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Abstract

In mammals, neural stem cells appear early in development and remain active within the central nervous
system for the whole life duration of the organism. During this developmental process they assume different
cellular morphologies and reside within changing microenvironments whilst retaining the basic properties of
a stem cell: multipotentiality and the ability to self renew. In this chapter, the basic morphological character-
istics of neural stem cells will be reviewed, along with the fundamental structural components and signalling
molecules of their microenvironments. In early neural development, when the patterning of the nervous system
is established, neural stem cells are called neuroepithelial cells; they are situated among other neuroepithelial
cells and they are exposed to various signals such as retinoic acid, sonic hedgehog and fibroblast growth factors.
When neurogenesis commences, stem cells are transformed to radial glial cells and the complexity of their
microenvironment increases due to the emergence of various types of neuronal progenitors, differentiated cells
and extracellular signaling molecules. Finally, during adulthood, neural stem cells assume astroglial morphol-
ogy and reside in specific microenvironments that are called neurogenic niches; small neurogenic islands where
neurons and glia are continuously generated under the control of mechanisms largely similar to those operating
during embryonic development.

1. The embryonic neural stem cell (NSC) microenvironment

Central nervous system (CNS) development is an intricate process relying on a series of mechanisms precisely
regulated in time and space. In rodents, the majority of the cells present in the adult brain are produced and migrate to
their respective destination within an approximately one-week period during embryogenesis. The embryonic CNS is a
dynamic structure, constantly increasing in size due to histogenesis, while the stem/precursor cell populations which
are responsible for building the brain are retained in two distinct and relatively small proliferative areas. The first is
the ventricular zone (VZ) where epithelial cells with NSC properties appear approximately at embryonic day (E) 8
and from which originate all cells of the developing and mature CNS, including adult NSCs (Alvarez-Buylla et al.,
2001). After a period of NSC/precursor expansion, as neurogenesis commences, a second progenitor population starts
to be generated from asymmetrically dividing cells in the VZ and migrates basally. These cells, termed intermediate
progenitors or basal progenitors, divide symmetrically to produce neurons and glia. They are found throughout the
CNS and in the telencephalon the region containing these cells is called subventricular zone (SVZ; Martinez-Cerdeno
et al., 2006; Smart, 1972, 1973).

1.1. The VZ microenvironment

The early NSC microenvironment seems to be homogeneous in terms of cellular morphologies (Pinto and Gotz,
2007). It consists of characteristic bipolar cells, termed neuroepithelial (NEP) cells, with one process (apical) attached
to the ventricle and one longer process (basal) attached to the pial surface. NEP cells form the pseudostratified VZ and
are characterized by the periodic apico-basal translocation of their nucleus (interkinetic nuclear migration) which is
regulated in such a way that mitosis occurs always at the ventricular surface, while S phase occurs at the basal-most
area (Gotz and Huttner, 2005; Pinto and Gotz, 2007). The main structural constant of this early microenvironment is
the ventricle, while the thickness of the neuroepithelium increases with time, accommodating the augmenting number
of NEP cells and the occasionally generated neurons that quickly migrate towards the pial surface of the nervous tissue.
Around midgestation, in rodents, NEP cells start to express glial markers and assume a more elongated morphology.
Reflecting this transition, the emerging neural stem cell/progenitor type is now named a radial glial cell (RG) and
retains the bipolar morphology and the interkinetic nuclear migration characteristic of NEP cells. As the thickness of
the nervous tissue increases with the generation of large numbers of neurons, the basal process of the RG elongates in
order to retain attachment to the pial surface (Rakic, 2003). Therefore, RG appear to be the only embryonic CNS cells
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Figure 1. The embryonic neural stem cell microenvironment.

able to sense and integrate information from at least four different microenvironments: i) the VZ, consisting mainly
of RG cell bodies and apical processes as well as newly generated neurons migrating away; ii) the SVZ, consisting of
basal progenitors and newly generated neurons/glia; iii) the mantle, consisting of post-mitotic cells; and iv) the basal
lamina of the pial surface, an extracellular matrix (ECM) rich membrane contacted by RG basal process. Although
it remains unclear whether extracellular signalling communication exists among these microenvironments, a recent
study revealed the presence of a neuron-secreted cytokine (cardiotrophin 1; Barnabe-Heider et al., 2005) responsible
for the initiation of gliogenesis.

The complexity of the mantle microenvironment increases as development proceeds, due to the generation
of different neuronal cell types and the appearance of a dense network of blood vessels (Herken et al., 1989). A
parallel increase in the VZ complexity is observed (Pinto and Gotz, 2007), although this is not structurally obvious
because the VZ is dominated by bipolar, “identical” RG with only a few intercalated short progenitors (Gal et al., 2006;
Hartfuss et al., 2003). However, immunostaining with different markers combined with results from fate studies suggest
the coexistence of RG sub-types with different functions and lineage commitment (Hartfuss et al., 2003; Hartfuss
et al., 2001; Malatesta et al., 2000; Plachta et al., 2004; Williams and Price, 1995) and it is well established that
RG carry different intrinsic information depending on their positional characteristics (dorsal-ventral, rostral-caudal;
Guillemot, 2005). Finally, to add to the complexity of the progenitor microenvironments, it should be noted that
specific areas secreting growth factors or morphogens exist (named signalling centers) either within the VZ/SVZ or
outside (Assimacopoulos et al., 2003; Shimogori et al., 2004).
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1.2. Signalling in the embryonic NSC microenvironment

