rat NPCs 1x10° i.t. 2 dpi Tissue Increased [190]

trophism

angiogenesis
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Observed Proposed
Disease Model Species Transplant Features . Refs
Effect(s) Mechanism(s)
Cell type Cellno./ Route  Time
animal
MCAo (180’ Rat Human NPCs 1x106 i.v. 2 dpi Tissue None [261]
trophism
CCAo +global Mouse Mouse 17.2  3x10° i.ca. 2 dpi Tissue Increased [18]
hypoxia- NSCs trophism angiogenesis
ischemia
MCAo (120) Rat GDNF- 5x10° i.c.v. 3dpi Tissue None [198]
transduced trophism,
rat NPCs Cell
differentiatio
n (neuronal)
MCAo (45') Mouse Mouse NPCs  1x106 i.v. 3dpi Immune Reduction of  [140]
regulation  microglial
(local) and  activation and
Tissue neuronal death
trophism
MCAo and Rat Rat NPCs 1.5x10° it 7 dpi Immune Neuroprotectio [141]
CCAo regulation  n mediated by
and tissue  NGF and
trophism modulation of
class | MHC
expression
MCAo (90") Rat HIF-1a- 1x108 i.c.v. 1 dpi Tissue Promotion of [227]
transduced trophism angiogenesis
rat NPCs
MCAo (45') Mouse TAT-Hsp70- 1x10%or iv.or  Acute Tissue Neuroprotectio [232]
transduced  5x10° i.p.c. trophism, nand
mouse NPCs reduction of enhanced
ROS neurogenesis
formation
and BBB
leakage
ICH Rat Human NPCs 5x10° i.v. 1 dpi Tissue Neuroprotectio [137]
trophism, nand
Cell integration in

differentiatioendogenous
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. . Observed Proposed
Disease Model Species Transplant Features . Refs
Effect(s) Mechanism(s)

Cell type Cellno./ Route  Time

animal
n (glialand neuronal
neuronal)  circuitries
Spinal Cord Injury (SCI)
Contusion (T8) Mouse Mouse NPCs 1x10° iv.or  Acute Tissue Reduction of  [13]
or1x10° i.p.c. trophism apoptosis and

modulation of

TNF-a
expression
Compression  Mouse Human NPCs 1x107 i.v. 7 dpi Cell None [167]
(T8) differentiatio
n (neuronal,
glial)

Contusion (T12) Mouse Mouse NPCs 5x10° i.c.v. 7 dpi Immune T-cell mediated [226]
and MOGss ¢¢ regulation  activation of
immunization (local) and  microglia with

Tissue a protective

trophism phenotype

BBB: blood-brain barrier; BM: bone marrow; BMP-4: bone morphogenetic protein 4; CCAo: common carotid artery
occlusion; CCR5: C-Cchemokine receptortype 5; dpi: days postimmunization/injury; ES cells: embryonic stem cells; GDNF:
glial-derived neurotrophic factor; HIF-1a: hypoxia-inducible factor 1q; i.ca.: intracarotid; ICH: intracerebral haemorrhage;
i.cv.. intracerebroventricular; i.p.c.: intraparenchymal (perilesional); i.t.: intrathecal; i.v.: intravenous; LIF: leukemia
inhibitory factor; MCAo: middle cerebral artery occlusion; MSC: mesenchymal stem cells; ROS: reactive oxygen species;
s.c.: subcutaneous; TAT-Hsp70: TAT-heat shock protein.

Table 1. Neuro-immune interaction following systemic neural stem cell transplantation in experimental disease
models.

