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Abstract
In the developing brain, cell migration is a crucial process for structural organization, and is therefore
highly regulated to allow the correct formation of complex networks, wiring neurons, and glia. In
the early postnatal brain, late developmental processes such as the production and migration of
astrocyte and oligodendrocyte progenitors still occur. Although the brain is completely formed and
structured few weeks after birth, it maintains a degree of plasticity throughout life, including axonal
remodeling, synaptogenesis, but also neural cell birth, migration and integration. The subventricular
zone (SVZ) and the dentate gyrus of the hippocampus (DG) are the two main neurogenic niches in
the adult brain. Neural stem cells reside in these structures and produce progenitors that migrate
toward their ultimate location: the olfactory bulb and granular cell layer of the DG respectively. The
aim of this review is to synthesize the increasing information concerning the organization, regulation
and function of cell migration in a mature brain. In a normal brain, protein involved in cell-cell or
cell-matrix interactions together with secreted proteins acting as chemoattractant or chemorepellant
play key roles in the regulation of neural progenitor cell migration. In addition, recent data suggest
that gliomas arise from the transformation of neural stem cells or progenitor cells and that glioma
cell infiltration recapitulates key aspects of glial progenitor migration. Thus, we will consider glioma
migration in the context of progenitor migration. Finally, many observations show that brain lesions
and neurological diseases trigger neural stem/progenitor cell activation and migration towards altered
structures. The factors involved in such cell migration/recruitment are just beginning to be
understood. Inflammation which has long been considered as thoroughly disastrous for brain repair
is now known to produce some positive effects on stem/progenitor cell recruitment via the regulation
of growth factor signaling and the secretion of a number of chemoattractant cytokines. This
knowledge is crucial for the development of new therapeutic strategies. One of these strategies could
consist in increasing the mobilization of endogenous progenitor cells that could replace lost cells and
improve functional recovery.

Introduction: from development to the adult brain
The development of a structure as complex as the brain from the embryo to the adult organism
is a continued source of fascination for neurobiologists. Successive, overlapping phases occur
during brain development: first, the proliferation of embryonic neural stem cells in the
ventricular neuroepithelium produces growth of the structure, second, a neurogenic phase takes
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place and gives rise to cortical neurons, third, gliogenesis occurs, and finally myelination, axon
pruning, synaptic stabilization, and apoptosis complete brain maturation. A critical issue is the
appropriate integration of the different cell types to form mature brain structures. The origins
of cells in the ventricular zone but their final destinations in distant gray and white matter mean
that cells have to migrate from their places of birth to their final positions. This migration uses
environmental cues like substrates, chemoattractive/chemorepulsive factors, and detachment/
stop signals. Although some of these factors have been identified, many remain to be
discovered. This is a major challenge since migration disorders during brain development lead
to major neurological diseases such as epilepsy, mental retardation and gross motor impairment
(Aicardi, 1994; Chevassus-au-Louis and Represa, 1999; Einstein and Ben-Hur, 2008; Leuner
et al., 2007).

Two main migration modes are described during development: radial and tangential migration
(for review see (Kriegstein and Noctor, 2004). Neural stem cells of the ventricular zone (VZ)
extend long processes from the ventricular wall to the pial surface of the cortex. These cells
not only generate projection neurons but they also provide tracks along which immature
neurons migrate into the cortex. This type of migration of pyramidal neurons is called radial
migration because cells migrate perpendicular to the ventricular surface. Migration of different
types of pyramidal neurons to defined positions finally results in the characteristic laminar
organization of the cortex. In contrast, most of the cortical interneurons arise in the ventral
forebrain, in the ganglionic eminences, and migrate tangentially, parallel to white matter tracts
before they turn and migrate radially into the cortex (Marin and Rubenstein, 2003)

At birth, neurogenesis is largely complete, with a few notable exceptions. In rodents, for
example, the subventricular zone (SVZ) continues to generate large numbers of olfactory
interneurons during postnatal development (and in the adult). The newly formed neuroblasts
migrate from the SVZ to the olfactory bulb via the rostral migratory stream. Gliogenesis also
persists in the SVZ during the early postnatal period, generating astrocytes and
oligodendrocytes. Astrocyte and oligodendrocyte progenitors (OPCs) migrate from the
subventricular zone (SVZ) into the overlying white matter and cortex and into deep gray nuclei.
The latter differentiate into myelinating oligodendrocytes, although a fraction remains as a
pool of immature OPCs (see below).

In the adult brain a limited amount of neural cell migration continues, although it is still not
clear what functions this serves. Two main structures are involved: the SVZ, lining the lateral
ventricle, and the dentate gyrus (DG) of the hippocampus. Stem cells in these discrete areas
keep producing progenitors that migrate and give rise largely to neurons, throughout life. The
extent of neurogenesis and cell migration differs between these two structures, the SVZ largely
exceeding the DG both in the numbers of cells generated and in the distance cells must migrate.
Indeed, in rodents 30,000 to 80,000 SVZ-derived newborn cells are generated everyday in the
olfactory bulb (OB), representing around 1% of total granule cell population (Kaplan et al.,
1985; Peterson, 2002) vs only 9,000 in the DG (i.e., 0.03% of total dentate neuronal population)
(Cameron and McKay, 2001; Kempermann et al., 1997). Neuronal progenitors born in the SVZ
migrate in a characterized “tangential” migration, i.e., forming homophilic chains along several
mm toward the OB in a well-defined pathway, the rostral migratory stream (RMS), whereas
DG progenitors do not exit the hippocampal structure and only migrate a few μm along radial
fibers from the subgranular layer to the granular layer of the DG. Nevertheless, in both cases,
newborn neurons integrate into the pre-existing neuronal networks and become functionally
active (van Praag et al., 2002); (Carleton et al., 2003; Mizrahi, 2007). Continuous neurogenesis
appears to be important for the maintenance and renewal of the olfactory bulb interneurons as
well as for the refinement of the dentate gyrus circuitry involved in hippocampal-dependent
memory (Imayoshi et al., 2008).

Cayre et al. Page 2

Prog Neurobiol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While this review will focus on rodent and human studies, it is important to note that adult
neurogenesis and cell migration is more widespread in other types of vertebrates, such as
amphibians and reptiles (Garcia-Verdugo et al., 2002; Kaslin et al., 2008). This may explain,
at least in part, the robust capacity for these animals to repair injuries to their central nervous
systems (Font et al., 2001).

It is yet not clear why newly added neurons are not born directly in the place they need to
reside. Progenitor cell migration may provide an additional level of control for cell positioning;
the maintenance of stem cell niches also represent a potential source of cells for brain repair,
but it may be costly for the organism and it also requires specific features that restrict the
structures where they can persist; this implies that cells need to be able to migrate from these
discrete niches to their final destination.

During pathological processes, such as in a variety of neurological diseases, brain reactivity
occurs in spontaneous attempts at protection and/or repair. These pathologies result in further
cell migration not observed in the resting adult brain. In addition, the cancer cells of gliomas
migrate widely through the CNS, in some ways recapitulating the migration of normal
progenitor cells during development. Interestingly, in recent years, increasing evidence
suggests that brain tumors may originate from transfomation of either adult neural stem or glial
progenitor cells (for review see Jackson and Alvarez-Buylla, 2008 and Canoll and Goldman,
2008).

In this review, we will synthesize the current knowledge of neural cell migration in the postnatal
brain in normal as well as pathological conditions (excluding non-neural cells such as microglia
and inflammatory invading cells from the immune system), trying to understand why migratory
capabilities are maintained in the mature brain and how cell migration in the adult brain could
be used for repair.

1- Birth and movement of progenitors: migration routes in the normal postnatal brain
1.1- Cell migration in the early postnatal period—An extensive amount of cell
migration occurs in the first few postnatal weeks of the rodent brain. Much of this is by glial
progenitors, since most neuronal migration has been completed by this time, with a few
exceptions. Two of the exceptions, olfactory bulb interneuron generation in the forebrain SVZ
and migration along the RMS, and dentate gyrus granule cell generation and migration in the
hippocampus, continue to occur throughout adult life (see below). Another exception is the
cerebellum, where granular cell genesis persists during early postnatal development. The
external granule cell layer, located at the cerebellar surface, will provide the granule cell
population by radial migration (Altman and Bayer, 1997). This neuronal migration has been
proposed to occur along radial glial fibers (Rakic et al., 1990). However, glial involvement in
granule neuronal migration does not seem to represent the main option, since migration often
happens independently of glial processes; granule neurons use both vertical and tangential
routes, migrating in close association with each other along faciculated fibers of migratory
neurons to reach the internal granule cell layer (Hager et al., 1995; Liesi et al., 2003).

The patterns and dynamics of neuronal migration in the RMS and dentate gyrus in the early
postnatal brain appear to be very similar to that seen in the adult SVZ. This is described in
detail below (section 1.2). Therefore, in this section we will focus on the glial migration in the
early postnatal brain.

1.1.1- Glial Progenitor migration: Glial progenitors migrate from the forebrain SVZ into
neighboring structures, including white matter, neocortex, striatum, and hippocampus, where
they differentiate into astrocytes and oligodendrocytes (Levison and Goldman, 1993; Luskin
and McDermott, 1994; Suzuki and Goldman, 2003; Navarro-Quiroga et al., 2006). The
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forebrain SVZ at this time is a large zone of highly proliferative and migratory cells. The SVZ
is largest at the dorsal and lateral borders of the lateral ventricle. Glial progenitors show distinct
pathways of emigration from the SVZ and migration to their destinations. Those emigrating
dorsally exit in a radial direction. They either stop migrating in the overlying white matter, or
continue through the white matter into the cortex. The pathways of migration appear to follow
the orientation of radial glial processes. Thus, those progenitors that migrate into the dorsal
cortex do so along a radial pathway, while those that migrate into lateral cortex follow the
white matter around laterally before changing direction and migrating radially into the
neocortex (Fig. 1A). Lateral cortex glia also provides a substrate for lateral migration. It
appears, therefore, that radial glia supports the migration of glial progenitors. In vitro studies
suggest that radial glia contributes a permissive pathway along which migratory progenitors
can travel and that contact with radial glia keeps progenitors in an immature, migratory state
(Goldman et al., 1997).

Glial progenitors migrate along other substrates as well, however. For example, those that cross
the corpus callosum from one hemisphere to the other travel parallel to axons, but in no
particular register with radial glia (Kakita et al., 2003). This migration along white matter tracts
is recapitulated in glioma migration (see below). In addition, we have seen glial progenitors
migrating along blood vessels (P. Canoll, unpublished observations), a migratory track also
taken commonly by glioma cells (see 1.2-).

Glia cells, in contrast to projection neurons, continue to proliferate during their migration. Real-
time imaging of progenitors in acute brain slices reveals that they stop migrating just prior to
mitosis. Mitosis itself takes about one hour, after which the two offspring resume migrating,
often in opposite directions. Thus, a single glial progenitor can give rise to a clonal population
that can colonize multiple levels of the white matter, cortex, and striatum (Zerlin et al.,
2004). In sum, glial progenitor migration does not appear to give rise to specific cell types in
specific cortical laminae, as does neuronal migration; rather progenitor proliferation generates
a large population of cells that migrate and colonize large territories of forebrain.

Time-lapse microscopy has revealed that neural and glial progenitors migrate in a saltatory
manner that consists of 2 distinct but coordinated steps: 1) The cells send out a long leading
process in the direction of migration. The leading process extends and retracts with relatively
rapid dynamics, occasionally branching or turning, as if responding to attractive and repulsive
cues in the local environment. 2) The cell body moves in intermittent bursts that are separated
by periods with little or no movement (Kakita and Goldman, 1999; Bellion et al., 2005; Schaar
and McConnell, 2005; Tsai et al., 2007; Beadle et al., 2008). Recent studies have shown that
myosin II is needed for forward movement of the cell body (Schaar and McConnell, 2005;
Tsai et al., 2007), and it has been proposed that myosin II provides the contractile force needed
to push the cell body and nucleus through tight spaces in the extracellular environment of the
brain (Beadle et al., 2008).