1.2.1. Intrinsic regulation

The behavior of NSC/precursor cells is controlled by both extrinsic and intrinsic mechanisms. Clonally grown E10
cortical progenitors generated first neurons and then glia, similar to the way neurogenesis precedes gliogenesis in vivo
(Qian et al., 1998; Qian et al., 2000) and a follow-up study revealed that this intrinsic timer extended to the “correct”
sequential generation of different cortical neuron subtypes (Shen et al., 2006). In addition, transplantation experiments
have revealed that progenitors maintain their intrinsic potential when grafted ectopically (Darsalia et al., 2007;
Olsson et al., 1998). Many transcription factors have been shown to play a role in NSC/progenitor cell proliferation
and/or differntiation. These include proneural genes encoding for basic-helix-loop-helix (bHLH) transcription factors
(Bertrand et al., 2002), SRY-related HMG box (SOX) family transcription factors (Episkopou, 2005), the nuclear
receptors estrogen receptor (Brannvall et al., 2002), peroxisome proliferator activated receptor y (Wada et al., 2006)
and N-CoR, a nuclear receptor co-repressor (Hermanson et al., 2002). Loss or gain of function of many of the
above factors has been shown to be sufficient to alter progenitor specification, cell cycle and fate irrespective of the
environment (Bertrand et al., 2002; Campbell, 2003; Guillemot, 2005). Another mechanism implicated in the control of
cell intrinsic properties is epigenetic modifications. Epigenetic regulation involves histone and DNA modifications that
alter the condensation of the chromatin and thus the activity of genes. Several types of histone modification have been
described including methylation, acetylation and phosphorylation. Histone acetylation of neuronal gene promoters
is modulated by histone acetyltransferases (HATs) and deacetylases (HDACs) and is essential for the repression of
these genes in undifferentiated neuronal progenitors (Ballas and Mandel, 2005). Furthermore, proliferating NSCs have
different patterns of histone methylation compared to differentiated neurons (Biron et al., 2004). Finally, it is believed
that microRNAs also act as intrinsic regulators of neuronal progenitor behavior (Cao et al., 2006), a field where rapid
progress can be expected in the near future.

1.2.2. Diffusible signals

The microenvironment (extrinsic factors) can regulate the behavior of neuronal progenitors through diffusible signals
and/or molecules mediating cell to cell and cell to ECM interactions. Before examining individual diffusible signalling
molecules, it should be emphasized that these molecules, by their nature, form gradients within the tissue and can
signal in areas distant from their sources. Therefore, in each position within the developing CNS, a neural stem
cell/ progenitor would be exposed to a unique combination of signals that might instruct appropriate region-specific
behavior.

A major group of molecules with key roles in the regulation of cell proliferation and differentiation is growth
factors. Several bone morphogenetic proteins (BMPs), members of the transforming growth factor-g (TGFg) family,
are expressed along the dorsal midline of the developing brain and are necessary for midline development (Bertrand and
Dahmane, 2006; Campbell, 2003). Overexpression of BMP 2 and 4 results in decreased cell proliferation and premature
neuronal differentiation (Li et al., 1998) and this effect can be reversed by the addition of the BMP signalling inhibitor
noggin (Li and LoTurco, 2000). In vivo overexpression of truncated BMP type I receptor has provided additional
evidence for the role of BMPs in promoting cell differentiation at the expense of proliferation (Li et al., 1998).

In addition, several fibroblast growth factors (FGFs), and in particular FGF8 and FGF3, are expressed in the
anterior neural ridge, the midbrain-hindbrain barrier and the prospective rthombomere 4 of the hindbrain early in
development (Mason, 2007). FGF expression profile increases in complexity during development, and varies between
the mouse, chick and zebrafish. FGF activity is critical not only for the patterning of the nervous system but also for
other functions, such as the FGF8-dependent survival of cells in the forebrain (Storm et al., 2003) and the midbrain-
hindbrain region (Chi et al., 2003). Moreover, FGF-2 (or bFGF) is a mitogen widely used in vitro, as it is essential
for keeping precursors of the embryonic telencephalon and neural tube in a progenitor state (Kalyani et al., 1997;
Kilpatrick et al., 1993; Murphy et al., 1990; Vescovi et al., 1993) and bFGF deficient mice have small brains due to a
marked decrease in the NSC/precursor population (Vaccarino et al., 1999). The role of the FGF family in embryonic
stem/precursor cell behavior is also supported by the reported expression of all FGF receptors (FGFRs) in vivo (Bansal
et al., 2003). FGFR4 was shown to be highly expressed in rat neural tube neuroepithelial cells (Kalyani et al., 1999),
while rat dorsal telencephalon neuroepithelial cells were found to express mostly FGFR1 and 3 with these receptors
being pivotal for self-renewing symmetric cell divisions (Maric et al., 2007).

In addition to growth factors, another group of diffusible molecules that have been implicated in the regulation of
neural precursor behavior are morphogens, with sonic hedgehog (Shh) being the prominent example. Shh signalling is
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mediated by its receptor patched (PTC1), a transmembrane protein (Dessaud et al., 2007), which in the absence of Shh
constitutively represses the G-protein coupled receptor smoothened (Smo). After binding with Shh, PTC1 relieves its
inhibition on Smo thus activating downstream signalling pathways which result in the modulation of the transcriptional
activators Glil-3, and the Gli repressor. Both Gli 2 and 3 are strongly expressed in the VZ of mice, while Shh and Gli
1 are weakly expressed (Dahmane et al., 2001; Hui et al., 1994). Shh is involved in ventral patterning throughout the
developing CNS (Bertrand and Dahmane, 2006; Campbell, 2003), as well as in regulating progenitor proliferation,
since Shh deficient mice are characterized by reduced brain size and cyclopia (Chiang et al., 1996; Muenke and Cohen,
2000). This phenotype is likely to be due to aberrant cell proliferation in both the VZ and SVZ, based on observations
in mice deficient for Gli 2 (Palma and Ruiz i Altaba, 2004). A second morphogen known to be important during
CNS development is retinoic acid (RA). It is a diffusible molecule that is produced intracellularly by retinaldehyde
dehydrogenases (RALDHI1-3). RA is sequestered in the cytoplasm by cellular-RA-binding proteins (CRABP1-2) and
acts in the nucleus after binding to RA receptors (RAR1-3) and retinoic X receptors (RXR1-3; Maden, 2002). RA is
important in the very early neuronal microenvironment, where it participates in the regulation of the anterio-posterior
axis (Maden, 2002). In later stages, RA signalling is important for dorso-ventral patterning of the spinal cord (Pierani
et al., 1999) and for patterning of the hindbrain (Marshall et al., 1992). More recent work has revealed that RA is
present in relatively high levels in the ventral forebrain (Takahashi and Liu, 2006), regulating the specification of the
intermediate area between cortex and striatum.

