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Abstract

Basal lamina is present in many stem cell niches, but we still have a poor understanding of the role
of these and other extracellular matrix components. Here we review current knowledge regarding
extracellular matrix expression and function in the neural stem cell niche, focusing on the
subependymal zone of the adult CNS. An increasing complexity of extracellular matrix molecules
has been described, and a number of receptors expressed on the stem cells identified. Experiments
perturbing the niche using genetics or cytotoxic ablation of the rapidly dividing precursors, or
using explant culture models to examine specific growth factors, have been influential in showing
how changes in these extracellular matrix receptors regulate neural stem cell behaviour. However
the role of changes in the matrix itself remains to be determined. The answers will be important, as
they will point to the molecules required to engineer niches ex-vivo so as to provide tools for
regenerative neuroscience.

Introduction

The brain, like many tissues in the body, contains a population of stem cells. These cells
have two defining properties; continual proliferation and the ability, by undergoing
asymmetrical divisions, to both self renew and generate daughter cells committed to
differentiation. These divisions provide the cells required for growth and maintenance of the
CNS, with the numbers expanded by a finite number of further symmetrical divisions of the
committed daughter cells prior to their final differentiation. For this reason, these daughters
are called transit-amplifying precursors. While these differentiated progeny (neurones and
glia in the CNS) migrate away to their final destinations, the stem cells remain fixed within
specialized microenvironments that maintain them in a multipotent and undifferentiated
state. These microenvironments are termed niches, and the concept of the niche remains
highly influential in stem cell biology and medicine. A myriad of signals within the niche
regulate stem cell behaviour including those from neighbouring cells (including the transit
amplifying precursors), humoral factors and the extracellular matrix (ECM)[1,2]. However
despite major advances in our understanding of signalling pathways that regulate
potency[3], mechanisms to reprogram somatic cells to a pluripotent state (induced
pluripotent cells or iPS cells)[4] and mechanisms by which stem cells undergo asymmetric
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divisions[5,6], we still have an inadequate understanding of how the niche regulates stem
cell behaviour.

Much of what we do know comes from studies on Drosophila, where the gonadal stem cells
reside in a niche containing a support cell (or niche cell). Here, regulation of the angle of
cell cleavage during mitosis allows partitioning of fate determinants and asymmetric
divisions[7,8] and/or ensures that only one of the daughter cells is held next to the niche cell
by adhesive interactions and therefore exposed to short range signals produced in the niche
(such as bone morphogenic protein (Bmp) receptor ligands) that inhibit activation of
differentiation genes[9]. However, studies of vertebrate niches are also making an
increasingly significant contribution to this field, and amongst these the best-studied niches
are those in the CNS that contain neural stem cells (NSC). These form the focus of this
review, which will discuss one set of signals thought to play a major role in niche signalling,
the ECM. In the Drosophila ovariole germline stem cell niche ECM contributes to the short
range of Bmp signalling, with type 1V collagens limiting the diffusion of the ligand Dpp
while heparan sulfate glycoproteins localized in the niche stabilize Dpp and enhance its
signalling to the germline stem cells[9]. In vertebrate niches, however, the role of the ECM
remains very poorly defined.

The best-described stem cell population in the adult CNS is that in the subependymal zone
(SEZ) of the lateral ventricle of the rodent [10-12]. Here new neurones are generated
throughout life that migrate through the rostral migratory stream (RMS) to the olfactory
bulb[13]. Pioneering studies from the Alvarez-Buylla laboratory, and more recently those of
Doetsch and Temple, have defined the architecture of the SEZ niche in mice in some
detail[14-16](Figure 1). Stem cells are found in association with the ependymal cells that
line the ventricular space of the CNS, with their apical processes protruding through the
ependymal layer to contact the cerebrospinal fluid (CSF) of the ventricular space. Stem cell
processes also establish direct contact with blood vessels within the SEZ — these are likely to
represent the basal processes of the cell. Division of these stem cells generates a population
of rapidly dividing transit amplifying cells that in turn differentiate into the neuroblasts that
migrate out of the SEZ to form the olfactory neurones[17]. The close anatomical

relationship of stem cells with ependymal cells and blood vessels, and the direct contact with
the CSF, implicates signalling from all these sources as potential regulators of stem cell
behaviour. There is also evidence that ependymal cells can generate neurones after
ischaemic injury in the CNS (stroke)[18] although any such role during normal
‘homeostatic” function of the SEZ remains unproven.