Little is known about the specific molecules that promote or inhibit glial progenitor migration,
and much of the literature refers to tissue culture and not in vivo models. In addition, far more
is known about migration molecules expressed by OPCs than those by astrocyte progenitors.
Nevertheless, the presence of several molecules is well established, and functional studies
suggest important regulatory pathways.

1.1.2- Molecules involved in glial progenitor migration: Growth Factors: Oligodendrocyte
progenitor cells express PDGFR-alpha, and PDGF stimulates OPC migration and proliferation
and inhibits their differentiation. We have recently shown that exposing glial progenitors to
high levels of exogenous PDGF (100 ng/ml) will stimulate their migration and proliferation in
acute slice cultures of neonatal forbrain (Assanah et al., submitted). PDGF may also be a

Cayre et al. Page 4

Prog Neurobiol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



chemoattractant for OPC, as these cells migrate towards higher concentrations of PDGF in a
transfilter migration assay (Armstrong et al., 1990). However, it has not yet been determined
if the directionality of OPC migration is regulated by PDGF gradients in the early postnatal
forebrain.

EGF signaling has been primarily investigated in the embryonic CNS, but postnatal glial
progenitors continue to express EGFR (Ivkovic et al., 2008). Progenitors gradually down-
regulate this receptor as they mature. However, when OPCs are forced to express EGFR (wild
type) constitutively, they remain immature, proliferative, and migratory (Ivkovic, et al.,
2008). Similarly, the expression of the EGFRvIII mutant in glial progenitors will also inhibit
differentiation and promote migration (Aguirre et al., 2005). These observations suggest that
EGFR signaling is sufficient to inhibit glial differentiation. Whether the EGFR-expressing
progenitors remain migratory because they remain immature, or whether EGFR signaling has
direct effects on migratory machinery is not yet clear. However, EGFR signaling in cancer
cells is sufficient to promote an epithelial to mesenchymal transition, in which non-migratory
cells with epithelial contacts lose those contacts and become migratory (for review see Guarino
et al., 2007).

Integrins: OPCs express alphaV integrin along with a series of sequentially expressed beta
integrins during their differentiation (Blaschuk et al., 2000). AlphaV integrin is important for
migration since interfering with integrin function inhibits migration in cultures. Integrin
function has been linked to glutamate activation of glutamate receptors on OPCs, through a
protein complex that contains proteolipid protein (PLP), alphaV integrin, and the AMPA
receptor (Gudz et al., 2006). However, OPCs that do not express PLP can migrate normally,
at least in this culture system, and glutamate does not drive migration. These data suggest that
glutamate can promote OPC migration via a mechanism that links glutamate receptors to PLP
and integrins, but that OPCs have other molecular pathways in addition. Since integrins are
activated in part by binding extracellular matrix molecules, we should eventually determine
which molecules on radial glial, axonal, and or blood vessel substrates are critical for integrin-
mediated progenitor migration. How integrin complexes are linked to underlying cytoskeletal
elements to promote glial migration is not yet known, although there are well-established links
to Ras and a variety of other GTPases, which eventually converge on actin dynamics.

Purinergic receptors: Purinergic receptors have been linked to glial migration. Both ATP and
ADP stimulate OPC migration in culture, activating P2X(7) and P2Y(1) receptors, respectively
(Agresti et al., 2005). Astrocytes also express purinergic receptors. Data from astrocytoma
lines and primary rodent astrocytes in culture suggest that P2Y(2) receptors associate with
alphaV integrins to activate GTPases and myosin-light chain phosphorylation in stimulating
astrocyte and astrocytoma migration along UTP gradients (Liao et al., 2007; Wang et al. 2005).
Finally, stimulation of P2Y receptors on astrocyte progenitor cells emigrating from
neurosphere cultures promotes the outgrowth of these cells (Streidinger et al., 2007; Striedinger
and Scemes, 2008). Purinergic receptor activation in astrocytes leads to transient increases in
intracellular free calcium, the frequency and magnitude of which regulate progenitor migration.
Whether these receptors play an important role in astrocyte progenitor migration in vivo
remains unclear, but it should be possible using slice systems to determine the effects of
purinergic receptor activation in a more physiological environment.

Chemotactic/Chemorepellant Regulation of Oligodendrocyte Migration: The netrin system
provides the best-known example of how attractant and repellant signals regulate the dispersal
of OPCs. OPCs express DCC and Unc5, two netrin receptors. In the developing spinal cord a
ventral source of netrin serves to repel OPCs from their initial, ventral localization towards
more dorsal areas (Tsai et al., 2003). In fact, in netrin-null mice, ventrally-located OPCs do
not migrate (Tsai et al, 2006). The migration of OPCs in the developing optic nerve is also
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regulated by the netrin system, although Spassky et al. (2002) consider netrin a chemoattractant
rather than a repellant. These authors suggest that interactions between semaphorins and the
semaphorin receptors, neuropilin-1 and –2, which are found on OPCs, can inhibit migration
by chemorepellant effects. The presence of netrin-1 and semaphorin 3a at the optic chiasm
(Sugimoto et al., 2001) raises the possibility that focal sources along the optic nerve pathway
may guide OPC migration in the newborn rat. In this work, netrin 1 showed a repellant effect
on a subset of glial progenitors.

Polysialylated neural cell adhesion molecule (PSA-NCAM): Like neuronal progenitors in the
RMS (see 2.1-), glial progenitors also express PSA-NCAM. However, unlike neuroblasts in
the RMS, glial progenitors do not migrate in chains. Nevertheless, removing the PSA moieties
from NCAM decreased the migration rate of early oligodendrocyte progenitors in culture
(Decker et al., 2000). Blocking integrins also reduced migration, suggesting that multiple
molecules, or the interactions among them and with substrates, all contribute to OPC migration.

1.2- Cell migration in the adult brain—In the normal adult brain, cell migration is mainly
restricted to the migration of neuronal precursors in the DG (Kaplan and Bell, 1984; Cameron
et al., 1993; Seki, 2002) and of neuroblasts in the RMS, from the SVZ to the OB (Luskin,
1993; Lois and Alvarez-Buylla, 1994). Gliogenesis also continues throughout adult life and
glial progenitors represent the largest population of cycling cells in the adult brain (Roy et al.,
1999; Dawson et al., 2003, Assanah et al., 2006). There is evidence that the adult SVZ continues
to generate small numbers of OPCs that migrate into the corpus callosum, striatum and fimbria
fornix (Menn et al., 2006). However, the vast majority of adult glial progenitors reside outside
the neurogenic niches (DG and SVZ) and under normal circumstances these resident adult glial
progenitors and their progeny do not migrate, although they can be stimulated to migrate under
pathological conditions (discussed in section 3). The remainder of this section will focus on
the migration of neuronal precursors that occurs in the normal adult brain.

1.2.1- The dentate gyrus: The adult DG is a relatively homogenous structure, mainly
composed of granule neurons, and a small population of basket cells and glia. During
embryogenesis, granule neurons of the DG stem from progenitor cells originating in the
neuroepithelium lining the lateral ventricle (Altman and Bayer, 1990), and probably migrating
radially across the developing hippocampus (Rickmann et al., 1987). Progenitors then remain
in the adult DG and establish a secondary germinative area in the subgranular layer. This
subgranular layer is defined as a narrow band of about 50 μm in depth between the inner border
of the granular layer and the hilus. The cellular and architectural composition of this
germinative area strongly influences the migratory behavior of neuronal precursors within this
structure. The subgranular layer is composed of two types of cells (Seri et al., 2001): 1-
astrocytes (or B cells), which display a long radial process through the granular layer, and a
tangential extension lining the inner border of the granular layer, and 2- immature cells (or D
cells) produced by B cell divisions. The D cells, or transient progenitors, divide and generate
neuronal precursors (Fig. 1B). These precursors express doublecortin (DCX) (Brown et al.,
2003) as well as PSA-NCAM (Seki and Arai, 1993), two molecules highly associated with the
migrating potential of immature neural cells. Astrocytes, D cells and neural precursors form
clusters of cells favoring cell-cell interactions (Seki, 2002). Neuronal precursors migrate short
distances to penetrate into the base of the granular cell layer. During this dispersion, it seems
that migrating neuroblasts first move tangentially through the subgranular layer, leaving a
trailing process in the proliferative area, and then extend radially-orientated dendrites and
migrate radially (Seki et al., 2007). Thus, it is possible that the plexus formed by PSA-positive
dendritic processes of immature neurons, GFAP-positive radial fibers, and vasculature (Palmer
et al., 2000) provides a microenvironment suitable for proliferation, differentiation and
migration. Once in the granular layer, neuronal precursors differentiate into granule neurons
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(Cameron et al., 1993), establish synaptic contacts (Markakis and Gage, 1999) and contribute
to functional plasticity of the hippocampus (Bruel-Jungerman et al., 2005; Snyder et al.,
2001; van Praag et al., 2002; Wang et al., 2000).

1.2.2- The subventricular zone: In the mature brain, the SVZ represents the main stem cell
niche. In contrast to progenitors in the DG, the neuronal progenitors produced in the SVZ need
to migrate long distances along the RMS to reach their final destination in the OB.

The adult SVZ, also referred to as subependymal layer, is a remnant of the primitive germinal
layers but continues to generate neurons throughout life. Although the SVZ is commonly
considered an area of the adult brain fully retaining embryonic features, substantial differences
do exist in the morphological and molecular composition of its perinatal and adult counterparts
(Peretto et al., 2005). For instance, the prenatal and early postnatal SVZ contains an open
olfactory ventricle which closes after birth in rodents, giving rise to the RMS, which will
constitute the “highway” for neuronal progenitors en route to the OB. The radial glial cells,
identified as the embryonic neural stem cells, disappear from the SVZ in the early postnatal
period and give rise to astrocytes, located in cortex and white matter as well as at borders of
the SVZ, oligodendrocytes and olfactory interneurons (Malatesta et al., 2000; Noctor et al.,
2001; Tramontin et al., 2003; Ventura and Goldman, 2007). The stem cell-like properties of
SVZ astrocytes were first demonstrated by Doetsch et al., 1999, and have been supported by
subsequent studies (Capela and Temple, 2002; Chiasson et al., 1999; Garcia et al., 2004;
Laywell et al., 2000).

The cellular composition of the adult rodent SVZ has been well characterized (Doetsch et
al., 1999; Doetsch et al., 1997): a monolayer of ciliated ependymal cells (type E cells) separates
the SVZ from the lumen of the ventricle. Astrocytes (type B1 cells), the cell bodies of which
are located in the subependymal region, have an apical ending at the ventricular surface and a
long basal process that terminates on blood vessels and also often enwraps chains of neuroblasts
(Mirzadeh et al., 2008). Both apical and basal processes may participate in the control of
proliferation, differentiation and migration, by integrating signals from the blood and the
cerebrospinal fluid (CSF) and also by physical guidance of migrating neuroblasts. Type B cells
give rise to transit amplifying cells, type C cells. These in turn produce neuronal progenitors
(type A cells) that proliferate and migrate along the RMS (Lois et al., 1996). Another
characteristic feature of the SVZ is a rich vasculature and the presence of an extravascular basal
lamina that extends from blood vessels to ependymal cells (Tavazoie et al., 2008; Shen et al.,
2008). The extracellular matrix constituting this basal lamina contacts all cell types present in
the SVZ (Mercier et al., 2002), and could play important roles in the regulation of adult
neurogenesis and cell migration. Furthermore, a recent study showed that in the dorsal SVZ,
the neuroblast chains appear to be built around blood vessels that run in the orientation of
migration, raising the interesting possibility that these blood vessels are playing a role in
guiding neuroblast migration towards the olfactory bulb (Shen et al., 2008). Finally, although
microglia represents only 1.5% of the total SVZ cell population, recent work suggests a crucial
role of microglia in neurogenesis regulation in cooperation with T lymphocytes (Ziv et al.,
2006).