Finally, the Wnt signalling pathway has also been shown to regulate cell behavior in the developing brain.
High-level expression of Wnt receptors Frizzled 5, 8, 9 and of secreted frizzled protein 1 have been reported in the
VZ of mouse embryos (Kim et al., 2001; Van Raay et al., 2001), while functional studies have revealed a critical role
for Wnt signalling in dorsal forebrain specification (Gunhaga et al., 2003; Hirabayashi et al., 2004; Machon et al.,
2007) and in the regulation of the NSC/precursor cell cycle in the VZ. When f-catenin signalling (the central mediator
of the canonical Wnt pathway) was enhanced in vivo, a reduction in cell cycle exit was observed in the VZ leading
to an enlarged brain (Chenn and Walsh, 2002). Furthermore, deletion of B-catenin in cortical progenitors resulted in
decreased proliferation and migration defects (Backman et al., 2005; Machon et al., 2003), and targeted inhibition
of B-catenin forced VZ cells to prematurely exit the cell cycle and to differentiate into neurons (Woodhead et al.,
2006). A recent paper suggested that S-catenin signalling is necessary to maintain the VZ progenitor population and
is downregulated when VZ progenitors are transitioning towards an intermediate progenitor (SVZ) fate; sustained
B-catenin activity resulted in the expansion of the VZ progenitor pool and inhibited the production of intermediate
progenitors (Wrobel et al., 2007).

1.2.3. Cell to cell interactions

Both the VZ and SVZ are characterized by a high density of cell bodies and processes, and cell to cell interactions are
therefore likely to be another avenue for the regulation of progenitor behavior. Within the VZ, expression of Ephrins B1
and A5 and Eph A4 and A7 receptors has been reported (Depaepe et al., 2005; Greferath et al., 2002; Mackarehtschian
et al., 1999; Stuckmann et al., 2001). Ephrin B1, in particular, is thought to promote cell migration out of the VZ
as its expression forms an apico-basal gradient (Stuckmann et al., 2001). Ephrin AS/Eph A7 may control the size of
the VZ progenitor pool by promoting apoptosis of NSC/precursors (Depaepe et al., 2005). Cell-cell signalling via the
Notch pathway is also known to play a critical role in CNS development as evidenced by a series of mouse mutation
studies (Hitoshi et al., 2002; Yoon and Gaiano, 2005). Several studies have shown expression of components of the
Notch pathway in the mouse VZ, such as Notch-1 (Gaiano et al., 2000), Notch-3 (Dang et al., 2006) and Delta-1
(Beckers et al., 2000). Strong expression of Notch-1 and Delta-1 and weak expression of Notch-3 has been reported in
the human VZ (Kostyszyn et al., 2004). Moreover, intraventricular injection of Notch ligands increases the numbers
of newly-generated precursor cells (Androutsellis-Theotokis et al., 2006). Notch signalling also plays a critical role
in cell fate determination since activation of either Notch-1 or Notch-3 results in increased numbers of radial glia
(Dang et al., 2006; Gaiano et al., 2000). Consistent with these data, a decrease in the size of the VZ and premature
differentiation has been reported in delta-like-1 deficient mice (Yun et al., 2002). Finally, a recent study revealed that
the response to Notch via the Notch effector CBF-1 is different between the two types of stem/precursor cells of
VZ/SVZ, with NSCs but not intermediate progenitors utilizing CBF-1 (Mizutani et al., 2007).

Another form of cell to cell interaction in the VZ might be mediated by cadherin-dependent adherens junctions
(AJs), but little evidence exists for cadherin signalling in the SVZ (Lathia et al., 2007b). The cell layer adjacent to the
ventricle is characterised by strong cadherin expression in the apico-lateral part of the cell membrane (Aaku-Saraste
et al., 1996) and recent work has proposed that the behavior of NSC/precursor cell progeny is dependent on the
symmetric or asymmetric inheritance of AJs upon division (Kosodo et al., 2004). There is little functional evidence
directly linking cadherin signalling to NSC/precursor behavior in the mouse and the chick because interference
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with cadherin signalling leads to extensive disruption of the neural tube (Kadowaki et al., 2007; Radice et al.,
1997). However, there is experimental evidence suggesting that N-cadherin inhibition leads to hyperproliferation of
neural stem/precursor cells (Lele et al., 2002; Noles and Chenn, 2007). Gap junctions are an additional cell to cell
communication system that might be important in the regulation of stem/precursor cell behavior. Connexins (Cxs) 26
and 43 are expressed in the VZ (Bittman and LoTurco, 1999) and Cx43 has been linked with the ability of bFGF to
maintain stem/precursor cells in an undifferentiated state in vitro, potentially by controlling the diffusion of growth
factors between cells (Cheng et al., 2004). Interestingly, inhibition of Cx43 resulted in premature differentiation and
cell death even in the presence of bFGF (Cheng et al., 2004). Gap junctions have also been implicated in precursor
migration as mice deficient in Cx43 show an accumulation of precursors in the intermediate zone due to their inability
to migrate into the cortical plate (Fushiki et al., 2003). A recent follow-up study further resolved this effect by showing
an unexpected role for Cx26 and 43 in maintaining adhesion of migrating precursor cells on radial glia fibers (Elias
et al., 2007).