In the primate and human SEZ, the structure differs in that the ependymal cell layer is
separated from the underlying cells by a hypocellular (gap) zone, filled with ependymal and
astrocytic processes and (in the anterior-most parts) proliferating astrocytes[19,20]. Adjacent
to the gap layer a ribbon of cells, including astrocytes and newborn neurones, is observed.
The function of the niche however appears to be conserved, with chains of migrating cells
found in the non-human primates[21,22] and in humans[23].

Adult NSC of the SEZ develop from a population of stem cells present in the embryonic
telencephalon (cortex) that generate the neurones of the different cortical layers during
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development. These embryonic neural stem cells have a radial glial phenotype, with an
apical process contacting the ventricular space and a basal process contacting the basal
lamina of the overlying pial basement membrane. Initially they divide symmetrically to
increase their numbers, after which they initiate self-renewing asymmetrical divisions that
generate neurones via an intermediate or basal progenitor cell [24]. The great majority then
undergo a final terminal symmetrical division to generate two neurones or glia, but a
minority become relatively quiescent adult NSC and/or generate the ependymal cells that
form the neighbours of the NSC in the adult SEZ[25].

Two other putative stem cell populations have been described in the adult CNS. First, the
cells of the dentate gyrus that generate the neurones of the hippocampal granule cell
layer[26]. Here, again, new neurones are born throughout life and integrate into an existing
network, in this case with a potential role in learning and memory[27]. Second, a population
of glial cells widespread throughout the CNS and previously described as oligodendrocyte
precursors. These divide throughout life, contributing to myelin repair in white matter
following demyelinating lesions[28] and also generating neurones in some parts of the
CNSJ[29]. However, as the definition of the ECM in the microenvironment of these stem
cells and the receptors they express remains poorly defined, this review will focus on the
SEZ and its embryonic precursor, the ventricular zone of the developing telencephalon.

Extracellular matrix in the SEZ and embryonic telencephalic niche

As might be expected given the presence of basal lamina in the pial basement membrane or
around the blood vessels of the SEZ, the best described ECM component of the niche is
laminin, or more correctly the laminins. These are a family of trimeric proteins made from
combinations of five alpha, three beta and three gamma subunits, with one alpha, one beta
and one gamma chain making up the trimer of a specific laminin. The current nomenclature
describes each laminin by its chain composition ie alphal, betal and gammal is laminin
111[30]. Multiple alpha, beta and gamma chains have been described in the SEZ in
association with the ependymal cells, the blood vessels and within the intervening
parenchyma of this region[31], suggesting significant laminin trimer heterogeneity within
the niche. In addition, elegant electron microscopy studies of the SEZ have revealed an
unexpected but interesting complexity of the ECM in this region. Fingerlike processes of
basal lamina called fractones extend from blood vessels to contact each stem cell in the
niche[32]. These structures can also be seen in immunofluorescence studies as dots of
laminin immunoreactivity, and such studies reveal the presence of laminin betal and
gammal chains, collagen 1V, nidogen and perlecan[33]. Consequently, each stem cell
receives at least three different sources of laminin signals; from interstitial laminins, from
their process attached to blood vessels and from the contacting fractones. Taken together
with the heterogeneity of laminin expression, this generates the hypothesis that each source
may contain different laminin trimers, each of which may have different functions. In
keeping with this, the laminin alphal chain is present on blood vessels but not fractones[33],
while Laminin 511 has been shown to promote epidermal and pancreatic stem cell
maintenance[34,35] and alpha5 laminins used as a culture substrate are more effective than
other laminins in maintaining ES cells in an undifferentiated state[36—39]. However the lack
of purified laminins of each trimer combination, and the lack of trimer specific antibodies,
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has meant that at present the contribution of this heterogeneity to the function of the SEZ
niche (or in any other stem cell niche) remains undefined. Evidence from studies of a neural
stem cell line that differentiation is associated with a fall in laminin gammaZl expression[40]
emphasizes just how important analysis of the functional role of this heterogeneity will be in
future work.