5. Pros and cons of NPC systemic administration

In parallel to the investigation concerning the principal mechanism(s) sustaining NPC
therapeutic efficacy, other questions, such as (i) the ideal administration route, (ii) the amount
of cells to be transplanted and (iii) the optimal time point for cell delivery need to be answered.
Among the different possible routes of cell administration, intravenous cell delivery represents
one of the most attractive because of its technical simplicity and clinical practicability.
However, i.v. and i.t. administrations result in lower numbers of cells infiltrating the CNS,
compared to local stereotaxic-driven intracerebral injections, a reason why local injections of
cells are commonly preferred in clinical trials (see next section) despite the higher invasiveness
of the procedure. Even though initially investigated for multifocal disorders (e.g. MS), in order
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to deliver exogenous cells to all the disseminated inflammatory foci, all the previous experi-
mental data suggest that intravenous or intrathecal administration routes could be desirable
even for focal damages, such as those occurring in stroke and spinal cord injury [222]. In
experimental animal studies, i.p.c [223-225],i.v. [137, 185] i.a. [222], i.t. [204, 226] and i.c.v. [142,
227] protocols have been tested so far. However, only few comparative studies have been
conducted, testing pros and cons of the different administration routes. These studies (mainly
in animal models of stroke) evidenced the obvious capacity of intraparenchymal injection to
deliver higher numbers of cells in situ, compared to i.c.v. and i.v. [228]. By contrast, systemic
injections are thought to lead to a wider distribution of cells around the focal lesioned area.
This aspect is extremely important if we consider that human stem cells (and in particular
hNPCs) are still a limited resource [229]. Intravenously injected NPCs are firstly delivered to
peripheral organs, such as lungs, liver, spleen and kidney [16, 230]. This whole-body distri-
bution of exogenous systemic injected NPCs significantly reduces cell homing to the injured
brain [222]. To avoid this problem, at least partially, intra-arterial administration could be a
valid alternative (possibly coupled with pre-interventional imaging-based planning) to
selectively cover an injured volume supplied by several target vessels. Intracarotid injection
has already been proved to be functional for delivering stem cells in models of stroke, TBI and
SCI, resulting in higher numbers of extravasating cells (20%) compared to i.v. injections [18].
Nevertheless, although the number of cells infiltrating the CNS has been sometimes described
as fundamental, or at least proportional to their therapeutic effect [231], others have shown
that very low numbers of cells [140] can result into similar outcomes (in term of functional
recovery) compared to higher numbers of locally injected cells. This effect may be explained
by the fact that cell replacement is unlikely the only mechanism sustaining stem-cell thera-
peutic potential. Higher starting numbers of cells, in fact, increase the therapeutic potential of
intracerebral administered cells, but did not affected the efficacy of the i.v. injected cells. This
again suggests that the number of cells is much more important for focal than systemic
injections [232].

Importantly, when evaluating the optimal protocol, we should consider the procedure itself,
so that the risk should not outweigh the benefits of the treatment. From this point of view, i.e.
cell injection might be accompanied by increased mortality during cell delivery, probably due
to further ischemia or thrombosis [233, 234]. By contrast, cell transplantation trough the
vertebral artery, into patients affected by SCI, showed no adverse effects [235].

Another important unsolved issue for experimental stem cell therapies is the ideal time point
of transplantation. As described, the inflammatory activation of the CNS, characterizing MS,
stroke, SCI, epilepsy, AD, PD, HD is necessary for the homing of systemically injected cells.
Because of the rapid and dynamic changes occurring into the CNS during these inflammatory
conditions, the time of transplantation should be evaluated carefully. In fact, cell death,
excitotossicity, reactive oxygen species accumulation, inflammatory cell infiltrations and glial
scar formation, cause a rapid evolution in the damaged tissue, while creating an hostile
microenvironment for the engraftment of exogenous cells. This is important irrespectively to
the route of administration. For example, the acute focal transplantation of cells into the
ischemic brain or the injured spinal cord reduces the therapeutic efficacy of the cells, which
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are subjected to highly inflammatory conditions causing cell death [205, 236]. On the contrary,
the sub acute phase (few days after insult, in rodents) of the injury seems to be characterized
by better conditions for stem cell survival and a permissive microenvironment for tissue repair/
healing [237]. Although higher inflammation generally correlates with higher number of cells
infiltrating the CNS, it has been shown that greater numbers of cells accumulated into the
spinal cord after i.v. injection at 7 dpi compared to 3 and 10 dpi [167]. However, the optimal
time window for cell transplantation is still elusive and depends mainly on the type of
pathology and aim of the treatment. While neuroprotection should be addressed in the early
stage of the inflammatory disease, just after the initial insult, cell replacement and neurore-
generation should be targeted in a later stage, when the lesion has stabilized. Indeed, admin-
istration route, number of cells and time window and seem intimately related and it is not so
difficult to envisage a future in which a combination of early i.v. and late i.p.c administration
of different stem cell sources will be enrolled for the treatment of so far incurable CNS
disorders.