1.2.4. Cell to ECM interactions

The ECM is another component of the VZ/SVZ microenvironment that might be crucial in the regulation of
NSC/precursor behavior. The cell bodies and the short apical processes of the neural progenitors are positioned
in an area devoid of a classic basement membrane but still rich in matrix molecules such as various laminin chains
(Campos et al., 2004; Hunter et al., 1992; Lathia et al., 2007a), the laminin receptor betal integrin (Campos et al., 2004;
Graus-Porta et al., 2001; Hall et al., 2006; Nagato et al., 2005), the glycoprotein tenascin-C (Garcion et al., 2004) and
chondroitin sulfate proteoglycans (CSPGs; von Holst et al., 2006). In addition, many of the bipolar (neuroepithelial or
radial glial) cells of the VZ extend a basal process that makes contact with the ECM-rich basement membrane of the pia.
Alterations in this basal process microenvironment have been correlated in humans with cortical malformations caused
by migration defects (Bonneau et al., 2002; Toda et al., 1994; Yoshida et al., 2001). Mice deficient for components
of the pial ECM such as laminin y 1, integrin «6 or 81 (the @681 heterodimer is the principal laminin receptor in the
CNS) and reelin have several common defects, such as ectopic growths in the cortical marginal zone and retraction of
radial glia basal endfeet (Beggs et al., 2003; Georges-Labouesse et al., 1998; Hartmann et al., 1998; Niewmierzycka
et al., 2005) but without any perturbations in progenitor proliferation or cell fate determination (Haubst et al., 2006).
Functional studies investigating the role of beta-1 integrin in NSC/precursors using in vitro neurosphere forming
assays clearly do not allow studies of normal cell to cell and cell to ECM interactions in NSC, and have not provided
clear insight on other roles of beta-1 integrin in these cells; blocking of beta-1 integrin, using antibodies, resulted in
compromised NSC maintenance (Campos et al., 2004), but subsequent experiments using neurospheres grown from
cells lacking betal integrin revealed no similar defects (Leone et al., 2005). The selective enzymatic degradation of
CSPG glycosaminoglycans using chondroitinase ABC in similar in vitro assays resulted in perturbed proliferation and
neuronal differentiation, revealing a role of these ECM molecules in the regulation of NSC/precursor behavior (Sirko
et al., 2007).

1.2.5. Blood vessels and cerebrospinal fluid (CSF)

The VZ/SVZ microenvironment is influenced by both the CSF and the numerous blood vessels that begin to form
in early stages of CNS development. Blood vessel formation in mice begins as early as E9 (Herken et al., 1989;
Vasudevan et al., 2008) and evidence suggests that neurogenesis and angiogenesis are regulated by common signals,
including vascular endothelial growth factor (VEGF), Notch and Shh (Carmeliet, 2003). An in vitro study revealed
that co-culture of E10 neural stem/precursor cells with endothelial cells resulted in larger clones and fewer neurons
due to an increase in symmetric, proliferative divisions (Shen et al., 2004) but the factors responsible remain unknown.
The composition and role of the CSF in development remains relatively unexplored. In a recent study CSF flow was
perturbed in vivo in chick embryos, resulting in aberrant cortical development (Mashayekhi and Salehi, 2006), while
other experimental work has shown that CSF-derived factors can regulate neural stem/precursor cell behavior in vitro
(Gato et al., 2005; Miyan et al., 2006). Recent work has also shown shedding of prominin-rich vesicles in the CSF, by
dividing neural stem cells and that these may provide additional cues, although any such instructive role remains to be
determined (Marzesco et al., 2005).

2. The adult neural stem cell (NSC) microenvironment

During early post-natal life the majority of the remaining neuronal precursors exits the cell cycle and terminally
differentiates, mostly into astrocytes and oligodendrocytes. In the rodent brain, this tissue-maturation process is
characterized by the gradual shrinkage of the ventricular and subventricular zones and leads to the formation of two
highly specialized areas where neurogenesis persists into adulthood: the subependymal zone (SEZ) of the lateral walls
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of the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus in the hippocampal formation. Both these
areas are embedded in the brain tissue, without any obvious anatomical barrier to separate them from the differentiated
cells (in humans the SEZ is bordered by a myelin-rich zone (Curtis et al., 2007)) and continuously contribute new
neurons to the olfactory bulb (the SEZ; Doetsch et al., 1999; Goldman and Nottebohm, 1983) and the granule cell
layer of the dentate gyrus (the SGZ; Seri et al., 2001; Seri et al., 2004).

2.1. The SEZ microenvironment

The SEZ is a thin area beneath the ependymal cell layer that contains the three cell types of the lineage that
generates new neurons and glia: infrequently dividing neural stem cells (NSCs), rapidly dividing transit amplifying
precursors (TaPs) and neuroblasts (NBs). NBs form clusters all along the ventricular length and migrate in chains
towards the dorsal and posterior tip of each lateral ventricle in order to continue their migration within the rostral
migratory stream up to the olfactory bulb glomeruli. These three cell types are segregated from the adjacent differenti-
ated brain tissue, forming a cell-dense neurogenic microenvironment; therefore, the SEZ has often been characterized
as a stem cell niche (Riquelme et al., 2008). NSCs have an astrocytic morphology and are situated adjacent to the
multiciliated ependymal cells that line the lateral ventricles. They are surrounded by other astroglial cells, TaPs and
NBs. In addition, two multicellular structures are integrated into the SEZ: the astrocyte-constructed tubes in which
NB clusters migrate towards the rostral migratory stream and the numerous blood vessels with their endothelial
cell/pericyte-derived walls and astrocyte endfeet on their surface. Interestingly, the SEZ extracellular matrix (ECM)
seems to be significantly different from that of the surrounding mature tissue. Recently it was described that extensions
of the vessel basal lamina intrude the SEZ and branch around NSCs and progenitors (Mercier et al., 2002). These
laminin and collagen I-rich ECM structures can be observed under the electron microscope and have been named
fractones. Other ECM molecules that have been shown to be present in the SEZ are matrix metalloproteinases, brevican
(Jaworski and Fager, 2000), tenascin-C (de Chevigny et al., 2006; Jaworski and Fager, 2000; Kazanis et al., 2007),
chondroitin/dermatan sulfate proteoglycans (Akita et al., 2008; von Holst et al., 2006), as well as the trisaccharide
LeX/SSEA-1/CD15 that is expressed on NSCs and TaPs and is shed in the microenvironment (Capela and Temple,
2002). The expression of most of these molecules is normally downregulated during early post-natal life resulting in
the formation of the classic brain parenchymal ECM, characterized by the dominance of proteoglycans like brevican,
neurocan and versicans (Bandtlow and Zimmermann, 2000; Novak and Kaye, 2000; Rauch, 1997; Ruoslahti, 1996).
Therefore, the distinct nature of the SEZ niche is emphasized by the persistent presence of ECM molecules that are
expressed during embryonic development or after injury (Bandtlow and Zimmermann, 2000; Rauch, 1997; Thomas
et al., 1996).