In vitro studies using the neurosphere assay (Gritti et al., 2002) as well as more recent in
vivo analysis (Mendoza-Torreblanca et al., 2008; Alonso et al., 2008) suggest that cells with
stem-like characteristics are not confined to the SVZ, but are also present along the RMS. These
studies furthermore indicate that cells with stem-like potential endowed with different
functional characteristics occur at different levels of the SVZ–RMS pathway: cells located in
the proximal part of the RMS generate more oligodendrocytes whereas cells in the distal part
give rise by a majority to periglomerular interneurons (Hack et al., 2005; Mendoza-Torreblanca
et al., 2008).
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Neuronal progenitors (expressing mCD24, βIII tubulin, DCX and PSA-NCAM) migrate along
the RMS in what has been described as a tangential “chain migration” (Fig. 1B). This migration
occurs without the aid of radial glial or axonal substrates; the cells are closely associated in
chains and use homophilic migration (Doetsch and Alvarez-Buylla, 1996;Lois et al., 1996).
Within the chains, neuroblasts keep proliferating (Lois et al., 1996;Luskin 1998). This
homophilic migration has been suggested to be a particularly efficient mode of migration
(Bovetti et al., 2007a). Several in vitro and in vivo studies have attempted to measure migration
velocities of neuronal progenitors along the RMS. However, the results are somewhat
disparate, ranging from 20 to 100 μm/hr (Bolteus and Bordey, 2004;Davenne et al., 2005;De
Marchis et al., 2001;Lois and Alvarez-Buylla, 1994). These discrepancies may in fact reflect
the heterogeneous nature of neuroblasts. A recent study using two-photon time-lapse
microscopy of brain slices from postnatal and adult eGFP mice suggests that a bipolar
morphology was not predictive of cell motility, and that all migrating cells are not DCX-
positive (Nam et al., 2007). It is also now known that cell migration is not constant but rather
irregular with periods of inactivity and exploratory behaviors (Davenne et al., 2005;Nam et
al., 2007). Interestingly, this study also demonstrated the occurrence of dorsoventral migration
throughout the striatal SVZ by contrast to the caudorostral migration observed in the dorsal
SVZ (Nam et al., 2007). The development of new methods of non-invasive visualization of
endogenous progenitor cell migration by micron-sized iron oxide particles labeling and
magnetic resonance imaging (Shapiro et al., 2007) might help increase our understanding of
such migration processes.

Migrating neuronal progenitors are ensheathed within the RMS by a meshwork of specialized
GFAP-positive astrocytes (Lois and Alvarez-Buylla, 1994; Lois et al., 1996). These astrocytes
(type B2 cells) are organized in glial tubes that compartmentalize the SVZ in longitudinal
channels and that mark the borders with the surrounding brain parenchyma (Fig. 1B). These
astroglial tubes contain chains of migrating neuroblasts orientated tangentially. Although the
close physical interaction between the neuronal progenitors and the tunnel of astrocytes invites
speculation that the astrocytes might guide migration, there is no evidence that these GFAP-
positive ensheathing cells are necessary to direct neuronal progenitor cell migration in the
RMS. Indeed, when explants of SVZ are cultured in a three-dimensional matrix, cells with a
neuronal phenotype migrate rapidly away from the explants in close association with each
other, in the absence of GFAP-positive astrocytes or other glia (Lim and Alvarez-Buylla,
1999; Wichterle et al., 1997). Interestingly, the astrocyte tube is absent in the neonate brain
and appears only 2 to 3 weeks after birth. In the neonate neuroblasts migrate more individually,
progressively shifting to chain migration. Chain formation is not directly linked to glial tube
assembly since it usually precedes complete glial ensheathment (Peretto et al., 2005). These
observations suggest that this astrocytic rearrangement may not be essential for cell migration
itself, but rather a means to allow an adaptation of embryonic/postnatal modes of cell migration
to the less permissive mature nervous tissue environment.

Yet other studies suggest that the tube of astrocytes regulates the speed of migration of neuronal
progenitors by controlling the degree of GABA receptor activation through the expression of
GABA transporters (Bolteus and Bordey, 2004). Astrocytes also produce a protein called MIA
(migration-inducing activity), which induces neuronal migration by initiating and enhancing
the movement of neuronal progenitors (Mason et al., 2001). Altogether, these studies contribute
to acknowledge the multifaceted role of astrocytes in the SVZ-RMS system: stem cells,
migration guide and/or substrate, boundary between tissue compartments…

Once they arrive in the OB, migrating neuronal progenitors detach from the chain and migrate
radially into the granule and periglomerular cell layers of the OB where they differentiate into
GABAergic and dopaminergic interneurons (Belluzzi et al., 2003; Carleton et al., 2003;
Doetsch and Alvarez-Buylla, 1996). Little is known about the mechanisms governing radial
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migration of neuronal progenitors within the OB. Although in development radial glia cells
are present in the OB, they are absent in the adult and there are no glial or axonal processes
that span the entire depth of the OB from the center to the edge and that could guide the cells.
Recent work shows that cells traversing the deep granule cell layer use blood vessels as
migratory scaffolds (Bovetti et al., 2007b). By analogy to the neurophilic migration along
axons and gliophilic migration along radial processes, the authors called this new mode of
migration “vasophilic migration”. Note that early glial progenitors and glioma cells can also
migrate along blood vessels.

The assertion that neurogenesis and cell migration occur in only two restricted brain regions
in the adult brain, the DG and the SVZ, should be modulated by recent findings indicating that
white matter (Takemura, 2005) and discrete cortical areas could be sites of secondary
neurogenesis. Indeed, the amygdala and the piriform cortex, which represents the major part
of the olfactory cortex, receiving olfactory bulb projection axons, also display newly-generated
neurons in the adult brain of several mammalian species, including rodents, rabbits and non-
human primates (Bernier et al., 2002; Luzzati et al., 2003; Pekcec et al., 2006; Shapiro et al.,
2007). Using BrdU, phenotypic markers as well as DiI tracing (Shapiro et al., 2007) have
suggested that the newly-generated neurons of the adult piriform cortex arise from the SVZ of
the lateral ventricle, migrate through subcortical white and gray matter structures to reach the
piriform cortex, and some of these cells differentiate and survive in the piriform cortex. This
migration route has been called by the authors the “caudoventral migratory stream” because it
arises from the caudal portion of the lateral ventricle and extends ventrally. These data are
consistent with the recent observation of extensive dorsoventral migration in the ventral regions
of the lateral ventricle (Nam et al., 2007) that could contribute to this migration pathway.
However, these results have been challenged by recent findings showing that new projection
neurons in the piriform cortex rather arise in situ from local PDGFRα/NG2 positive cells
(Rivers et al., 2008). The dorso-ventral migration observed by Nam et al. may therefore rather
correspond to the ventral migratory stream sending neurons to the island of Calleja and
olfactory tubercules (De Marchis et al., 2004). Although DCX+/BrdU+ progenitors with
bipolar morphology have been observed migrating either individually or in discontinuous
chains within white matter regions, the precise mode of migration through these structures
toward the piriform cortex of these progenitors is not known. Interestingly, grafting studies of
mouse and human neural progenitors into the adult rodent brain revealed that, except for the
RMS, subcortical white matter tracts represent the major permissive structure for cell migration
in the adult brain (Englund et al., 2002; Tabar et al., 2005; Cayre et al., 2006). Again, this white
matter migration recapitulates migratory directions taken by some glial progenitors in the
neonatal brain and is a prominent pathway for the migration of glioma cells (see below).

Most of the studies describing the migration of neuronal progenitors in the adult brain refer to
studies in rodents. Is there similar migration in the human brain? This is a legitimate question
in regard to the functional significance and potential therapeutic applications of this process.
First considered as developmental vestige only present in lower species, adult neurogenesis
was finally demonstrated in humans in 1998 by Ericksson and colleagues (Eriksson et al.,
1998). They studied the brains of cancer patients, who had been intravenously injected with
BrdU for prognosis purposes, and found that new neurons were produced in the dentate gyrus
of adult humans and that some SVZ cells were labeled with BrdU, confirming the presence of
two germinative zones well identified in rodents and non-human primates. However, although
the adult human SVZ is now accepted to be a reservoir of neural stem cells (Quinones-Hinojosa
et al., 2006; Sanai et al., 2004), a controversy persists regarding the existence of an RMS toward
the olfactory bulb in humans: the group of Alvarez-Buylla first described the presence in the
adult human SVZ of a ribbon of proliferative astrocytes but did not find chains of migrating
neuroblasts or an RMS (Sanai et al., 2004). In contrast, Curtis et al. (2007a) interpreted brain
sections as revealing the presence of a lateral ventricular extension reaching the OB in the adult
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human brain, and inferred that this extension may contain progenitors that migrate and become
mature neurons in the olfactory bulb. This discrepancy is still a matter of debate; technical
considerations could explain this inconsistency, and the existence of a human RMS illustrates
a continuum and the presence of common biological processes among mammals (Curtis et
al., 2007b). Others maintain that the current evidence is not strong enough, even though the
potential interest of such discovery would be obvious (Sanai et al., 2007). In either case, it is
clear that the production of new neurons in the SVZ and the extensive migration along the
RMS that occurs in the adult rodent brain far exceed that seen in the adult human brain, and
may therefore impede the therapeutic potential of endogenous neural stem cells. This likely
relates to the high rate of turnover of interneurons in the rodents’ disproportionately large
olfactory bulbs. In a sense, this mirrors the robust neurogenesis that occurs in the forebrains
of adult songbirds, where new neurons migrate to and become incorporated into brain regions
that control songs. One might propose that patterns of cell proliferation and migration in the
adult human brain should be tailored to meet the demands of cell replacement that are required
to maintain our unique cognitive functions.

2- Factors involved in the regulation of progenitor cell migration in the normal adult brain
A fundamental issue concerning adult migration is to understand the intrinsic and extracellular
cues that allow the persistence of migratory progenitors. Increasing evidence argues for the
involvement of developmental signals that are maintained in restricted adult brain structures.
It thus appears that the adult brain uses developmental strategies in order to maintain a higher
degree of plasticity permissive for cell remodeling. In the adult as in development, orientated
neuronal migration requires the cooperative actions of attachment, repellant and guidance
signals, and migrating cells need to be equipped with proteins conferring them with the intrinsic
capacity to migrate.