6. Clinical trials

In the last two decades the clinical potential of stem cells in the field of regenerative/restorative
medicine has been often matter of debate, mainly because of its inconsistent outcome. As an
example, the first attempt to treat a CNS disorder by means of stem cell transplantation took
place in the “80s: autologous adrenal medulla cells were intracerebrally transplanted into the
striatum of PD patients to provide a local source of catecholamine. The study was proved safe
although with minimal beneficial effect. Further, the first intrastriatal grafts of human foetal
ventral mesencephalic (neuronal preparations) tissue have provided proof-of-concept that cell
therapy can work in patients affected by PD [238]. However, subsequent randomized, double-
blind, placebo-controlled trials brought to much more sceptical conclusions because of patients
showing functional decline (post transplantation) due to dyskinesias (graft-induced involun-
tary movements), originated by excessive graft function [239, 240].

Prospectively, many factors can be contended to (partially) justify these patchy results. First,
it is now clear that different cell types are needed for different diseases. If on one side PD and
amyotrophic lateral sclerosis (ALS) patients will require cells with dopaminergic and motor
neuron properties respectively, on the other side, cell replacement in AD patients is much more
complicated by the necessity to replace a large variety of cell populations lost in different brain
areas. Second, even though initially expected and long-term envisaged, neuronal replacement
and circuitry integration of transplanted NPCs have been poorly proved. Third, it as to be
considered that pre-clinical animal studies only represent models of human conditions, and,
as such, they offer an exceptionally homogeneous platform, where the genetic background,
age, and environment are all alike. Clearly, this is not the case with patients. Further, even if
multiple models have been established to investigate different aspects of a given disease, none
of them can faithfully emulate the human pathology in its complexity [241, 242]. This is
particularly challenging considering the rate of progression and lack of validated surrogate
disease markers typical of many neurodegenerative disorders. While these aspects are most
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likely destined to remain unsolved pitfalls, others (including the amount of cells to be
transplanted, the manipulation protocols used, the time of transplantation, the route of cell
delivery and the statistics adopted to analyse the data) need to be ameliorated through the
establishment of common guidelines. In particular, the International Society for Stem Cell
Research (ISSCR) composed with a group of international experts (scientists, surgeons,
ethicists and patient advocates) “The ISSCR Guidelines for the Clinical Translation of Stem
Cells” [243] to trace a roadmap guiding the application of experimental stem cell therapeutics
in patients. Importantly, when translating into clinical trials, the choice of the “ideal patient”
imposes major scientific and ethical constraints. Indeed, if on one side the treatment of the
most chronic/severe patients who were not able to respond to previous treatment lowers the
blame for a possible ineffectiveness of a therapy, on the other side the scenario offered by such
a compromised tissue may hinder the potential effect of the treatment.

The primary importance of patient’s care dramatically impacts also on the choice of the best
route of cell delivery. Indeed, if one side the intravenous injection allows for a less invasive
procedure, on the other, the number of cells delivered to the site of interest is lower compared
tolocal injections. Further, the intracerebral transplantation has been widely accepted, by both
clinicians and patients, after years of clinical applications and technical improvements. These,
together with the relatively limited availability of human NPCs explains why most of the
clinical trials started so far have nevertheless favoured the adoption of more invasive proce-
dures, such as intraparenchymal/intracerebroventricular ones (see Table 2). However, as
discussed, the correlation between the number of cells entering the CNS and their efficacy still
need to be confirmed.
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Table 2. Active clinical trials with neural stem/precursor cells.

Other challenging problems that need to be faced when approaching the clinic, are related to
safety, product potency, and manufacturing quality of the cell source. Indeed, principles of
good tissue practice (GTP) and good manufacturing practice (GMP) are mandatory require-
ments, especially when dealing with cells of human origin [244].