2.2. The SGZ microenvironment

The neurogenic area of the hippocampus is restricted to the thin subgranular zone, near the dentate gyrus hilus.
Within this zone, cells divide occasionally in order to produce immature granule neurons, again through an intermediate
progenitor stage. While there is some debate about whether these cells are restricted to the production of neurons or are
multipotent, and whether their self-renewing capacity is limited (Becq et al., 2005; Bull and Bartlett, 2005; Seaberg
and van der Kooy, 2002), they do continue to divide and produce new neurons throughout life as would be expected of a
true stem cell. The newborn daughter cells migrate short distances within the granule cell layers until they reach a final
position and start to integrate into the hippocampal formation (Seri et al., 2004). The SGZ neurogenic system does not
form an anatomically separate structure as intermediate progenitors and immature neurons are immersed in the granule
cell zone, and little is known about the expression of specific ECM molecules. However, the SGZ retains a specific
functional role and thus has still been referred to as a neurogenic niche, with the NSC surrounded by intermediate
progenitors, astroglial cells, mature granule cells and resting in close proximity to blood vessels, similarly to the SEZ
(Palmer et al., 2000).

2.3. Signalling in the NSC microenvironment: Structural aspects

The stem cell niche is defined as a microenvironment that facilitates the survival and self renewing capacity of
the stem cells, as well as (in the adult CNS) the production of actively dividing precursors leading to the generation of
post-mitotic progeny. Contact of the stem cell with adjacent supporting cells is thought to be important, as exemplified
by the instructive role of the hub cells in the drosophila germ cell niches (Chen and McKearin, 2005; Fuller and
Spradling, 2007). These germ cells retain their function as long as they remain anchored to the hub cells and their
divisions occur in such a way that one daughter cell keeps its contact with the hub cell while the other one loses this
contact and proceeds to generate oocytes or spermatocytes. Similar instructive relations have been described in adult
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Figure 2. The adult neural stem cell microenvironment in the subependymal zone (SEZ) and the subgranular zone (SGZ).

mammalian stem cell niches, for example between hematopoietic stem cells and neighboring osteoblasts (Yin and Li,
2006), or epithelial cells and intestinal stem cells (Walker and Stappenbeck, 2008).

At present there is no direct evidence to suggest the unique importance of any single interaction between the NSC
and the cellular or parenchymal components of the SEZ or SGZ microenvironment. However, the physical positioning
of the NSC adjacent to the ependymal cells implies an interaction similar to the hub cell-SC interaction in Drosophila.
Ependymal cells exert a supporting/ regulatory function in the niche, since they can modulate the transport of ions and
other factors from the cerebrospinal fluid (CSF; Bruni, 1998). They are also a local source of neurogenic factors like
pigment epithelium-derived factor (PEDF; Ramirez-Castillejo et al., 2006) and the pro-neurogenic BMP signalling
modulator noggin (Lim et al., 2000; Peretto et al., 2004), and they form gap junctions with SEZ astrocytes (Zahs,
1998). These factors may be required for the maintenance of neural stem cells. Indeed, as discussed earlier, ependymal
cells are absent from the SGZ, this being the most distinct structural difference between the two adult neurogenic
niches, and there is evidence suggesting that the ependyma-free SGZ contains neuronal progenitors with restricted
self-renewing capacity rather than NSCs (Becq et al., 2005; Bull and Bartlett, 2005; Seaberg and van der Kooy, 2002).
In addition, the constant movement of the ependymal cilia is thought to contribute to the generation of gradients of
soluble factors in the CSF and to regulate the migration of NBs (Sawamoto et al., 2006). Therefore any migratory cues
provided by ependymal cells would be absent in the SGZ. However, SGZ progenitors do not migrate long distances
and can probably acquire the necessary directional cues from the radial processes of the SGZ astrocytes (Seri et al.,
2001; Seri et al., 2004). Nevertheless, a recent study demonstrated that neurogenesis can be maintained in the SEZ
after ablation of the ependymal cell layer (Del Carmen Gomez-Roldan et al., 2008) although the investigation did not
address any long-term effects of the ependymal loss.

Three other cell types may also regulate NSC behaviour. /n vitro data support the conclusion that the interaction
between NSCs and blood vessel endothelial cells might be important in neurogenesis (Shen et al., 2004). Actively
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dividing cells have been shown to be positioned near blood vessels in the SGZ (Palmer et al., 2000) and in the SEZ
(Kerever et al., 2007) and endothelial cells are a source of factors that have been suggested to control neurogenesis, like
PEDF, leukemia-inhibitory factor and brain-derived neurotrophic factor (BDNF; Riquelme et al., 2008). As described
earlier, NSCs are also in close contact with their progeny. The induction of massive NSC mitotic activity in the
SEZ after ablation of TaPs and NBs by intracerebrally infusing the anti-mitotic drug AraC (Doetsch et al., 1999),
indicates the existence of progenitor-dependent feedback loops controlling NSC proliferation, although the nature of
this signalling remains elusive. Astroglia are the most abundant cell type in the SEZ but it is still unknown whether
they can be segregated into distinct functional groups, such as astroglia with structural, supporting or neurogenic roles.
Astroglia of the SGZ can be structurally separated into radial and horizontal astrocytes (Seri et al., 2004), while SEZ
astroglia (or type-B cells) into two classes, type B1 and B2. B1 astrocytes reside adjacent to the ependymal cells
and proliferate less than the smaller and basally located B2 astrocytes (Doetsch et al., 1997). Using various markers
distinct pools of astrocytes have been described in the SVZ, either with NSC properties (expressing PDGFRa- or LeX;
Capela and Temple, 2002; Jackson et al., 2006) or with structural roles (tenascin-C expressing astrocytes at the border
of the SEZ or forming the NB migration tubes; Kazanis et al., 2007). Astrocytes are coupled with gap junctions and
are thus able to form a network and transport information from distant areas (Giaume and Venance, 1998). Thus they
act as sensors and modulators of the microenvironment that become reactive, after AraC-induced depletion of the SEZ
progenitors even before the mitotic activation of NSCs (Kazanis et al., 2007). Finally, it is important to note that a
potentially important interaction exists between the NSC and the ventricular environment, as NSCs of the SEZ extend
a monocliated process in between the ependymal cells enabling them to “taste” the growth factor and morphogen-rich
CSF (Alvarez-Buylla et al., 2001; Doetsch et al., 2002). The importance of cilia in several signalling mechanisms
has been recently highlighted (Singla and Reiter, 2006) and previous experimental work has revealed that essential
components of the Shh signalling pathway are positioned at the primary cilium (Corbit et al., 2005; Rohatgi et al.,
2007). In the adult CNS, the significance of primary cilia in neurogenesis was highlighted by the finding that when the
cilium was genetically ablated, proliferation in the SGZ was largely compromised (Han et al., 2008).