2.1- PSA-NCAM—As mentioned above, SVZ-derived neuroblasts are able to migrate in
chains in a homophilic mode, each neuroblast using neighboring neuroblasts as substrates for
migration. Polysialylated NCAM (PSA-NCAM) was among the first molecules found to
regulate chain migration in the RMS (Chazal et al., 2000; Hu et al., 1996; Ono et al., 1994).
Indeed, PSA-NCAM is highly expressed during development, regulating cell-cell interactions
(Kiss and Rougon, 1997; Rutishauser and Landmesser, 1996). In the adult central nervous
system, PSA-NCAM expression is downregulated and only persists in discrete areas that keep
the ability to undergo structural and functional plasticity (Seki and Arai, 1993; Theodosis et
al., 1991): more specifically it is present on type A cells of the SVZ and RMS, and newborn
neurons in the dentate gyrus; it disappears from the cell surface after neuronal differentiation.
Chemical (endoneuraminidase) or genetic (NCAM knock out mice) approaches (Hu et al.,
1996; Chazal et al., 2000) show that PSA-NCAM positively regulates cell migration in both
neurogenic areas in the adult brain. In the absence of PSA, although migration is still present,
it is defective, in that the neuronal progenitor chains don’t form properly (Hu, 2000) and cells
accumulate in the SVZ. Interestingly, in newborns PSA-NCAM is very low in the RMS and
at this time chain migration does not occur, the progenitors migrating as single cells (Hu,
2000), suggesting that PSA is not necessary per se for cell migration but allows or promotes
chain migration. Although the exact mechanisms are not completely deciphered yet, it is
proposed that the presence of PSA on NCAM acts as an anti-adhesive, therefore facilitating
the slippage of the cells on one another during the process of homophilic migration.

2.2- Doublecortin (DCX)—DCX is another protein expressed by migrating neuroblasts in
the adult brain (Brown et al., 2003; Nacher et al., 2001; Yang et al., 2004). DCX is a
developmentally regulated, microtubule-associated protein required for neuronal migration.
Its absence during development leads to cortical and subcortical heterotopias and lissencephaly
syndrome (des Portes et al., 1998; Francis et al., 1999). DCX is an essential player in

Cayre et al. Page 10

Prog Neurobiol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



microtubule polymerization and stabilization (Moores et al., 2004), and is thus important in
regulating microtubule dynamics during cell migration and mitosis. In vitro studies have shown
that DCX inhibition by RNAi reduced cell migration from neurospheres (Ocbina et al.,
2006). Surprisingly, adult mutant mice lacking DCX show no major defect in cortical
lamination, but their RMS is greatly enlarged and newly formed neurons do not migrate
properly toward the OB. These defects mainly result in a decrease of periglomerular
interneurons in the olfactory bulb without affecting the population of granular internuerons.
Migrating progenitors lacking DCX exhibit a multipolar phenotype instead of the typical
bipolar shape and undergo long and frequent migratory pauses due to defects in nuclear
translocation (Koizumi et al., 2006). Neuroblast migration along the RMS is characterized by
a stereotypic behavior: the cell first extends a leading process orientated toward the direction
of migration, and then the forward movement of the centrosome allows/promotes nuclear
translocation; finally the trailing process detaches and repositions itself as the cell soma moves
forward. Koizumi et al. (2006) demonstrated that DCX is required to mediate the coupling
between the centrosome and the nucleus during this translocation process. However, not all
migrating progenitors in the SVZ are DCX-positive (Nam et al., 2007) suggesting that DCX
is not indispensable for cell migration. Other proteins are likely involved. LIS1 and cytoplasmic
dynein, the microtubule motor, are key players in both radial and tangential migration of neural
progenitors (Tsai et al., 2007). It is important to note that genetic loss of either DCX or LIS1
causes severe developmental brain abnormalities due to neuronal migration defects. Ezrin, a
membrane-cytoskeletal linker protein, is highly expressed in the glial tubes of the RMS together
with β-catenin, suggesting a potential role of these proteins in signaling processes regulating
cell migration (Cleary et al., 2006).

2.3- Extracellular matrix molecules and interactions—Migration in the relatively non-
permissive adult brain requires modification of the microenvironment surrounding the
migrating cell. Numerous extracellular matrix (ECM) molecules, such as tenascin-C,
chondroitin sulfate proteoglycans and laminin are present along the RMS (Jankovski and
Sotelo, 1996; Murase and Horwitz, 2002; Thomas et al., 1996). Matrix metalloproteases
(MMPs) cleave ECM components and thereby modify the extracellular environment. MMPs
are expressed along the SVZ-OB pathway, and one of them (MT5-MMP) is produced by the
neuroblasts themselves. Interestingly, MMP inhibition reduces tangential migration in
neonates, where migration in the RMS still proceeds individually, but not in adults where chain
migration is functional. MMP inhibition also inhibits radial migration both in neonates and
adults, suggesting that MMPs are important for individual cell migration (Bovetti et al.,
2007a). The fact that MMPs are dispensable for chain migration is consistent with the relative
isolation of chain migrating progenitors within glial tubes and with the efficacy of this
homophilic neuronal migration. Proteins containing a disintegrin and metalloprotease domain
(ADAMs) are transmembrane proteins with metalloprotease, integrin-binding, intracellular
signaling and cell adhesion activities. Yang et al. (2005) showed that ADAM21 is expressed
in adult rodent brain by ependyma and SVZ cells with long basal processes that contact blood
vessels, and are intermingled with neuroblasts in the RMS. This observation suggested a
potential role of ADAM21 in neurogenesis and neuroblast migration, supported by its possible
interaction with integrins.

Indeed, integrins constitute an important family of heterodimeric cell surface proteins that bind
to ECM components and to counter-receptors on adjacent cells. Several subunits of integrins
are present in the postnatal and adult SVZ and the use of blocking antibodies against a6 or β1
integrins strongly perturb migration and translocation (Emsley and Hagg, 2003). A recent study
confirmed that β1 integrin and its laminin ligands promote the formation of chains in the adult
RMS and also provided evidence that β1 integrins are required for the maintenance of glial
tube integrity (Belvindrah et al., 2007). VLDLR, ApoER2 and Dab1 have also been identified
as major components of the cellular machinery that supports the formation of the chains
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(Andrade et al., 2007). These receptors and adaptor are usually implied in Reelin signaling,
but in this case it seems to be a Reelin-independent process, F-Spondin being here a potential
ligand (Andrade et al., 2007).

2.4- Tyrosine kinase receptors (Eph-Ephrin interactions, ErbBR and neuregulin
interactions)—The Eph family of tyrosine kinase receptors and their transmembrane Ephrin
ligands are also expressed in the adult SVZ. During development, Eph/Ephrin interactions are
involved in axon guidance, neural crest cell migration and formation of angiogenic capillary
plexi. Conover and colleagues (2000) showed that blocking Eph/Ephrin interactions in the
adult brain results in highly increased SVZ astrocyte proliferation together with disrupted
neuroblast migration. Another tyrosine kinase receptor closely related to EGF receptor, the
ErbB4 receptor and its ligands neuregulins (NRG1 and NRG2), has been involved in SVZ cell
proliferation and in the chain migration process in the adult SVZ/RMS: in ErbB4 mutants,
neuroblasts migrate as misorientated cell clusters or as individual cells probably as a result of
altered cell adhesion (Anton et al., 2004; Ghashghaei et al., 2006). Similarly, EGF receptor
activation induces both SVZ cell proliferation (Craig et al., 1996; Kuhn et al., 1997) and
progenitor cell migration (Aguirre et al., 2005). Altogether these studies show that cell surface
proteins and secreted substances regulate the activity of cell surface receptors that control cell-
cell and cell-environment interactions necessary for adapted cell migration.

2.5- Chemoattractive and chemorepulsive signals—Concentration gradients of
chemoattractant and chemorepulsive molecules participate in the directionally-orientated
rostral migration of neuronal progenitors in the postnatal RMS. The first suggestion that
structures surrounding the SVZ could provide repellant cues to direct neuroblast migration was
based on co-cultures of explants from SVZ and septum showing that chains of cells migrated
out of the SVZ explant in a direction away from the septal explant (Wu et al., 1999). Slit-1 and
Slit-2 are expressed in the postnatal septum and choroid plexus, and replacing septal explants
by HEK cells producing Slit produced the same repulsive effects as the septal explants
themselves (Hu, 1999; Ward et al., 2003; Wu et al., 1999). The Slit receptors Robo2 and Robo3
are expressed in the SVZ and RMS, thus showing a complementary pattern of expression to
that of Slit (Marillat et al., 2002), and adult mice lacking Slit1/2 exhibit altered migration with
chains of SVZ-derived progenitors migrating caudally toward the corpus callosum (Nguyen-
Ba-Charvet et al., 2004). The interaction between Slit and Robo is enhanced by cell-surface
heparan sulfate, and the repulsive activity of Slit on neuroblast migration is abolished when
heparan sulfate is removed from the cell surface (Hu, 2001). Slit activity also seems to be
regulated by MIA, the migration inducing activity factor secreted by the glial tube. In the
absence of MIA, Slit exhibits an inhibitory effect on cell migration without any repellant
activity (Mason et al., 2001). However, these observations were not reproduced by Ward et
al., 2003, who confirmed that Slit is primarily a repellant of migrating neurons. Indeed, Slit
signaling leads to a stereotypical sequence of morphological events, starting with the extension
of a new process from the previous trailing edge, followed by centrosome reorientation to the
base of this new process and finally nuclear translocation toward this new direction. The
atypical protein kinase C (PKCz) and glycogen synthase kinase 3β (GSK3β), two proteins
belonging to evolutionary conserved pathways involved in cell polarity, are necessary for Slit-
induced reorientation of the centrosome and reversal of neuronal polarity (Higginbotham et
al., 2006). Besides, the discovery that type A and C cells of the SVZ could also secrete Slit,
and migration experiments from Slit1−/− explants led to the hypothesis that Slit may also act
cell autonomously (Nguyen-Ba-Charvet et al., 2004). How Slit expression is regulated is not
clear, although there is evidence that sonic hedgehog promotes Slit expression. Thus, in mice
lacking Hedgehog signaling, Slit1 expression appeared greatly reduced (Balordi and Fishell,
2007). Sonic hedgehog may coordinate several stem and progenitor cell behaviors, since sonic
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hedgehog signaling appears to be necessary for the maintenance of stem cells in the adult SVZ
and also for neuroblast migration in the RMS.

Recently a study using transgenic mice Tg737orpk with ependymal cilia defects suggested that
the beating of ependymal cilia orientates the cerebrospinal fluid (CSF) flow and is responsible
for maintenance of a gradient of Slit concentration and consequently for the forward migration
of neuroblasts (Sawamoto et al., 2006). However, this interpretation is controversial since the
flow is directed from caudal to rostral and therefore should invert the Slit gradient (Gotz and
Stricker, 2006). These authors rather support the hypothesis that cilia defects present in these
transgenic mice may perturb the ability of ependymal cells to perceive signals from the CSF
and consequently alter the communication between these cells and migrating neuroblasts.

Attractant molecules have also been identified that could contribute to rostral migration of
neuronal progenitors along the RMS. Chemokines such as stromal cell-derived factor-1
(SDF-1/CXCL12) and its receptor CXCR4, which are potent chemoattractants of leukocytes,
are also expressed in the developing brain, where they play a major role in interneuron
migration (Tiveron et al., 2006; Li et al., 2008). In the postnatal brain, CXCR4 is expressed in
the neurogenic regions (Tran et al., 2007) and in vitro CXCL12 administration directly induces
progenitor chemotaxis (Xu et al., 2007). However, the physiological role of this cytokine in
neuroblast migration in the healthy adult brain remains uncertain; its involvement in the
migration/recruitment of SVZ progenitors after brain insults is much more documented (Li and
Ransohoff, 2008). The morphogen sonic hedgehog, which is expressed in the SVZ, also
displays chemoattractant properties on SVZ progenitors and has been proposed to regulate the
departure of neuroblasts from SVZ to the RMS (Angot et al., 2008), adding a level of regulation
to the system.