Other ECM molecules identified in multiple studies of the SEZ include the glycoprotein
tenascin C (TnC)[41-43], chondroitin sulfate proteoglycans (CSPG)[44-46], and heparan
sulfate proteoglycans (HSPG)[33,47]. Here too there is potential for considerable
heterogeneity, either by alternative splicing in TnC or by the addition of distinct side chains
to proteoglycan core proteins. Thus, for example, in situ hybridization studies show that
many different chondroitin/dermatan sulphotransferases are expressed in the adult SEZ[44].
However once again the lack of available tools at the present time to define exactly the
location of each TnC or CSPG isoform limits the extent to which the biological
consequences can be explored.

Two other ECM molecules have been shown to play a role in regulating the migration of
newly-born neurones in the RMS after they leave the SEZ - netrin-4 and reelin. The netrins
are a family of laminin-like secreted molecules known to regulate axon guidance during
development, and expression by the astrocytes bordering the rostral migratory stream has
been described[40]. Reelin plays an important role in controlling the positioning of newborn
neurones during embryonic cortical development[48,49] and also regulates the departure of
the neurones from the RMS when they reach the target olfactory bulb[50]. It is unclear
whether either of these ECM molecules contributes to signaling within the SEZ niche - over-
expression of reelin had no effect on neurogenesis in the SEZ even though it did increase
neurogenesis in the subgranular zone of the hippocampus[51].

Extracellular matrix in the embryonic telencephalic niche

Studies of the embryonic CNS are complicated by the question of where exactly is the
niche? Indeed, given that the cells are rapidly proliferating, there may be no niche in the
adult sense of the word, but rather a microenvironment specialised for the rapid proliferation
of NSC and the generation of neurones in the developing cortex. In the embryonic CNS, the
stem cells span the entire depth of the telencephalon[24], with signals therefore likely to
arise from both apical and basal surfaces of the CNS. However, the cell bodies remain close
to the ventricular surface in the so-called ventricular zone (VZ) where the nucleus shuttles
up and down a distance of approximately 80um in a process termed interkinetic nuclear
migration. Mitosis occurs on the ventricular surface whilst S-phase (DNA synthesis) takes
place at the abventricular location. Given this, signals within the VZ are of particular interest
although they will not, as explained above, be the only signals in this niche. As in the adult,
many different laminin chains are expressed[52]. Interestingly the alphal chain that forms
part of laminin 111, the classic laminin isoform associated with basal lamina, is only present
at low levels while the alpha2 and 4 chains are much more highly expressed. Here again, as
hypothesized for the adult SEZ, different laminins will signal from different niche
components — in this case overlying basal lamina and the interstitium of the VZ. Other ECM
proteins are also expressed in the VZ; TnC is abundant as in the adult SEZ[46,53] and low
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levels of fibronectin[54], nidogen, perlecan[55] and collagen IV[56] have also been
described. In addition, high levels of proteoglycan chondroitin sulfotransferases[44],
chondroitin sulfate glycosaminoglycans[57] and chondroitinsulfates[58] have been
identified in the embryonic proliferative zones.

The very different behaviour of NSC within adult and embryonic niches, being quiescent in
the former but rapidly proliferative in the latter, requires that the signals received in the two
niches differ. Given the similarities in the ECM composition it is the expression of different
receptors, rather than variation in the ECM, that is likely responsible for any contribution
made by ECM signaling to these different NSC behaviours. As will be discussed next, there
is evidence for this hypothesis from studies of integrin expression. However, it is important
to note that the niche itself is not a static structure and the stem cells themselves could also
alter the local ECM microenvironment and so regulate their own behaviour. Two such
mechanisms have been described. First, proteases that cleave ECM molecules. Matrix
metalloprotease 2 (MMP-2) is produced by human neuroepithelial cells, and the levels of a
tissue inhibitor of this protease (TIMP-4) falls during differentiation[59]. Second, by the
generation of ECM which then feeds back on stem cell behaviour. Evidence from the
Drosophila ovary follicle stem cell niche shows that stem cells can regulate their
proliferation via the cell autonomous production of laminins[60]. Further evidence
consistent with this latter mechanism comes from studies showing that NSC of different
developmental stages or commitment (oligodendrogenic versus multipotent) express
different patterns of ECM components[61].