2.4. Signalling in the NSC microenvironment: Molecular aspects
2.4.1. Diffusible signals

Cells within the adult neurogenic niches rely on growth factor signalling, cell to cell contact, and cell to ECM
interactions for homeostatic cell turnover and increased cell production in response to stimulation (such as injury).
Growth factors can originate from cells within the niche or from external sources, mainly the CSF and blood vessels. An
increase in SEZ cell proliferation has been reported after infusion of FGF, EGF, and TGFalpha (Craig et al., 1996; Kuhn
et al., 1997; Wagner et al., 1999), all of which could originate from the CSF (especially from the choroid plexus), and
have no identified sources within the niche. It is worth noting that in these early studies NSC and progenitor populations
were analyzed together, not allowing the identification of specific cell types. In the case of EGF, a subsequent study
(Doetsch et al., 2002) revealed that the EGF-induced proliferation in the SEZ was driven largely by TaPs. A number of
vasculature-related growth factors have been demonstrated to regulate NSC and progenitor proliferation, most notably
VEGF, PDGF and PEDF. SEZ progenitor proliferation can be enhanced by VEGF both in vitro and after intraventricular
administration (Jin et al., 2002), while this growth factor is believed to mediate the exercise-dependent upregulation
of proliferation in the SGZ (Cao et al., 2004). NSCs also express the PDGFalpha receptor, with the level of expression
maintaining the balance between neuron and oligodendrocyte production. Conditional ablation of the receptor in SEZ
NSCs did not affect neurogenesis but did result in a reduction in oligodendrocyte production, while intraventricular
infusion of PDGFalpha into the lateral ventricles increased type-B cell production and blocked neuroblast generation
(Jackson et al., 2006). PEDF is another factor produced by endothelial cells (and ependymal cells) that was shown
to selectively activate NSCs after intraventricular infusions (Ramirez-Castillejo et al., 2006). Finally, other factors
secreted by blood vessels that are known to influence NSC/progenitor behaviour are leukaemia-inhibitory factor (LIF)
(Mi et al., 2001) and brain-derived neurogenic factor (BDNF; Leventhal et al., 1999; Scharfman et al., 2005). Bone
morphogenetic proteins (BMPs) and their receptors are expressed in the SEZ (Colak et al., 2008; Lim et al., 2000). In
agreement with data from embryonic development, they were thought to direct progenitors towards a glial lineage, a
function antagonised in the SEZ by the ependyma-derived noggin (Lim et al., 2000). However, a recent study revealed
that the role of BMPs in the adult neurogenic process is more complicated since conditional deletion of the BMP
signalling mediator Smad 4 in NSCs or intraventicular infusion of noggin resulted in decreased neurogenesis and an
increase in oligodendroglial progenitors migrating to the corpus callosum (Colak et al., 2008).

Shh is a morphogen known to regulate neurogenesis and gliogenesis during development. It has also been
demonstrated to increase granule cell precursor proliferation in the hippocampus (Wechsler-Reya and Scott, 1999)
as well as to increase stem/precursor cell proliferation in the SEZ (Palma et al., 2004). Two more recent studies
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showed that both NSCs and TaPs are responsive to Shh signalling (Ahn and Joyner, 2005) and that Shh is essential
for their maintenance (Balordi and Fishell, 2007). In addition, genetic deletion of smoothened (Smo), a component
of Shh signalling pathways, resulted in significant depletion of SGZ neurogenesis, while Smo overexpression led to
upregulation of proliferation (Han et al., 2008). Another easily diffusible molecule which has a variety of regulatory
roles in the CNS is nitric oxide (NO). Interestingly, it appears that none of the major cell types in the rodent SEZ express
molecules of the NO signalling pathway. However, processes of nitrergic neurons intercalating with neuroblasts at the
lateral region of the SEZ have been shown to express neuronal NO synthase (Moreno-Lopez et al., 2004). This has
lead to the hypothesis that NO originating from neuronal processes might play a role in the SEZ. In keeping with this,
inhibitors of NO signalling increase cell proliferation and NO synthase deficient mice also exhibit higher levels of
proliferation in the SEZ (Moreno-Lopez et al., 2004; Packer et al., 2003; Pinnock et al., 2007).

2.4.2. Cell to cell and cell to ECM interactions

Cell-cell and cell-ECM signalling could also regulate NSC and progenitor behaviour within adult niches. Members of
the Notch signalling pathway (Notch and Jagged) are present in both the SEZ and SGZ as revealed by mRNA analysis
(Stump et al., 2002). In addition, ephrins and their receptors are present in adult neurogenic niches and both positively
(Conover et al., 2000; ephrins-B2/3, Eph B1-3, A4) and negatively (Holmberg et al., 2005; ephrin-A2, Eph A7) regulate
NSC proliferation. Intercellular interactions can also be mediated by cadherin-dependent adherens junctions or gap
junctions formed by connexins. While there is evidence for both these interactions in other adult stem cell niches and
in the embryonic NSC microenvironment (Lathia et al., 2007b), their functional relevance in adult NSC niches is yet
to be determined. The role of the ECM molecules that are expressed in the adult neurogenic niches is also still elusive.
Tenascin-C, a glycoprotein that has been shown to regulate growth factor activity during brain development (Garcion
et al., 2004) and that is highly expressed in the SEZ was shown to be dispensable for the neurogenic process (de
Chevigny et al., 2006; Kazanis et al., 2007). In a recent study, Kerever et al. (2006) demonstrated that the laminin-rich
fractones can capture FGF2 and thus can regulate growth factor concentrations and activity in the SEZ, as has been
suggested for other brain ECM molecules (Bandtlow and Zimmermann, 2000). The expression analysis of chondroitin
sulfate glycosaminoglycans (Sirko et al., 2007) and of multiple chondroitin/dermatan sulfotransferases (Akita et al.,
2008) is also suggestive of a role of ECM in NSC/progenitor behavior, but direct evidence is still lacking.