Last, but not least, some major issues related to the long-term safety of the cellular product
need to be solved. It is important to stress how, differently from the classical drug-therapy, a
cell-based treatment cannot be discontinued, since once the cells are within the patient they
cannot be removed. Therefore, long-term pre-clinical data need to be collected before trans-
lating from the bench to the bed-side to avoid the occurrence of dramatic outcomes, such as
the one involving a young patient suffering of Ataxia Telangiectasia who developed a donor-
derived brain tumour following neural stem cell transplantation [245].
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Figure 2. Worldwide open experimental clinical trials involving the use of stem cells for CNS disorders. The map
shows the distribution of open stem cell-based clinical trials enrolling patients affected by CNS pathologies and treat-
ed with different source of SCs. Figure has been generate by clinicaltrials.gov, using the keywords stem cells AND CNS
diseases; the inclusion criteria were only open studies; while the exclusion criteria where studies with unknown status.
Stem cells in the figure include: neural stem/precursor cells, mesenchymal stem cells from the bone marrow and the
adipose tissue, hematopoietic stem cells, embryonic stem cells.

Nevertheless, translational research did not (and should not) stop. As a matter of fact, the huge
amount of data collected so far led to the development of numerous early stage clinical trials.
There are currently 1750 studies employing the use of stem cells in interventional clinical trials,
among which 280 are testing NPCs. Within the total number of clinical studies, 277 worldwide
open trials involve SCs and patients affected by CNS disorders (Figure 2), such as MS, stroke,
SCI, epilepsy, ALS, PD, AD, HD, neuronal ceroid lipofuscinose (NCL), Pelizaeus-Merzbacher
disease (PMD), age-related macular degeneration (AMD) [246]. Several phase I and II clinical
studies with NPCs (9 in highly debilitating CNS disorders, Table 2) have now been started
with the primary aim to verify the safety (mainly in terms of toxicity) and feasibility - rather
than the efficacy - of the treatment. Further, clinical studies are often accompanied by non-
official secondary end-points usually concerning the potential impact in the clinical outcomes.
These explorative trials have certainly a key role in stem cell medicine development, as both
phase II dose-escalation studies and the inclusion of non-fatal diseases with larger population
bases will definitely be facilitated once human safety will be established.

In May 2006 at Oregon Health and Science University (OHSU, Portland, OR, USA) the first
human study involving the transplantation of allogeneic NPCs was started on a fatal rare
neurometabolic syndrome, such as the NCL Batten’s disease. In this open-label dose-escalating
phase I trial, a total of 6 subjects with infantile and late-infantile NCL were transplanted in a
single-stage procedure. StemCell, Inc. proprietary, single donor allogeneic free-floating
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cultured, foetal-derived brain human NPCs (HuCNS- SC®) were directly administered to the
cerebral hemispheres and lateral ventricles. Inmune suppression was administered for 12
months after transplantation. This study has now been completed with one out of 6 patients
died for disease progression, 11 months after treatment. The cell transplantation and combi-
nation with prolonged immune suppression were both well tolerated [247].

In September of 2009, NeuralStem, Inc. sponsored a phase I trial in ALS at the Emory University
School of Medicine (Atlanta, GA, USA), using proprietary single donor allogeneic, adherent
cultured, foetal-derived spinal NPCs (NSI-566RSC). NSI-566 cells were surgically implanted
on a total of 12 patients via multiple injections directly into the thoracic spinal cord (either
unilateral or bilateral). The clinical assessments demonstrated no evidence of acceleration of
disease progression with the planned 18 months post-transplantation follow up [248, 249].
StemCell, Inc. is also sponsoring other two phase I trials with HuCNS-SC® in X chromosome
linked connatal leukodistrophy PMD (in which oligodendrocytes cannot myelinate axons) and
AMD. With the PMD trial at the University of California, San Francisco (UCSF, San Francisco,
CA, USA), HuCNS-SC® were directly delivered through multiple injections into the brain of
a total of 4 male patients (clinicaltrials.gov identifier no. NCT01005004). Data regarding this
clinical trial has been recently published [250]. The transplantation procedure, the immuno-
suppression and the cells were well tolerated by all the 4 patients. No adverse effects related
to the implant were detected. MRI investigation before and after the transplantation of cells,
revealed, after 9 months, a consistent donor cell-derived myelination in sity, in three of the
patients. However, these data are just published and under intense scientific discussion. With
the AMD trial at the Retina Foundation of the Southwest (Dallas, TX, USA), HuCNS-SC® are
being delivered directly into the subretinal space of one eye in a single transplant procedure
in a total 16 patients. The estimated completion date of this study is March 2014 (clinicaltri-
als.gov identifier no. NCT01632527).