ECM receptor expression

Given the extensive evidence for laminins in the SEZ and the VZ, and in many niches
elsewhere, it is unsurprising that the studies of ECM receptors in the embryonic and adult
CNS have largely focused on laminin receptors; integrins, syndecans and dystroglycan. All
are expressed[52], with the laminin receptor alpha6 betal integrin present at high levels as
evidenced by colocalisation of the alpha6 and betal chains on embryonic NSC and on
proliferating adult NSC and transit amplifying precursors[31] [16,31,40]. Interestingly,
however, betal integrin is not expressed on quiescent adult NSC[31](Figure 2) and is
upregulated when these cells activate either following depletion of daughter cell transit
amplifying precursors[31] or administration of the chemokine SDF-1[62]. This suggests that
changes in receptor expression, rather than in the ECM, are responsible for any changes in
ECM signaling that contribute to stem cell activation. The high levels of betal expression
seen on the embryonic NSC[52] would then be predicted, as these cells are all rapidly
proliferating as they generate the many neurones required for cortical development.

In the embryonic CNS, a recent report also describes beta3 integrin on the basal processes of
progenitors arising from NSC in the ferret[63] — processes that, unlike those of rodent
precursors, retain contact with the overlying pial basal lamina. Beta3 integrin
heterodimerizes with the alphaV subunit, generating a rather promiscuous receptor binding
fibronectin, vitronectin, osteopontin and other ECM molecules[64]. This is interesting, as
these beta3 integrins therefore represent a different class of receptors to those discussed
above that bind laminins. Multiple integrin-ECM interactions might regulate stem and
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precursor cell behaviour, with beta3 integrins possibly binding to fibronectin expressed in
the embryonic CNS. Whether these additional integrins are only seen on the progenitor cells
of higher mammals such as the ferret, where the considerable expansion of the cortex may
require that the progenitors have different properties so as to generate sufficient neurons, or
whether they will also be present on rodent progenitors remains to be determined.

The signaling pathways activated by these receptors remain largely undefined, despite our
increasingly sophisticated understanding of the intracellular pathways that maintain
pluripotency in embryonic stem (ES) cells[3]. There may however be significant differences
in NSC and ES cell signaling. Inhibition of ERK signaling promotes ES cell maintenance[3].
In contrast, inhibition of ERK suppresses proliferation of early NSC [65] and
neurospheres[66], while its enhancement induces proliferation of adult SEZ and
hippocampus progenitors[40,67,68].

Experimental approaches to ECM function in CNS stem cell niches

A number of approaches have been taken towards establishing the function of extracellular
matrix and receptors in the NSC niche: i) genetic manipulation of specific molecules ii)
blocking antibodies injected in vivo iii) perturbation of the niche by drugs or cytokines and
iv) cell culture studies. Each has strengths and weaknesses but together they have generated
some exciting hypotheses as to the regulation of NSC by ECM.

i) Genetic manipulation of specific molecules

Two sets of integrin knockouts have revealed phenotypes in the embryonic CNS; alpha6 and
betal. These were examined as alpha6 betal integrin is a principal laminin receptor in the
CNS and elsewhere. Alpha6 knockouts reveal areas of disrupted pial basal lamina and
abnormal migration of the neurones generated by the telencephalic NSC[69]. In a more
detailed examination of NSC in these mice, no abnormalities of proliferation or
neurogenesis was observed despite disruption of basal process attachment[70]. The betal
knockout studies (using a cre/lox approach to remove the integrin only in the CNS) also
disrupt the basal process attachment to the overlying basal lamina. These experiments
showed that detachment was followed by apoptosis of the NSC, suggesting that the integrin
provides essential survival signals for the NSC[71]. The same detachment and apoptosis
phenotype was seen with laminin alpha2 and alpha4 chain knockouts[71]. Perhaps
surprisingly, these studies revealed that beta 1 was not required for the regulation of NSC
proliferation. Two other relevant integrin knockouts have been examined — alpha3 that
heterodimerises with betal to form a laminin/collagen receptor, and alphaV that forms a
fibronectin receptor. Abnormalities of neuronal migration and axon integrity were seen in
the alpha3 and alphaV knockouts respectively, but no NSC abnormalities were reported in
either[72,73].

In contrast to the architectural and survival abnormalities associated with the integrin
knockouts, removal of TnC affects NSC development. As shown in elegant single cell clonal
studies by the Temple lab, embryonic NSC generate neurones and then glia in a predefined
sequence[74]. The neuronal to glial transition is regulated, at least in part, by upregulation of
the EGF receptor in response to FGF signalling[75,76]. TnC deficient animals show a delay
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in EGF receptor expression and a reduced ability of NSC to generate glia[77]. TnC amplifies
FGF signalling, and loss of this amplification has therefore been suggested to explain the
phenotype[77]. Whether amplification requires integrin signalling (as is the case for up-
regulation of PDGF signalling by TnC on oligodendrocyte precursor cells[78]) or simply
sequestration and concentration of the growth factor by extracellular matrix, as occurs with
HSPGJ[79], remains to be determined.