Despite initial observations indicating that the OB was not a determinant for neuroblast
migration along the RMS (Kirschenbaum et al., 1999), more recent quantitative work showed
that the removal of the OB significantly reduced the migration of SVZ cells in the RMS and
suggested the release of chemoattractant molecules by the glomerular layer of the OB (Liu and
Rao, 2003). Murase and Horwitz (2002) proposed that a netrin-like molecule and its receptor
DCC (deleted in colorectal carcinoma) could present such a chemoattractant activity. However,
Netrin-1 expression tends to disappear a few days after birth, suggesting that other signals
should be present in adults. In the past years, several secreted proteins have been identified
that could play a role in attraction of migrating progenitors toward the OB. One such molecule
is prokineticin2, produced by the granular and periglomerular layers of the OB. In vitro, it
orientates the migration of neuronal progenitors through the activation of a type G protein
coupled receptor. Kineticin 2 receptor-deficient mice exhibit a reduced OB and an enlarged
RMS, suggesting abnormal progenitor cell migration and/or detachment (Ng et al., 2005;
Prosser et al., 2007). During development, the transcription factors Dlx1 and Dlx2 regulate
tangential migration to the OB presumably via the modulation of Erb4, Slit1, prokineticine 2
and Robo2 expression (Long et al., 2007), but their implication in the adult has not been
investigated.

The secreted isoform of neuregulin1 may also function as a chemoattractant/motogenic factor
on migrating neuroblasts (Anton et al., 2004; Ghashghaei et al., 2006).

Two neurotrophic factors, glial cell line-derived neurotrophic factor (GDNF) and brain derived
neurotrophic factor (BDNF), contribute to the maintenance of oriented neuronal migration
toward the OB. Indeed, although in the SVZ-RMS-OB system GDNF production is almost
restricted to the OB, the protein is subsequently distributed along the RMS, in a distribution
pattern coincident with its GPI-anchored receptor GFRa1 (Paratcha et al., 2006). Furthermore,
explants experiments showed that GDNF attracted RMS-derived but not SVZ-derived
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progenitors. Altogether, these results are consistent with a role of GDNF as chemoattractant
for migrating neuroblasts from the SVZ to the OB. This effect is mediated through NCAM and
cyclin dependent kinase 5 (Paratcha et al., 2006). Similarly, BDNF is expressed with a rostro-
caudal gradient along the SVZ-RMS-OB compatible with a chemoattractant effect and in
vitro it triggers both motogenic and chemotactic actions on neuroblasts (Chiaramello et al.,
2007). CREB activation via phosphatidylinositol 3-kinase and mitogen activated protein kinase
signaling is required for BDNF-induced chemoattraction (Chiaramello et al., 2007). These
studies reveal new functions of trophic factors in the SVZ system, in which a variety of protein
kinase pathways are involved to induce neuroblast migration.

2.6- Detachment signals—Once they reach the OB, migrating neuroblasts undergo a
switch from homophilic tangential to unicellular, radial mode migration. Three main signals
have been shown to participate to this switch: Reelin, Tenascin R and Prokineticin2. Reelin is
a secreted glycoprotein that is crucial during cortical development for proper inside-out
lamination of the cortex (D’Arcangelo et al., 1995). In the adult, it is downregulated but remains
highly expressed in the OB and DG, the two neurogenic niches as well as the cerebellum
(Ramos-Moreno et al., 2006). In the OB, Reelin is secreted by mitral cells and acts as a
detachment signal on chains of migrating neuroblasts: when Reelin is added to SVZ explants,
cells start to migrate individually. Furthermore, in transgenic mice lacking Reelin cells
accumulate at the center of the OB and do not migrate radially (Hack et al., 2002). Reelin-
dependent detachment of migrating neurons is mediated via the activation of the ERK pathway
and PI3K, signaling through downstream Dab1 phosphorylation (Simo et al., 2007). In
contrast, a Reelin-independent activation of Dab1 has been described in the SVZ that would
promote chain formation in the RMS (Andrade et al., 2007).

The extracellular matrix glycoprotein Tenascin-R is not detectable in the SVZ or RMS but it
is expressed in the granular layer of the OB, and acts as a detachment signal necessary and
sufficient for the recruitment of neuroblasts from the RMS to the OB (Saghatelyan et al.,
2004). Interestingly, sensory inputs regulate the expression of Tenascin-R in the OB,
suggesting an activity-dependant incorporation of newborn neurons into the bulb.
Prokineticin2, mentioned above as a chemoattractant molecule seems to be also involved in
the detachment of neuroblasts from the chains once arrived in the OB (Ng et al., 2005).

Altogether, the analysis of progenitor cell migration in the postnatal brain reveals that most
mechanisms involved in migration (repulsive, attractant, permissive, motogenic factors) are
shared between developmental and adult stages, and underlines that proper migration relies on
the integration of all the environmental cues signaling in a cooperative manner (see
recapitulation in table 1).

3- Cell migration in the pathological brain
3.1- Relationship between brain patholologies, adult neurogenesis and cell
migration
3.1.1- Psychiatric disorders: In the last few years, a number of studies have examined the
impact of neurological pathologies on neurogenesis niches in the adult brain. They lead to the
conclusion that cell proliferation and cell migration in the SVZ and DG are almost always
disturbed in the diseased brain, including models of psychiatric disorders, neurodegenerative
diseases or traumatic injuries. However, it is not clear whether these modifications of
neurogenesis are the causes or the consequences of brain pathologies (Thompson et al.,
2008).

In schizophrenia, hippocampal stem cell proliferation, measured by Ki67 immunostaining, is
impaired in patients (Reif et al., 2006) and cell proliferation impaired in animal models (Liu
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et al., 2006). Interestingly, several molecules (such as reelin, NRG1 and its receptor Erb4) that
play crucial roles in cell migration and positioning in the developing brain are disrupted in
schizophrenia patients (Eastwood and Harrison, 2006; Fatemi, 2005; Norton et al., 2006;
Stefansson et al., 2003). Furthermore, downregulation of Disrupted-in-Schizophrenia 1
(DISC1), a schizophrenia susceptibility gene, results in mispositioning of newborn granule
cells in the dentate gyrus due to accelerated differentiation and neuronal integration (Duan et
al., 2007). A current hypothesis is that abnormalities of migration of newborn progenitors and
precocious differentiation lead to aberrant circuit formation, contributing to increased
excitability and emergence of such psychiatric diseases. This points out that not only
developmental cell migration disruption but also alteration of adult brain cell migration can
result in neurological disorders.

3.1.2- Neurodegenerative diseases: The results obtained when studying human diseases and
animal models are not always consistent. For instance, in patients with Alzheimer’s disease
(AD), hippocampal neurogenesis is increased (Jin et al., 2004b); however, it is decreased in
most transgenic mouse models of this pathology except from one model expressing a mutant
form of the human amyloid precursor protein (Feng et al., 2001; Jin et al., 2004a; Verret et
al., 2007; Wen et al., 2002; Zhang et al., 2007a). Associative memory and olfaction are both
affected early in AD, and therefore altered neurogenesis in the DG and OB has been proposed
to contribute to the development of the disease. However, at the present time, the exact
relationship between neurogenesis and AD is not clear (Galvan and Bredesen, 2007). In
Huntington’s disease the results are more consistent. Progenitor cell proliferation is enhanced
in the subependemal layer of patients as compared to controls and this is positively correlated
with the severity of the symptoms (Curtis et al., 2003). Similarly, the SVZ is expanded and
cell proliferation is increased in the R6/2 mouse model of Huntington, and some progenitors
exit the SVZ/RMS to migrate toward the striatum (Batista et al., 2006). In a rat model of this
disease using quinolinic acid injection into the striatum, analogous results were obtained
(Tattersfield et al., 2004). Conversely, patients with Parkinson’s disease, in which
dopaminergic transmission is deficient in the striatum, show reduced cell proliferation, both
in the subependymal layer and in the dentate gyrus (Hoglinger et al., 2004), which is consistent
with the fact that dopamine positively regulates adult neurogenesis (Baker et al., 2004; Borta
and Hoglinger, 2007; Freundlieb et al., 2006; Liu et al., 2006). In the 6-hydroxydopamine (6-
OHDA) induced rodent model of Parkinson, a reduction of SVZ cell proliferation is also
observed, together with the redirection of some neuroblasts toward the lesioned striatum (Baker
et al., 2004; Hoglinger et al., 2004; Winner et al., 2008). This migration toward the striatum
is constantly found in diverse studies (Baker et al., 2004; Cooper and Isacson, 2004; Fallon et
al., 2000; Hoglinger et al., 2004; Winner et al., 2008), although the fate of these progenitors
once in the striatum is a source of debate. Fallon and colleagues first claimed that dopaminergic
differentiation of newborn neurons occurred in the striatum of 6-OHDA rats, whereas other
laboratories showed only glial but no neuronal differentiation of these striatum migrating
progenitor cells (Cameron and McKay, 2001; Cooper and Isacson, 2004; Winner et al.,
2008). Therefore, the functional role of ectopic migration of progenitors from the SVZ to
surrounding structures remains unclear, as does its participation in brain repair.

3.1.3- Epilepsy: The relationship between adult hippocampal neurogenesis and the profound
remodeling of the hippocampus that occurs during temporal lobe epilepsy (reorganization of
mossy fibers, granule cell dispersion, ectopic granule cells) in humans as well as in animal
models has been extensively analyzed. Dentate gyrus neurogenesis is stimulated by pilocarpin-
induced seizures and ectopic neuroblasts are observed in the hilus (Parent et al., 1997;
Scharfman et al., 2000), but blocking cell proliferation by irradiation does not prevent aberrant
mossy fiber remodeling (Parent et al., 1999), suggesting that adult granule cells mainly
contribute to seizure-induced network reorganization. Nevertheless, pilocarpine-induced
ectopic migration of granular cells may result from the loss of reelin expressing interneurons
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that play a role in normal progenitor cell migration in the DG (Gong et al., 2007). Ectopic
granule neurons in the hilus are hyperexcitable and may contribute to seizure generation and
propagation (Parent, 2007). Pilocarpine also expands SVZ by increasing cell proliferation and
leads to premature exit of progenitors from the RMS to the striatum, corpus callosum,
hippocampus and cortex (Parent and Lowenstein, 2002; Parent et al., 2006). These progenitors
give rise to astrocytes and oligodendrocytes in these structures (Parent et al., 2006). In the
human epileptic brain, increased cell proliferation in the DG and SVZ has also been observed
(Blumcke et al., 2001; Gonzalez-Martinez et al., 2007). Furthermore, migration from the SVZ
to adjacent white matter and neocortex, with even some neuronal differentiation, was reported
in brain slices removed from epileptic patients and grown in organotypic culture (Gonzalez-
Martinez et al., 2007). However these observations are challenged by a recent work performed
on hippocampal biopsies of patients with temporal lobe epilepsy, suggesting that epileptic
activity does not stimulate neurogenesis in the human dentate gyrus and that granule cell
dispersion does not result from ectopic newborn neuron migration (Fahrner et al., 2007).