2.4.3. Neurotransmission

Another class of molecules which seem to play a significant role in adult NSC niches is neurotransmitters. A series of
recent studies have provided evidence for such an activity for y-amino-butyric acid (GABA) in the SEZ and serotonin
(5-HT) in the SGZ. GABA is the principle inhibitory neurotransmitter in the adult CNS but has an excitatory action
in the SEZ (as during development) and the SGZ (Ge et al., 2007; Wang et al., 2003; Wang et al., 2005). Isolated
rat neuroblasts were shown to express the GABA-A receptor and GABA has been found to decrease neuroblast
migration (Bolteus and Bordey, 2004) and to cause cell cycle exit (Overstreet Wadiche et al., 2005). Therefore, it has
been suggested that it could participate in a feedback loop between NSCs and neuroblasts, controlling the number of
neuroblasts produced at a given time (Liu et al., 2005). Serotonin (5-HT), a neurotransmitter that is a therapeutic target
in cases of depression, has recently been investigated for its role in modulating NSC behavior in the hippocampus
(Santarelli et al., 2003). Early studies depleting 5-HT in prenatal stages showed a reduction in cell proliferation in the
SGZ, as well as in the SEZ (Brezun and Daszuta, 1999). Furthermore, pharmacological studies have revealed the role
of several 5-HT receptors on proliferation in the SEZ and SGZ. In the SEZ, proliferation is positively regulated by
SHT-1A and 2C receptors and negatively regulated by SHT-1B and 2A/2C while in the SGZ it is positively regulated
by SHT-1A and negatively regulated by 5-HT2A/2C (Banasr et al., 2004; Radley and Jacobs, 2002). The cell types
which are responsive to serotonin are largely unknown; however a recent study showed that fluoxetine, a specific
serotonin re-uptake inhibitor commonly used to treat depression, selectively affected the proliferation of immature
neuroblasts (Encinas et al., 2006). Nevertheless, the role of neurogenesis either as a cause of depression or as a target
for therapeutic intervention is currently under intense investigation (Elder et al., 2006; Grote and Hannan, 2007).

3. The NSC microenvironment in disease

Until recently the existence of adult neurogenesis leading to replacement and/or repair in the CNS was not
widely accepted, because it was believed that no new cells could be added to the brain without affecting its function
and because clinical experience suggested that cell loss in the CNS could not be repaired. Our current knowledge
on the existence of small scale neurogenesis in the adult brain has not significantly altered these basic concepts,
with two exceptions. Firstly, it is now established that the restricted turnover of neurons in the olfactory bulbs and,
more importantly, in the hippocampus serves the plastic requirements of these systems. Second, it has been shown
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that the SEZ can contribute neuroblasts after injury or stroke, without being able to elicit adequate repair. However,
the discovery of adult neurogenesis brings forward questions about the way this process might be linked with brain
pathologies: is neurogenesis altered in cases of brain disease and is it a cause or a consequence of such diseases? In
this section, therefore, the focus will be on existing data regarding the NSC microenvironment in different cases of
brain disease.

3.1. Does altered neurogenesis contribute to brain pathologies?

Developmental malformations such as a small (microcephaly) or a large (hemimegalencephaly) brain, or focal
abnormalities (focal cortical dysplasia) have been attributed to disturbed production of neurons and/or glial cells during
embryonic development and are commonly associated with mental retardation and epilepsy (Pang et al., 2008). The
genes that have been correlated with these pathologies are associated with the intrinsic cell-cycle regulation rather than
with the extracellular microenvironment (Bond and Woods, 2006). Mutations in four genes have been identified for
autosomal recessive primary microcephaly, a neurodevelomental disorder characterized by the congenital occurrence
of a small brain with normal cytoarchitecture and no progressive cognitive decline and seizures (Woods et al., 2005): 1)
Microcephalin, a gene encoding a protein that plays a role in controlling cell-cycle timing; ii) the abnormal spindle-like,
microcephaly associated (ASPM) gene, that encodes a protein important for the formation of the central mitotic spindle;
iii) Cyclin dependent kinase 5 regulatory associated protein 2 (CDKSRAP2) gene, encoding a centrosomal protein
that interacts with gamma-tubulin ring complexes during spindle formation and iv) Centromere associated protein J
(CENPJ) gene, encoding another centrosomal protein, important in microtubule nucleation and polymerization.

On the other hand, cortical malformations that are attributed to disturbed migration (either hypo or hyper
migration) have been linked to genes that encode components of the extracellular environment or molecules that
control the cellular response to that environment. One of the genes associated with the ectopic occurrence of neuroglial
clusters at the ventricular surface (periventricular heterotopia), caused by the inability of newborn cells to migrate
away from the ventricles, is Filamin A (FLNA; Lu et al., 2006). FLNA is highly expressed in the neuroepithelium
adjacent to the ventricles and is thought to contribute to the neuroepithelial layer structural integrity. The importance
of this integrity in the correct migration of cells has also been demonstrated during development in mice deficient in
N-cadherin signalling (Radice et al., 1997) and in adults in mice with disrupted ependymal cell layer (Del Carmen
Gomez-Roldan et al., 2008; Jimenez et al., 2001), that are also characterized by the formation of cerebral heterotopias.
In addition, genes that encode components of the microenvironment that surrounds neuronal progenitor basal processes
(the basal membrane at the pial surface) have been correlated with loss of the gyri and sulci of the brain (classic and
cobblestone lissencephaly; Pang et al., 2008). In classic (type-I) lissencephaly the normal 6-layer structure of the
cortex is lost. Absence of reelin (Bonneau et al., 2002), a signalling glycoprotein secreted by early born neurons at
the surface of the cortex, has been associated with this type of lissencephaly although most human cases have been
correlated with genes encoding for proteins regulating microtubule assembly, such as lissencephaly 1 (LIS1; Reiner
etal., 1993), Doublecortin (Dcx; Gleeson et al., 1998; Pilz et al., 1998) and rubulin alpha 1A (TUBA1A; Keays et al.,
2007). In cobblestone (type-II) lissencephaly cortical layers are disorganised as neurons over-migrate through the pial
surface into the meninges to form ectopias. In animal models and humans, depletion of molecules of the pial basal
membrane, of their receptors as well as of associated signalling components such as presenilin 1 (Hartmann et al., 1998),
alpha6 integrin and integrin-linked kinase (Georges-Labouesse et al., 1998; Niewmierzycka et al., 2005), result in
phenotypes resembling this form of lissencephaly. In humans, cobblestone lissencephaly has been correlated with four
genes: protein-O-mannosyltransferase 1 and 2 (POMT1-2), protein-O-mannose 1,2-N-acetylglucosaminyl-transferase
(POMGnT1; Yoshida et al., 2001) and Fukutin (Toda et al., 1994). All these genes are involved in glycosylation of
a-dystroglycan, a receptor for multiple ECM molecules. Mutations of the above-mentioned genes lead to compromised
integrity of the basal lamina barrier at the pial surface, thus allowing hypermigration of cells (Guerrini and Marini,
2006; Pang et al., 2008). Finally, alterations in the composition of the basement membrane molecules have been
associated with brain malformations characterizing congenital muscular dystrophy (Philpot et al., 2000; Colognato
et al., 2005).