Integrin and ECM knockouts have not yet contributed to our understanding of the adult SEZ
as much as might be expected due to i) the early lethality of many of the knockouts and ii)
the lack of NSC, transit amplifying precursor, neuroblast and other niche cell-specific cre
lines to enable conditional knockout approaches. One exception is the integrin beta8
knockout, where loss of alphaV beta8 leads to reduced stem and/or precursor cell
proliferation in the SEZ[80]. Here a paracrine role has been proposed. A principal function
of alphaVbeta8 is to activate latent TGFbeta by enabling matrix-metalloprotease mediated
release of the active cytokine from the latent complex[81], which could then act on the
endothelial cells to stimulate the release of factors that promote stem/precursor cell
proliferation[80]. The existence of such factors has been shown by studies on embryonic
NSC[82]. The cell type expressing alphaVbeta8 and activating TGFbeta is likely to be
astrocytes[83], but this role in the SEZ remains to be confirmed by cell type-specific
knockouts.

Expression of receptor constructs by electroporation represents an alternative approach to
analysis of ECM receptor function. This technique has been used extensively in the
embryonic CNS and, given that techniques for electroporation in the adult CNS are now
available[84], should provide powerful tools for the studies of the adult SEZ. However
caution is required in interpreting what are essentially over-expression experiments, as
mutant receptors may activate pathways not normally regulated by that receptor in a
physiological setting. One valuable use of electroporation will be lineage tracing, enabling
the effect of knockouts or other perturbations to be analysed at the level of individual cell
clones in vivo, an analysis routine in studies of invertebrate stem cell biology and essential
to decipher NSC niche interactions in detail.

ii) Blocking antibodies injected in vivo

A caveat in the interpretation of knockout studies is that compensatory mechanisms may
hide the true role of the target. Antibody blocking experiments provide an alternative
strategy and a solution to this, with acute loss of function making compensation less likely.
This approach has been taken to alpha6 and betal integrins in both embryonic telencepalon
and adult SEZ niches[16,62,85]. In the embryo, an alteration in the plane of cell cleavage
was observed following intraventricular injections of betal blocking antibodes, with loss of
NSC dividing with a cleavage plane oblique to the ventricular surface but no loss in the
number of cells dividing with a plane perpendicular to the surface[85]. The significance of
this is that the perpendicular plane of division splits the apical membrane between daughter
cells while an oblique plane will partition the apical membrane of the cell to one or other
daughter. As this apical membrane has been implicated in fate determination[86], such a
change in cell cleavage could potentially alter the balance between symmetric and
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asymmetric divisions. Interpretation of studies such as this, however, is made more difficult
by structural abnormalities also induced by the perturbation of adhesion molecule function,
in this case disruption of the apical process in many of the NSC. Whilst interesting in that it
reveals an unexpected role for integrins in apical process retention in the VZ, the disruption
of the apical cell-cell interactions complicates analysis of any effects on cell division. A
similar concern exists for the studies of blocking antibodies in the adult SEZ; while such
studies have reported an increase in precursor cell proliferation and migration[16,31], the
disruption of ependymal cell architecture that follows the antibody injection (Kazanis,
unpublished observations) may generate unexpected secondary effects on the NSC.

iii) Perturbation of the niche by drugs or cytokines

An alternative approach to reveal the function of ECM receptors is to study their expression
in association with activation of quiescent NSC. However, while many types of lesion might
activate NSC (eg stroke[87]), changes in the ECM itself in response to cytokine and other
signals associated with tissue damage would make interpretation difficult. These effects of
tissue damage can be minimized by specific ablation of the transit amplifying precursors in
the adult SEZ using the cytotoxic drug AraC. This leads to NSC activation and the rapid
reconstitution of the cells of the transit amplifying and neuroblast populations of the
niche[88]. This experimental technique can be used in knockout mice, as shown by studies
in TnC-deficient mice showing this ECM molecule is not required for regeneration[41]. In
studies using this technique to examine receptor expression during activation, analysis of
betal integrin revealed a striking upregulation[31]. This suggests that integrin signalling is
associated with activation i.e. re-entry into the cell cycle and the generation of transit
amplifying precursors. This effect may be direct on the intracellular signaling pathways that
promote mitosis, but an alternative mechanism is provided by a recent study examining the
effect of the chemokine SDF1 on SEZ explants. As shown in Figure 1, the cell body of NSC
in the SEZ are found in two locations - immediately next to the ependymal cells and next to
blood vessels. As proliferating cells are located close to blood vessels, this suggests the
hypothesis that there are two niches in the SEZ - one for the quiescent cells next to the
ependymal cells and one for activated cells in which blood vessel derived signals are
responsible for activation.