3.1.4- Ischemia: Progenitor cell reactivity and migration from the neurogenic niches of the
lesioned adult brain have been more thoroughly examined in ischemia models (for review see
Miles and Kernie, 2006), even if similar observations have been reported in other kinds of brain
insults such as cortical trauma, neuronal targeted apoptosis or demyelination (Chen et al.,
2004; Gould and Tanapat, 1997; Magavi et al., 2000; Nait-Oumesmar et al., 1999; Nait-
Oumesmar et al., 2007; Picard-Riera et al., 2002; Ramaswamy et al., 2005; Sun et al., 2005;
Sundholm-Peters et al., 2005; Szele and Chesselet, 1996; Urrea et al., 2007). In rodents, global
ischemia leads to the proliferation of DG and posterior periventricular progenitors together
with migration toward the damaged CA1 region (Liu et al., 1998; Nakatomi et al., 2002),
whereas focal ischemia triggers SVZ cell proliferation and migration toward the striatum
(Arvidsson et al., 2002; Jin et al., 2003; Zhang et al., 2001b). It is noteworthy that neuroblasts
keep dividing while they migrate toward the ischemic striatum (Zhang et al., 2007). The
increased number of SVZ progenitors is partly due to a higher proportion of symmetric (vs
asymmetric) division in ischemic SVZ (Zhang et al., 2004b). Recently, the same team showed
that ependymal and/or subependymal cells are also induced to proliferate and give rise to radial
glia that contribute to neural progenitor expansion and support neuroblast migration (Zhang
et al., 2007b). Although increased cell proliferation is transient (few weeks), the SVZ appears
altered morphologically and functionally over a longer term (Kokaia et al., 2006). Indeed,
ectopic cell migration of neuroblasts toward the striatum is observed for over a year. In the
healthy brain, the glial tubes surrounding the migrating progenitors probably strongly
participate to their restriction within the RMS, acting as a physical barrier in the same way as
the astrocytic scar prevents axonal regeneration after a spinal cord lesion (White and Jakeman,
2008). After an ischemic episode, ectopic migration might be facilitated by an infarct-induced
breakdown of the astrocytic physical barrier between the SVZ and striatum, and can occur
either via chain-like structures (Zhang et al., 2004b) or individually (Winner et al., 2008).
Migrating cells form aggregates when they reach the periphery of the lesion, and then start to
disperse (Zhang et al., 2005) and differentiate notably into medium spiny neurons (Arvidsson
et al., 2002; Teramoto et al., 2003). Interestingly, although neurogenesis is considerably
decreased during aging, (Kuhn et al., 1996; Leuner et al., 2007; Luo et al., 2006), it seems that
the size of ischemic lesion, but not the age of the animal, determines the degree of activation
and recruitment of new striatal neurons (Darsalia et al., 2005; Kokaia et al., 2006). These results
suggest that the aging SVZ and DG remain responsive to ischemia-induced cell proliferation
and migration.

Recent post-mortem analysis of human brains showed that ischemic injuries are associated
with increased cell proliferation in the SVZ, but no evident sign of cell migration toward
adjacent parenchyma was detected (Macas et al., 2006), perhaps due to too short a delay
between the attack and the death of the patient. However, limited migration was also mentioned
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in non-human primates, where cells do not deviate from their normal migratory pathway toward
the OB after ischemic insult (Tonchev et al., 2005). This could suggest more limited capacity
of cell migration in the primate brains. Yet, ectopic migration in white matter and neocortex
has been described in organotypic slice cultures from human epileptic brain (Gonzalez-
Martinez et al., 2007). Unfortunately, even when migration occurs, the survival rate of newly
formed striatal neurons is very low, probably due to the high degree of inflammation within
and around the lesion. It has been estimated that only 0.2% of dead striatal neurons are replaced
by this recruitment process (Arvidsson et al., 2002), and even if they express markers of
interneurons such as parvalbumin or NPY, or markers of medium spiny neurons such as pbx
and DARPP-32 (Collin et al., 2005), there is as yet little solid proof of their functional
integration in the neuronal circuitry. Notably, Nakatomi and colleagues (2002) used
electrophysiological and behavioral experiments to demonstrate newborn neuron functionality.
At the present time, it is still uncertain how this process of striatal neurogenesis contributes to
functional recovery.

3.2- Oligodendrocyte progenitor migration—In addition to neuronal progenitors, glial
progenitors also have the potential to migrate through the adult central nervous system. Indeed,
a population of oligodendrocyte progenitors (OPCs) remains in the adult brain and spinal cord,
widely distributed throughout the grey and white matter (for review, see McTigue and Tripathi,
2008). Some of this population is composed of NG2-positive, PDGFRa-positive Nkx2.2-
positive cells (Dawson et al., 2003; Reynolds and Hardy, 1997), while others are not NG2+
and may be further along in the oligodendrocyte differentiation pathway (Mason and Goldman,
2002). The NG2 proteoglycan expression identifies a heterogenous population of cells in the
adult CNS (Nishiyama et al., 2002) including OPCs. NG2 expressed by OPCs participates to
the migratory properties of these cells. Integrins and chondroitin sulfate glycosaminoglycan
cooperate with NG2 to trigger a cascade of signaling pathways and phosphorylation of
intracellular and cytosqueletal proteins finally mediating cytosqueletal reorganization and
motility (Karram et al., 2005). In the adult resting brain, these cells do not migrate, but will
differentiate into myelinating oligodendrocytes, presumably to replace oligodendrocytes that
have died in the normal turnover. In experimental models of demyelination, they start to
actively proliferate, migrate and differentiate to replenish lost oligodendrocytes, often leading
to spontaneous repair (Blakemore and Keirstead, 1999; Gensert and Goldman, 1997; Glezer
et al., 2006; Levine and Reynolds, 1999; Watanabe et al., 2002). The degree to which OPCs
migrate is not clear, however. In some experimental cases, remyelination is accomplished by
OPCs close to the site of the lesion. OPCs activation is not exclusively restricted to response
to specific demyelination pathologies but is also observed in a large variety of CNS injuries
(McTigue and Tripathi, 2008). After focal ischemia, OPCs and oligodendrocytes are depleted
in the peri-infarct area, and myelin density is decreased. This is followed by the activation of
surrounding OPCs and their migration toward the lesion leading to the restoration of the
oligodendrocyte pool and remyelination (Tanaka et al., 2003). Also, acute inflammation
induced by LPS injection, without any demyelination, is sufficient to trigger OPC activation
(Glezer et al., 2006).

3.3- Migration of glioma cells—Diffusely infiltrating gliomas, including glioblastomas,
astrocytomas, and oligodendrogliomas, are the most common types of primary brain tumors.
In these tumors the glioma cells have a remarkable ability to migrate long distances through
brain tissue, making complete surgical resection impossible. Glioma growth patterns were
carefully studied in the 1930’s by the Belgian pathologist Hans-Joachim Scherer. He noted
that the patterns of glioma infiltration and migration were not random, but rather glioma cells
tended to migrate along certain preferred paths, such as myelinated fiber tracts, the subpial
surface, and blood vessels (Scherer, 1940). The resulting growth patterns are referred to as
‘secondary structures of Scherer’. These patterns of migration strikingly resemble the patterns
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of migration that glial progenitors take during normal brain development (Kakita and Goldman,
1999). Furthermore, special stains which highlight cellular morphology reveal that many
infiltrating glioma have a unipolar or bipolar morphology with a prominent leading process
that resembles the morphology of migrating glial progenitors (Suzuki et al., 2002). Thus, it
appears that glioma infiltration may recapitulate normal glial migration, albeit to a pathological
extent. This raises the interesting possibility that glial progenitor migration and glioma
infiltration are regulated by similar mechanisms (discussed below).

The idea that glioma infiltration recapitulates glial progenitor migration is strongly supported
by recent studies looking at migration in animal models of glioma. Infecting glial progenitors
with a retrovirus that expresses PDGF and GFP induces the formation of diffusely infiltrating
brain tumors that closely resemble glioblastoma. The cells infiltrate the brain by migrating
along the same routes taken by glial progenitors during brain development. For example,
tracking the distribution and fate of cells infected by a GFP expressing retrovirus that had been
injected into the neonatal SVZ showed that glial progenitors disperse widely through the
subcortical white matter and a small number will cross the corpus callosum into the
contralateral hemisphere (Kakita et al., 2003). By comparison, when PDGF-IRES-GFP
expressing retroviruses were injected into the neonatal SVZ, tumors formed at the injection
site and GFP+ cells showed extensive infiltration into cortex and subcortical white matter, with
many cells crossing the corpus callosum into the contralateral hemisphere (Assanah et al.,
submitted).

Animal models also show the perivascular migration that is seen in human gliomas. When C6
glioma cells (and RG2 glioma cells) are transplanted into neonatal rat brain the cells infiltrate
the brain by migrating along the abluminal surface of host blood vessels (Farin et al., 2006).
The migrating glioma cells proliferate en route leading to the gradual encasement of the host
blood vessels in a dense collar of tumor cells. Interestingly, cell division often occurs at vascular
branch points, suggesting that there is something unique about the branch points that triggers
cells to enter mitosis. The tendency of glioma cells to stop and divide at vascular branch points
may also recapitulate a normal developmental process. Several recent studies have shown that
clusters of proliferating neural stem cells occupy a vascular niche, located between endothelial
cells and astrocyte end feet (Tavazoie et al., 2008, Shen et al., 2008). These clusters also contain
proliferating endothelial precursors and are commonly found at vascular branch points or the
terminus of capillary sprouts, suggesting an active site of angiogenesis (Horner and Palmer,
2003; Palmer et al., 2000; Wurmser et al., 2004). More recently it has been proposed that glioma
cells with stem cell-like properties are maintained in, and perhaps confined to, a perivascular
niche (Ignatova et al., 2002; Singh et al., 2003, 2004; Galli et al., 2004). In support of this idea,
it has recently been shown that blocking tumor induced angiogenesis with antibodies against
VEGF will not only reduce proliferative vessels, but will also deplete the tumor of stem-like
cells.

3.4- Mechanisms regulating cell migration in the diseased brain
3.4.1- Progenitor cell migration: In order to be able to use endogenous progenitor cell
recruitment for brain repair, it is important to understand the mechanisms that control induced
migration in the lesioned brain. Several mechanisms and migratory tracks have been proposed
for the guidance of migrating neural progenitors toward brain lesions: 1- along myelinated
fiber tracts: emigrating progenitors from the SVZ can reach the cortex contralateral to the lesion
using white matter fiber tracts of the corpus callosum (Goings et al., 2004; Ramaswamy et
al., 2005; Sundholm-Peters et al., 2005). These observations are in agreement with migratory
behavior of neural progenitors following a graft in the adult healthy brain (Cayre et al.,
2006; Englund et al., 2002; Tabar et al., 2005); 2- along radial processes: many studies have
pointed out the appearance of vimentin-positive astrocytes closely surrounding multiple types
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of brain injuries (Alonso, 2001; Calvo et al., 1991; Janeczko, 1991, 1993; Schiffer et al.,
1986; Takamiya et al., 1988). Considering the localization of these vimentin-expressing
astrocytes, between the lesion and the corpus callosum, and the similar properties of radial glia
and vimentin-positive reactive astrocytes (Mori et al., 2005), it has been suggested that this
cell population may serve as a conduit for migrating progenitors after brain lesion (Wang et
al., 2004a); 3- along blood vessels: neuroblasts appear to migrate closely associated to
capillaries present in the adjacent parenchyma following stroke-induced angiogenesis (Thored
et al., 2007; Yamashita et al., 2006). Activated endothelial cells secrete MMPs, which facilitate
cell migration (Wang et al., 2006). The vasculature could serve not only as a guide for
migration, but also provide support for survival and differentiation, and thus long-term
neurogenesis in non-neurogenic structures. This would be in agreement with the well-known
participation of vascularization in neurogenic niches of the adult brain (Louissaint et al.,
2002; Palmer et al., 2000; Shen et al., 2004).