Although it is easy to identify altered neurogenesis and/or migration as the main cause of developmental brain
malformations, it is very difficult to directly address whether defects in adult neurogenesis can also cause pathologies.
This is due to the fact that samples from patients are taken only after a disease has been diagnosed, thus making it
difficult to distinguish cause from effect. Also, genetically interfering with neurogenesis often results in perturbation of
early development because, as illustrated in Figure 3, many of the regulatory mechanisms are shared in the embryo and
the adult. Experiments where neurogenesis is genetically disturbed specifically in the postnatal brain are lacking and
exogenously induced perturbations (irradiation, growth factor injections) have been studied only for short-term effects.
One interesting study was that of Shors et al. (2001) in which abolishment of hippocampal neurogenesis was shown
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Figure 3. Summary of the signalling pathways in the neural stem cell microenvironment.

to result in impaired formation of trace memories. Therefore, the hypothesis that impaired adult neurogenesis can
lead to brain pathology is based on indirect evidence, with the age-related decline in neurogenesis (Luo et al., 2006)
correlating with the occurrence of dementia and the demonstration that drug-induced upregulation of endogenous
neurogenesis can be beneficial for the treatment of depression or dementia (Santarelli et al., 2003).

3.2. Is the adult neurogenic niche microenvironment altered in cases of brain disease?

Normal adult neurogenesis results in a limited volume of newly produced and functionally integrated cells
and serves to maintain tissue homeostasis in only very specific systems; it might therefore be expected to be rather
insensitive to stimuli derived outside of these systems. Surprisingly, however, there is accumulating evidence suggesting
that both neurogenic niches are responsive to local signals generated from proximal tissue damage and also to more
global signals from degeneration in remote areas and even as a result of changes in the external macro-environment
of the organism (in the absence of tissue damage). For example, neurogenesis is consistently found to be increased in
experimental models of ischemia/stroke in rodents both in the SEZ (Zhang et al., 2004; Zhang et al., 2008) and the SGZ
(Arvidsson et al., 2001; Bendel et al., 2005; Nakatomi et al., 2002), as well as in human cases of stroke (Curtis et al.,
2007). Enhanced proliferation in the SEZ has also been reported in patients suffering from epileptic seizures (Grote
and Hannan, 2007) and multiple sclerosis (Nait-Oumesmar et al., 2007). However, findings from animal experimental
models that show recruitment of SEZ-generated oligodendrocytes in demyelination lesions (Nait-Oumesmar et al.,
2007; Picard-Riera et al., 2002) have not yet been confirmed in human tissue. Neurogenesis is increased in human
cases and animal models of Huntington’s disease while it is decreased in patients and animal models of Alzheimer’s
and Parkinson’s disease (Curtis et al., 2007; Elder et al., 2006). Finally, neurogenesis is generally reduced in cases of
mood disorders, such as depression and stress (Elder et al., 2006; Grote and Hannan, 2007).

How do these pathologies alter the environment of the SEZ and SGZ in such a way that NSC behaviour is
altered? In the case of the SEZ, a global cue might be provided by the contact of the niche with the CSF, allowing
it to sense information on the state of the organism as depicted by the concentrations of hormones and growth
factors. Important information might also be present in the meninges-vessels-fractones continuum (Mercier et al.,
2002) and the astroglial syncytia (Giaume and Venance, 1998). The SGZ, on the other hand, is incorporated within
the hippocampal formation, a structure that participates in numerous neuronal networks, important in the processing
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of almost all of the externally acquired information and the formation of short-term, working memory. Turning to
more local signals, little information exists regarding the neurogenic niche microenvironment in the above-mentioned
neuropathologies. Ischemia results in the expansion of the SEZ with a parallel induction of hypoxic conditions and
a transient decrease in vascular density (Thored et al., 2007). The expanded SEZ is characterized by the presence of
tenascin-C (Thored et al., 2007), an ECM component normally expressed in this region (de Chevigny et al., 2006;
Kazanis et al., 2007; Thomas et al., 1996) and evidence from a recent microarray study showed increased expression of
growth factors, morphogens and ECM molecules after stroke (Liu et al., 2007). Similar upregulation of growth factors,
neurotrophic and angiogenic factors and ECM restructuring have been reported after experimentally-induced seizures
in the hippocampus (Liu et al., 2007; Newton et al., 2003), another condition of upregulated neurogenesis. Finally,
an interesting finding is that increased neurogenesis is observed only in excitotoxic animal models of Huntington’s
disease while no change is observed in transgenic models, in which there is minimal cell loss. Therefore, it emerges
that the presence of inflammatory signals in the SEZ might be an important factor in the regulation of neurogenesis
(Phillips et al., 2005), just as inflammation has been proposed to promote remyelination following demyelination,
perhaps the best example of repair in the mammalian CNS (Zawadzka and Franklin, 2007).
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