This hypothesis raises the question as to what factors regulate entry of the NSC in the
“active” niche? The chemokine SDF1 plays a key role in attracting haematopoietic stem
cells into their bone marrow niche[89] and, in light of this, Kokovay and colleagues[62]
examined the effect of SDF1 in the SEZ. They showed that NSC cell bodies relocated from
the ependymal niche to a blood vessel niche in response to this chemokine (Figure 1). Betal
integrin was also upregulated by SDF1 and betal blocking antibodies prevented this
movement between niches[62], arguing that one function of the integrin is to promote NSC
relocation and enable NSC activation by other signals in the blood vessel niche. This
relocation could be achieved either by migration or by a form of interkinetic nuclear
migration, as the cell already spans the ependyma-blood vessel space with its processes[14—
16].
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Experiments administering cytokines have also revealed an important possible role for
HSPGs localized in fractones in the adult SEZ. These proteoglycans capture biotinylated
FGF-2 after injection[33]. FGF-2 is a well-described NSC mitogen[90], which suggests the
hypothesis that HSPGs in fractones “present” FGF-2 to NSC and so stimulate their division.
A role for HSPG in the presentation of FGF-2 is well established in other cell types and, in
keeping with such a role in the fractones, HSPG-degrading enzymes abolish FGF-2 binding
to the fractones[33].

iv) Cell culture studies

Cell culture is a powerful tool for establishing the role of extracellular cues in the regulation
of NSC behaviour. It can be used for analysis of extracellular signals, as exemplified by
recent studies showing that a netrin-4/laminin complex promotes proliferation and migration
of a NSC cell line[40]. Cell culture studies have also shown that primary NSC proliferate
and differentiate on laminin substrates[91], and high levels of integrins have been reported
in the cell populations from such cultures[92]. However, the extent to which NSC
recapitulate their developmental program in vitro is remarkable. Embryonic NSC generate
the different types of cortical neurones found in each layer in the correct sequence[93,94]
while adult SEZ NSC generate neurones via transit amplifying and final neurogenic
divisions just as they do in vivo[95]. These results suggest that control of timing and cell
fate in the divisions of NSC and their daughters is regulated by intrinsic mechanisms, and
that extracellular signals from the niche ECM are not required. However it is possible that
the transcription factor activity that underpins these intrinsic mechanisms also changes the
secretion of ECM, which then contributes to NSC regulation by autocrine/paracrine
signalling. Studies of the function of ECM on NSC differentiation in these culture systems
and in other models of adult SEZ differentiation[95,96] are required to examine this
possibility. The availability of recombinant laminins will enable the role of each specific
laminin to be tested in isolation or in specific combinations and will increase the power of
these studies.

An important culture technique is the use of neurospheres. These are 3D aggregates that
grow from individual stem cells and create a mixture of stem cells, precursor cells and more
differentiated cell types over multiple passages in culture. These have been used to
demonstrate the existence of stem cells in CNS tissue[90] although, as primary spheres can
also be derived from transit-amplifying precursors[97] it is important to show that the ability
to form spheres is seen in secondary passages. Neurospheres have used to quantify the
number of such stem cells and examine their response to signals in the extracellular
environment[98]. They can also be used to study growth factor responses; for example, it
has been shown that removal of the carbohydrate side chains from CSPGs reduces the
sensitivity of the stem/precursor cells to FGF-2[99]. Their utility for more detailed cell
signaling studies is however limited by the heterogeneity of the spheres, making it hard to
distinguish direct effects from those mediated indirectly via astrocytes or other cell types in
the sphere. Another area where spheres may be useful is in niche modeling. Histological
analysis has shown that these spheres form an architecture resembling an inside out
cortex[66] and the presence of stem cells and laminins around the edge suggests that they
may provide an in vitro model of some aspects of the niche[100],.
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Conclusions