In June 2012, the Glasgow Southern General Hospital (Glasgow, Scotland) enrolled the first
patient (of 12 total) of the dose-escalating Pilot Investigation of Stem Cells in Stroke (PISCES)
phase I trial to be transplanted in a single-stage procedure with direct cerebral (intraparen-
chymal) delivery of Reneuron, Ltd. proprietary single donor allogeneic adherent cultured, c-
myc immortalized foetal-derived brain human NPCs (CTX0EO03) (clinicaltrials.gov identifier
no. NCT01151124).

In March 2011, the University Hospital Balgrist (Zurich, Switzerland) enrolled the first patient
(of 12 total) with chronic thoracic (T2-T11) SCI (3 to 12 months after complete and incomplete
cord injuries) to be transplanted with HuCNS-SC® in a further StemCell, Inc. sponsored phase
I/II clinical trial estimated to be concluded in March 2016. A single dose (20x10° cells) of
HuCNS-SC® has been directly implanted through multiple injections into the thoracic spinal
cord, and immune suppression administered for 9 months after transplantation (clinicaltri-
als.gov identifier no. NCT01321333). In November 2012 started the consequent long-term
follow up of the 12 patients subjected to HUCNS-SC® transplantation that will last until March
2018 (clinicaltrials.gov identifier no. NCT01725880).



Systemic stem cell therapies and brain diseases
http://dx.doi.org/10.5772/55426

In June 2012, the Azienda Ospedaliera Santa Maria (Terni, Italy) enrolled the very first of total
18 ALS patients to treat with intraspinally implanted allogeneic free-floating cultured, foetal-
derived brain NPCs. (clinicaltrials.gov identifier no. NCT01640067).

Importantly, there are not yet clinical trials with NPCs in MS. However, a consensus paper has
recently been produced by a group of experts to define the uniform guidelines on the devel-
opment of haematopoietic and non-haematopoietic stem cell therapies for MS [9]. All the
current clinical trials envolving NPCs for CNS disorders are described in Table 2.

While in this paragraph we offer an overview of the current clinical trials involving solely
human NPCs, it has to be said that, in the light of the neuroprotective/immunomodulatory
(rather than cell replacement) properties attributed to stem cells, the therapeutic plasticity of
cells of non-neural origin are being tested as well. Among these, MSCs are emerging as a good
potential candidate, mainly because of their great accessibility and remarkable proliferation.
Also, growing evidence suggests that other than giving origin to multiple derivatives of the
mesodermal lineage (from which they derive), under particular conditions MSCs seem able to
transdifferentiate into neuro-ectodermal cells in vitro [251-254]. However, this ability to convert
from one lineage to another is still highly questionable and opened to different interpretations.
Several studies have also proved the ability of MSCs to survive, migrate and eventually bring
about functional recovery when transplanted into the CNS of different experimental models
of neurological diseases (for a review see [255]). However, the mechanisms yielding to such
rescue are unlikely ascribable merely to cell replacement.

Since 2006, the advent of induced pluripotent stem cells (iPSCs, [24]) technology has brought
new excitement in medical research and clinical therapy, since these cells provide a valuable
alternative without being constrained by ethical issues and immunological incompatibility
[256]. Although still under debate about their long-term safety, the methods for iPSC genera-
tion, reprogramming and differentiation efficiency, iPSCs represent a break-trough for both
study of disease mechanisms and investigation of potential new treatments (for a perspective
analysis, see [257]).

The potential impact of this technological platform has been further boosted by the scientific
stream emerged from iPSC technology that is the “direct reprogramming” from one somatic
lineage to another. In fact, the direct conversion of fibroblasts to functional neurons (iN cells)
or iNSCs [25, 26], for example, represents one of the most exciting, ultimate technologies for
future application in CNS pathologies. Thanks to these next generation techniques, it will be
possible to derive virtually unlimited numbers of specific neural/neuronal population
bypassing the pluripotent stage, thus likely eliminating the potential presence of unwanted
undifferentiated cells. However, many issues, such as the purity of the cell preparation, the
use of virus-based technologies and the proper in vivo integration and differentiation still need
to be better addressed. Importantly, the availability of such a high number of cells will release
the intravenous protocol from one of its major limit, thus casting new light on its clinical
potentiality.
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Abbreviations