Besides these mechanisms, inflammation-induced chemoattraction plays a major role in
progenitor cell migration after brain lesions (see review Das and Basu, 2008) (Fig. 2). Among
the cytokines involved in the inflammation process, MCP-1, SDF-1 and their receptors (CCR2
and CXCR4 respectively) clearly regulate the directed migration of endogenous neural
progenitors from SVZ to the ischemic striatum (Belmadani et al., 2006; Imitola et al., 2004;
Robin et al., 2006; Yan et al., 2007). Indeed, neural progenitors of the SVZ and DG express
the chemokine receptor CXCR4 (Tran et al., 2007; Tran et al., 2004), and SDF-1 expression
is highly upregulated in reactive astrocytes, microglia and endothelial cells around the infarct
during several weeks after a stroke (Hill et al., 2004; Thored et al., 2006). In vitro, SDF-1
stimulates neural progenitor cell proliferation and promotes chain migration and transmigration
(Imitola et al., 2004). In vivo, blocking SDF-1 action with a neutralizing antibody against
CXCR4 strongly reduces stroke-induced progenitor migration (Robin et al., 2006), thus
convincingly implicating SDF-1/CXCR4 in the recruitment of stem/progenitor cells toward
the lesion. Very similar results were obtained with MCP-1 and CCR2 (Belmadani et al.,
2006; Yan et al., 2007), supporting the crucial role of cytokines in the chemoattraction of neural
progenitors in a lesioned brain. Hypoxia-induced astrocytes upregulate multiple chemokines
(SCF, SDF-1, MCP-1) and growth factors (VEGF), which are all involved in neural progenitor
cell migration, in a time-dependent manner (Xu et al., 2007). Inflammatory cues seem also to
contribute to the “homing” of transplanted neural stem cells toward affected regions of the
brain. For instance, human neurospheres grafted in ischemic cortex of a rat exhibit directed
migration toward the lesion, while they migrated radially and to a much lower extent in the
cortex of healthy animals (Kelly et al., 2004). Similarly, in experimental autoimmune
encephalomyelitis, neural stem cells grafted in the lateral ventricle or injected intrathecally or
even intravenously are found within the disseminated demyelinated lesions throughout the
central nervous system (Pluchino et al., 2003).

However, inflammatory cues also contribute to decrease survival of these migrating
progenitors, and astrocytes contribute to form glial barrier that decrease plasticity and prevent
accessibility to the lesion. These observations highlight the dual effect of the complex neuro-
inflammatory milieu: on the one hand it is useful by attracting progenitors to appropriate areas
to facilitate repair process, but on the other hand it prevents efficient cell replacement by
affecting survival abilities of arriving progenitors. Such two-faced properties of inflammation
complicate the development of therapeutic strategies in the context of many brain pathologies.

Interestingly, brain tumors also attract neural stem/progenitor cells, but the signals required
for such homing are not well understood. A recent study suggests that urokinase plasmogen
activator and its receptor expression together with the secretion of cytokines such as IL-6, IL-8
and MCP-1 by solid tumors could play a key role in this process (Gutova et al., 2008). These
observations have led to the development of gene delivery strategies by neural stem cells to
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inhibit tumor growth (Aboody et al., 2008). While these studies have used transplantation of
neural stem/progenitor cells or cell lines, the contribution of endogenous SVZ cells to tumor
homing seems to be absent or reduced (Staflin et al., 2007). In contrast, there is evidence from
animal studies using PDGF expressing retrovirus to induce glioma-like tumors that uninfected
glial progenitors that reside in the adult white matter can be recruited to gliomas where they
proliferate massively and contribute significantly to tumor growth (Assanah et al., 2006). More
recently it has been shown that freshly isolated human glioma cells that have been transplanted
into the brains of adult nude rats also have the capacity to recruit endogenous rodent PDGFRa
+ glial progenitor cells into the xenograft tumors. The recruited progenitors acquire a malignant
phenotype that shows the histological hallmarks of glioblastomas. For this reason, it would be
impossible to distinguish recruited progenitors from bona fide glioma cells within the
heterogeneous mixture that composes a human glioma specimen. However, using species-
specific antibodies in a xenograft system, the authors provide unambiguous evidence of human
glioma cells recruiting massive numbers of rodent progenitors. Furthermore, this study showed
that recruitment was greatly enhanced by over-expressing PDGF in human glioma cells, further
implicating PDGF in the paracrine signaling that mediates progenitor recruitment (Lopez et
al., submitted).

Although OPCs represent a population of endogenous progenitors that may contribute to cell
replacement and brain repair, at the present time they are primarily studied in the context of
demyelinating diseases. Yet, deciphering the mechanisms leading to their activation, migration
and differentiation in the pathological brain may open new perspectives for their use in other
neurodegenerative diseases. Acute demyelinated lesions usually spontaneously recover some
degree of remyelination, whereas chronic or repeated demyelination, as in chronic multiple
sclerosis, often leads to incomplete remyelination. The incomplete remyelination appears to
be due to a series of factors, including axonal damage, depletion of the local OPCs pool,
insufficient migration of OPCs into the demyelinated areas, and differentiation failure.
TNFα via TNF receptor 2 promotes the accumulation of proliferating OPCs, which then mature
into myelinating oligodendrocytes (Arnett et al., 2001). Also, activation of brain immune
response by lipopolysaccharide (LPS) triggers OPC reactivity. LPS-induced microglia
activation promotes the recruitment of OPCs in demyelinated areas and is favorable to
remyelination via the induction of key transcription factors and prevention of myelin
byproducts accumulation (Glezer et al., 2006). Active multiple sclerosis lesions, where
inflammatory process is present, show high expression of semaphorins (sema 3A and sema
3F) acting as OPC guidance cues during development but normally down-regulated in
adulthood. Therefore these semaphorins have been proposed as good candidates for OPC-
induced migration toward demyelinated lesions in the adult brain (Williams et al., 2007). PSA-
NCAM up-regulation after demyelinating lesions (Oumesmar et al., 1995) may also contribute
to promote OPC migration in the adult brain (Zhang et al., 2004a) but PSA needs to be down-
regulated before efficient remyelination occurs (Charles et al., 2000; Fewou et al., 2007). Here
again, these observations counterbalance the negative role usually assigned to inflammation
in demyelinated diseases.

3.4.2- Mechanisms of glioma migration: Glioma migration-infiltration, like the migration of
normal glial progenitors is a complex, multi-step process that requires the coordinated sequence
of events that involves dynamic reorganization of the cytoskeleton, regulation of cell adhesion
and proteolytic modification of the extracellular environment (see, for example Mohanam et
al., 1994; Gillespie e al., 1999, Goldbrunner et al., 1999; Fillmore et al., 2001; Wick et al.,
2001; Ernst et al., 2005; Salhai et al., 2008; Beadle et al., 2008). Indeed, the mature brain
through which gliomas infiltrate is composed of tightly packed neuronal and glial processes,
and the average dimensions of the extracellular space are in the sub-micrometer range (Thorne
and Nicholson, 2006), smaller than the larger extracellular space in the developing CNS. This
tight apposition of normal processes presents a unique mechanical challenge to migrating
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glioma cells that must squeeze themselves through the narrow passages of this spatially
constrained environment. Gliomas accomplish this migration by a variety of mechanisms.
These include the secretion of extracellular matrix material, including tenascin, laminin,
fibronectin, and osteopontin, and the expression of MMPs, which presumably act by reshaping
cell-matrix interactions to allow the binding and release of cell processes from the extracellular
matrix that is essential for migration. Brain tumor cells express integrins, and multiple data
converge to propose that, together with ECM components, integrins facilitate the infiltration
through normal brain tissue (D’Abaco and Kaye, 2007). Gliomas also express voltage-gated
and GABA-responsive chloride channels (Sontheimer, 2003). The efflux of water that follows
the efflux of chloride causes the cell to shrink, a process that presumably is required for a cell
to squeeze through the extracellular space of the CNS. These channels can be found in glioma
cells in situ and at the leading edge of glioma cells in culture (Olsen et al., 2003), indicating
that chloride channels allow local volume shifts within tumor cells.

Similar to glial progenitors, migrating glioma cells display transient fluctuations in intracellular
free calcium, linked to calcium-permeable AMPA receptors (Ishiuchi et al., 2002). Blocking
calcium entry in cultured glioblastoma cells inhibits migration. AMPA receptors, which are
activated by glutamate, promote glioma migration, presumably by producing brief increases
in intracellular calcium levels. Lyons et al. (2007) point out that glutamate, known to be
secreted by gliomas, could have both autocrine and paracrine functions in stimulating
surrounding cells via AMPA receptors. Calcium signaling is linked to underlying cytoskeletal
rearrangements required for cell motility – specifically how calcium signaling stimulates the
migration of glial progenitors and gliomas remains to be determined.

As noted above, myosin II is a critical molecule in the forward movement of the cell body and
nucleus during saltatory migration. Treating brain slices with a small molecule inhibitor of
myosin II, blebbistatin, effectively blocks the migration of glioma cells (Beadle et al., 2008).
Similarly, blebbistatin or RNAi knockdown of myosin II inhibited migration across a 3-micron
pore in a transfilter migration assay. In contrast, when glioma cells were placed on a 2-
dimensional surface and allowed to migrate into a spatially unrestricted cell-free zone, they
did not move in a saltatory manner and they did not require myosin II. This study showed that
the cellular mechanisms of glioma migration depend on the mechanical properties of the
environment in which the cells must move and highlight the importance of studying migration
in a physiologically relevant system.

4- Therapeutic strategies and perspectives
Considering the migratory and potential migratory abilities of stem/progenitor cells, one could
propose the mobilization of endogenous stem and progenitor cells as an alternative to grafting.
Repair by endogenous cells would overcome the problem of transplant rejection. Despite its
status of “immuno-privileged organ”, recent findings demonstrate that the brain remains
sensitive to immune attacks via some activated lymphocytes and microglial cells with antigen
presenting properties (Wekerle, 2007). Furthermore, neural stem cells express MHC class I
proteins (Yin et al., 2008). Although at the present time the compensatory neurogenesis
described after various types of brain lesions appears to be modest, such a strategy remains of
high interest. The main challenge, therefore, resides in promoting directed mobilization and
phenotypic induction of stem/progenitor cells.

4.1- Administration of trophic factors and cytokines to promote SVZ cell
mobilisation—A number of trophic factors and cytokines have been tested and delivered to
the brain either by viral vectors, infusions or, less invasively, via intranasal administration.
Some exhibit interesting properties (Fig. 2). The first evidence that endogenous stem/
progenitors could respond to extrinsic factors in order to promote proliferation, directed
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migration and neuronal replacement in a lesioned brain was given by Fallon et al. (2000), who
showed that TGFa infusion into the putamen of a6 -OHDA mouse model of Parkinson disease
attracted neuronal progenitors toward the lesion and improved functional deficits. This work
raised hope for the development of new therapeutic strategies in Parkinson disease and other
neurodegenerative pathologies. Other studies, however, have not engendered as much
optimism. For instance, in the same animal model, infusion of FGF-2 and EGF also proved
useful in increasing directed neuroblast migration toward the lesioned striatum; however,
neuronal differentiation failed to occur, gliogenesis being largely favored (Winner et al.,
2008). Nakatomi and colleagues (2002) showed, using a cocktail of FGF-2 and EGF, that
trophic factor infusion into the ventricle could enhance neuron replacement and recovery in
ischemic hippocampus. Further studies showed that EGF signaling plays a critical role in
enhancing SVZ cell mobilization. HB-EGF intraventricular injection after focal ischemia leads
to the expansion of transit amplifying cells in the SVZ together with a higher number of mature
neurons formation in the ipsilateral striatum/hippocampus as compared to animals injected
with control solution; furthermore, it significantly enhanced functional recovery (Ninomiya
et al., 2006;Sugiura et al., 2005). In a focal demyelination model, intranasal administration of
HB-EGF also triggered SVZ cell proliferation, favored cell dispersion from the RMS, and
consequently promoted directed mobilization of stem/progenitor cells toward the demyelinated
corpus callosum where they gave rise to oligodendrocytes and astrocytes (Cantarella et al.,
2008). In the same model but using another approach by overexpression of EGFR under the
control of the CNP promoter, Aguirre and colleagues demonstrated that EGF signaling
contributes to enhance proliferation, migration and survival in both SVZ- and white matter-
endogenous progenitors, leading to improved remyelination (Aguirre et al., 2007). From these
studies, it appears that EGF could stand as an interesting candidate to promote endogenous
progenitor recruitment. However, it also presents limitations, two of them being real concerns:
1- it is not favorable to neuronal differentiation and therefore rather may lead to astrocytic
differentiation of recruited cells (which could generate more deleterious than beneficial
effects), and 2- it may facilitate the development of tumors (Ayuso-Sacido et al., 2006).