It is clear from the above that we still have a very limited understanding of the role of ECM
signalling in the niches of NSC. In this regard, the CNS is not unique; our understanding of
ECM function in any stem cell niche is poor despite the long-standing recognition of the
presence of basal lamina in these niches. This lack of knowledge is a significant impediment
to our understanding of NSC biology, and three areas of research may offer new insights.
First, techniques that enable a comprehensive analysis of the ECM components of the niche.
The discovery using micro-array profiling that a ECM protein, nephronectin, is present in
the epidermal niche of the hair follicle[101] illustrates the potential power of unbiased
strategies towards ECM identification. While the sensitivity of current proteomic strategies
and the difficulty of isolating intact niches from tissue currently prevents protein-based
approaches, the rapid technical advances in this area may make this feasible in the future.
Second, the use of live imaging to analyse NSC and precursor cell behaviour with respect to
the ECM components of the niche. Such studies will reveal the true relationships between
stem cells and the ECM, and are likely to provide new and unexpected insights. For
example, studies in mouse seminiferous tubules (containing the spermatogonial stem cells)
have shown that stem cell niches become reorganized as the vessels change shape[102] and
are not the static structures that might be inferred from invertebrate studies. Third, analysis
of matrix stiffness in the niche. It is now recognized that ECM signalling is much more
complex than simply provision of ligands to cell surface receptors, and matrix stiffness is
also an important instructive determinant in the stem cell microenvironment. Studies on
mesenchymal stem cells show that stiff substrates promote osteogenic differentiation whilst
softer substrates promote neurogenic differentiation[103]. Changes in extracellular matrix in
the niche that result in a local change in the substrate stiffness may therefore have a major
effect on stem cell behaviour.

Will a better understanding of the ECM signalling in the niche of the adult CNS have
implications for regenerative therapies? Clearly, yes; strategies to enhance repair by
endogenous stem cells or to replace lost cells by transplantation of exogenous stem cells will
be improved by manipulations that mimic niche signals and so promote stem cell survival,
proliferation and differentiation. Whilst recognising that integration of newly differentiated
neurones and glia remains a formidable challenge, the manufacture of artificial niches that
could be transplanted adjacent to regions of CNS damage represent a particularly exciting
approach to future work and one that will require a much better understanding of the role of
the ECM.
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Figure 1.

A) Graphic illustration of the cytoarchitecture of the subependymal zone neurogenic niche.
Note that actively dividing transit amplifying precursors reside next to blood vessels, as do a
fraction of neuroblasts. Quiescent NSC (in blue) are located adjacent to ependymal cells and
extend a process towards the ventricle, thus receiving signals from these ependymal cells
and from the CSF within the ventricular space, and only translocate near blood vessels upon
mitotic activation. (Panel B) The concept of the two niches is illustrated here. NSC remain
quiescent in the adult neurogenic niche, where they are positioned next to ependymal cells
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(B1). Upon activation, NSC express alpha6betal integrin, CXCR4 and EGFR (red outline in
B2). This molecular machinery allows them to respond to additional signals on neighbouring
blood vessels (laminins, SDF1; depicted as yellow lines on the blood vessel) and results in
their translocation near the vasculature where they undergo mitosis (B3).
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Quiescent NSC do not express betal integrin. Panel A shows a label retaining NSC in the
SEZ of the adult rat. Note that the cell is still bromodeoxyuridine (BrdU) labelled 40 days
after administration of the agent, and is therefore a slowly dividing stem cell rather than a
rapidly dividing transit amplifying precursor cell that would dilate out the label. It is GFAP
positive (a marker of adult NSC) and betal negative. B) Confirmation that NSC are betal
negative is shown by FACS separation and C) neurosphere assays of betal high and betal
low Sox2 expressing cells. As expected given that Sox2 is expressed in the stem and
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precursor cell population all neurosphere forming activity is present in the Sox2 high
population from Sox2-GFP mice. A much higher level of sphere formation is then seen in
the betal low than the betal high subpopulations. D) A schematic diagram of the changes in
laminin receptor expression following activation of the neural stem cells by depletion of the
transit amplifying precursors. Note that two receptors are upregulated; syndecan-1 and
integrins. NB - Neuroblast; NSC - neural stem cell; TaP - transit amplifying precursor; E -
ependymal cell; BV - blood vessel.
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