AD: Alzheimer’s disease

ALS: Amyotrophic lateral sclerosis

APC: Antigen presenting cell

ASCL1: Achaete-scute homolog 1

BBB: Blood brain barrier

BCSEFB: Blood-cerebrospinal fluid barrier
BDNF: Brain-derived neurotrophic factor
BLMB: Blood-leptomeningeal barrier
BMP: Bone morphogenetic protein
BMSC: Bone marrow-derived stem cell
CCAo: Common carotid artery occlusion
CCL: Chemokine (C-C motif) ligand
CCR: C-C chemokine receptor

CNS: Central nervous system

CNTE: Ciliary neurotrophic factor

CSEF: Cerebrospinal fluid

CXCR: C-X-C chemokine receptor

DCs: dendritic cells

DCX: Doublecortin

DG: Dentate gyrus

DGC: Dentate granule cell

DIx: Distal-less homeobox

d.p.t.: days post transplantation

EAE: Experimental autoimmune encephalomyelitis
EC: Endothelial cell

ES cells: Embryonic stem cells

FACS: Fluorescence-activated cell sorting

FGF: Fibroblast growth factor
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GABA: Gamma-aminobutyric acid

GCL: Granule cell layer

GDNEF: Glial-derived neurotrophic factor
GFAP: Glial-fibrillary acidic protein
GF-CSF: granulocyte macrophage colony stimulating factor
GMP: Good manufacturing practice

GTP: Good tissue practice

HD: Huntington’s disease

hNPC: Human neural stem/precursor cell
Hsp70: Heat shock protein 70
HuCNS-SC: Human CNS stem cell

HVc: hyperstriatum ventrale, pars caudalis
ia.: Intraartery

i.c.v.: Intracerebroventricular

i.p.c.: Intraparenchyma

i.t.: Intrathecal

i.v.: Intravenous

ICAM: Intercellular adhesion molecule
ICH: Intracerebral hemorrhage

Ig: Immunoglobulin

IGF: Insulin-like growth factor

IL: Interleukin

IML: Inner molecular layer

iN cells: Induced neuronal cells

INEF: Interferon

iNOS: inducible nitric oxide synthase
iNSC: Induced neural stem cell

IPC: Intermediate progenitor cell

iPS: Induced pluripotent stem cell

LFA: Leukocyte-function associated antigen
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LIF: Leukemia inhibitory factor

LPS: Lipopolysaccharide

MAdCAM: Mucosal addressin cell adhesion molecule
MCAo: Middle cerebral artery occlusion
MCP: Monocyte chemoattractant protein
MHC: Major histocompatibility complex
MMS: Medial migratory stream

MOG: Myelin oligodendrocyte glycoprotein
MPC: Myeloid precursor cell

MRI: Magnetic resonance imaging

MS: Multiple sclerosis

MSC: Mesenchymal stem cell

NCL: Neuronal ceroid lipofuscinose

NeuN: Neuronal nuclei

NEF: Neurofilament

NF-kB: Nuclear factor-kB

NGF: Nerve growth factor

NO: Nitric oxide

NPC: Neural stem/precursor cell

NSC: Neural stem cell

OB: Olfactory bulb

OPC: Oligodendrocyte progenitor cells

PD: Parkinson’s disease

PGE2: prostaglandine 2

PLP: Proteolipid protein

PSA-NCAM: Polysialylated neural cell adhesion molecule
PSGL: P-selectin glycoprotein ligand

pt: Post-transplantation

RA: Radial astrocyte

RMS: Rostral migratory stream
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s.c.: Subcutaneous

SCEF: Stem cell factor

SCI: Spinal cord injury

SC: Stem cell

SDEF: Stromal cell-derived factor

SE: Status epilepticus

SGZ: Subgranular zone

Shh: Sonic hedgehog

SIDS: Stroke-induced immune depression syndrome
TCR: T cell receptor

TGEF: Transforming growth factor

TJ: Tight junction

TLE: Temporal lobe epilepsy

TLR: Toll-like receptor

TNEF: Tumor necrosis factor

V-SVZ: Ventricular-subventricular zone
VCAM: Vascular cell adhesion molecule
VEGEF: Vascular endothelial growth factor

VLA: Very late antigen
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