Brain derived neurotrophic factor (BDNF) is another growth factor that presents valuable
properties for endogenous progenitor mobilization and neuronal replacement. In the healthy
brain, intraventricular injection of an adenovirus expressing BDNF triggers increased olfactory
neurogenesis, but more interestingly, it also induces the migration of newborn neurons from
SVZ to otherwise non-neurogenic regions, such as the neostriatum where they differentiate
into medium spiny neurons, (Benraiss et al., 2001; Pencea et al., 2001). BDNF-mediated
recruitment of new neurons in the adult neostriatum can be further potentiated by concomitant
administration of noggin, an inhibitor of glial differentiation (Chmielnicki et al., 2004). In the
pathological brain, BDNF efficiently improves compensatory neurogenesis in the lesioned
striatum (Henry et al., 2007). After a stroke, brain levels of BDNF and VEGF can be increased
by erythropoietin treatment, thus contributing to angiogenesis, neurogenesis and functional
recovery (Wang et al., 2004b). Finally, in a rodent model of Huntington’s disease, the R6/2
transgenic mice, the strategy of BDNF and noggin combined adenoviral injection provided
enhanced striatal neuronal replacement with correct projection into the globus pallidus, delayed
motor impairment and increased survival of the mice (Cho et al., 2007). This experimental
success points out the need to associate strategies targeting different steps of the mobilization
process: proliferation, inhibition of glial differentiation, neuronal differentiation and survival.

Considering the migration-facilitating properties of vasculature noted above (physical guide,
MMP secretion, survival effects, etc.), angiogenesis represents another putative target to
improve mediated mobilization of endogenous progenitor cells. The hematopoeitic cytokine
erythropoietin (EPO) is a strong enhancer of angiogenesis. Intraperitoneal injection of EPO in
rats with middle cerebral artery occlusion significantly improves functional recovery, and
improves neurogenesis and migration of DCX-positive neuronal progenitors toward the

Cayre et al. Page 22

Prog Neurobiol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ischemic boundary of the cortex (Kolb et al., 2007). EPO concomitantly increases brain VEGF
and BDNF titers, suggesting that angiogenesis and neurogenesis effects of EPO may be
mediated via these factors (Wang et al., 2004b). In accordance with this hypothesis, Sun et
al. (2003) showed that there was improved histological and functional outcome from stroke
after VEGF treatment in rats. Similarly, VEGF overexpressing mice exhibit enhanced post-
ischemic neurogenesis and neuromigration, with chains of neuroblasts extending from the SVZ
to the peri-infarct cortex, together with improved motor recovery (Wang et al., 2007).
Therapeutic benefits of nitric oxide (NO) administration after stroke have also been proposed
(Zhang et al., 2001a). Indeed, NO donors induce cell proliferation in neurogenic regions of the
adult brain, and reduce neurological deficits following middle cerebral artery occlusion.
However, these effects have been shown to be mediated via cGMP-increased VEGF and
angiogenesis (Zhang et al., 2003). It can be concluded from these studies that VEGF presents
interesting properties for brain repair, associating neuroprotection and enhanced migration and
neurogenesis.

The extracellular matrix protein Tenascin-R, which is a key player in the detachment of
migrating neuroblasts once they reach the OB, may also be useful to promote directed migration
toward periventricular structures. Indeed, when grafted cells providing an ectopic source of
Tenascin-R are present in the striatum or above the RMS, PSA-NCAM-positive progenitors
are rerouted from the SVZ/RMS toward the Tenascin-R producing cells, suggesting potential
therapeutic implications (Saghatelyan et al., 2004).

Finally, another strategy consisting in overexpressing PSA-NCAM may be helpful to promote
cell migration in the adult brain. Indeed, a recent study showed that embryonic stem cell-
derived glial progenitors transduced to overexpress polysialyltransferase are more responsive
to chemotropic factors and present enhanced migrating behaviour after grafting in the striatum
(Glaser et al., 2007). Furthermore, viral-induced PSA overexpression in astrocytes strongly
promotes endogenous progenitor cell recruitment to cortical lesion in adult mice (El Maarouf
et al., 2006). Altogether these data suggest that PSA or PSA-mimetic peptides could be
interesting molecules for the development of innovating brain repair strategies.

4.2- Environmental enrichment and exercise—A broad number of studies suggest that
environment enrichment and exercise enhance brain plasticity. In physiological conditions,
running and enrichment increase the levels of growth factors such as BDNF, IGF, NGF, and
FGF2 (Carro et al., 2001; Ding et al., 2004; Gomez-Pinilla et al., 1997; Ickes et al., 2000;
Pham et al., 1999) and stimulate DG neurogenesis (Kempermann et al., 1997; Kempermann
and Gage, 1999; van Praag et al., 1999). In pathological conditions, enrichment may promote
neuronal survival and resistance to brain insult (Carro et al., 2001; Young et al., 1999).
Functional recovery provided by neural grafts is also improved by enrichment (Dobrossy and
Dunnett, 2001, 2005). In addition to these effects, recent studies showed that such enrichment
could be used to promote SVZ cell mobilization and directed migration of progenitors toward
brain lesions. In a focal model of demyelination as well as in experimental autoimmune
encephalomyelitis, environmental enrichment associated with voluntary exercise stimulated
SVZ reactivity, increased the number of SVZ-derived cells within demyelinated lesions and
accelerated motor recovery (Magalon et al., 2007). Similarly, in the case of stroke, enriched
environment increased the number of endogenous DCX-positive migrating neuronal
progenitors in the SVZ, and also promoted survival of SVZ grafted cells and their migration
toward ischemic areas, leading to improved functional recovery (Hicks et al., 2007). All these
arguments plead in favor of the potential use of enrichment and exercise as complementary
therapy for brain repair.

4.3- Are there other endogenous cell types usable for brain repair?—NG2-
proteoglycan-expressing progenitors are distributed throughout the postnatal CNS and are
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slowly dividing; they thus represent the largest pool of proliferative progenitors in the postnatal
brain. Genetic tracing demonstrated that NG2-positive cells generate oligodendrocytes and
also a subpopulation of protoplasmic astrocytes (Zhu et al., 2008). A fraction of this cell
population in the neonatal rodent CNS can acquire stem-like properties in cell culture
(Belachew et al., 2003). They can form neurospheres in vitro and generate astrocytes,
oligodendrocytes and neurons. Considering the distribution, the proliferative and migrating
properties and the multipotency of these NG2-positive progenitors, they may represent a major
cellular target for the development of endogenous brain repair strategies. However, these hopes
are weakened by the observation that only early postnatal but not adult cortical NG2-positive
progenitors are able to form renewable and multipotent neurospheres (Buffo et al., 2008).
Nevertheless, in the adult rabbit a delayed genesis of neuronal and glial progenitors has been
demonstrated from local progenitors in the molecular layer of the cerebellum (Ponti et al.,
2008). Uncovering the specificities underlying the potentialities proper to the rabbit cerebellum
could be of great help for understanding nervous tissue permissiveness in mammals and for
the perspective of modulating widespread adult neurogenesis beyond the highly restricted
neurogenic niches. Similar multipotent progenitors have been identified in the adult human
brain and isolated from subcortical white matter (Nunes et al., 2003).

A new promising source of multipotent cells has been recently proposed: reactive astrocytes.
Upon injury, local astrocytes undergo morphological modifications, with somata and processes
hypertrophy, up-regulation of GFAP and re-expression of markers such as vimentin and nestin
(Miyake et al., 1988; Wilhelmsson et al., 2006). Using fate mapping approach, it has been
demonstrated that a large proportion of quiescent astrocytes re-enter the cell cycle and
contribute to the generation of reactive astrocytes after a brain lesion. Even more striking, these
reactive astrocytes are able to form self-renewable and multipotent neurospheres when placed
in favorable culture medium (Buffo et al., 2008). Thus, brain injury can induce post-mitotic
mature astrocytes to divide and acquire stem cell-like properties. Unfortunately, in vivo the
parenchymal environment is strongly non-neurogenic and therefore reactive astrocytes do not
generate neurons. Further work should be pursued in order to understand how to counteract
the non-permissive environment and consequently allow neuronal differentiation of reactive
astrocytes. Such strategy could be an alternative way to work around the obstacle of long
migration of neural progenitors from neurogenic niches to distant brain lesions.

Conclusion
The recent finding that neural stem cells reside in the adult central nervous system throughout
life and present the capacity to migrate through this mature structure raised hope to develop
new therapeutic strategies. However, the endogenous progenitor cell mobilization that
spontaneously occurs after a lesion or in neurodegenerative pathologies only leads to very low
rates of cell replacement. Transplantation strategies can be considered an interesting alternative
since (i) white matter tracts appear to be permissive structures for neural progenitor migration
and (ii) the injured area produces chemoattractant coumpounds. Beside stem/progenitor cell
mobilization and migration, efficient repair will be achieved only if we concomitantly manage
to control cell death. Indeed, the vast majority of the recruited progenitors die very quickly and
therefore they do not contribute to cell replacement (Arvidsson et al., 2002). In addition to cell
replacement, the presence of neural stem cells within lesioned areas may be beneficial through
anti-inflammatory, neuroprotective and neurotrophic effects (Ourednik and Ourednik, 2007;
Einstein and Ben-Hur, 2008). In the last decade, a vigorous effort has been dedicated to better
understand neural stem cell biology, to decipher why stem cells reside in specific
“niches” (Ninkovic and Götz, 2007; Riquelme et al., 2008), and to determine which signaling
cascades control their proliferation, migration and differentiation. With the prospect of using
these cells in pathological conditions to promote brain repair, it is now crucial to address the
question of their survival outside of their niches and in pathological environments (Chen and
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Palmer, 2008). Cooperation between neurobiologists and immunologists will promote
solutions to such a challenge.

Abbreviation List
6-OHDA  

6-hydroxydopamine

AD  
Alzheimer’s disease

ADAM  
Proteins containing a disintegrin and metalloprotease domain

AMPA  
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

BDNF  
brain derived neurotrophic factor

BrdU  
bromodeoxyuridine

CC  
corpus callosum

CNP  
2′,3′-Cyclic Nucleotide 3′-Phosphodiesterase

CNS  
central nervous system

CREB  
cAMP response element-binding

CSF  
cerebrospinal fluid

CVMS  
caudoventral migratory streams

Cx  
cortex

Dab1  
disabled 1

DCC  
deleted in colorectal carcinoma

DCX  
doublecortin

DG  
dentate gyrus

ECM  
extracellular matrix
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EGF  
epithelial growth factor

EGFR  
epithelial growth factor receptor

EPO  
erythropoietin

FGF-2  
fibroblast growth factor 2

Fi  
fimbria

GABA  
gamma aminobutyric acid

GDNF  
glial derived neurotrophic factor

GFAP  
glial fibrillary acidic protein

GFP  
green fluorescent protein

GL  
granular layer

GPI  
glycosylphosphatidylinositol

GSK3β  
glycogen synthase kinase 3β

HB-EGF  
heparin binding epithelial growth factor

IGF  
insulin growth factor

LPS  
lipopolysaccharid

LV  
lateral ventricle

MCP-1  
monocyte chemotactic protein-1

MHC  
major histocompatibility complex

MIA  
migration induced-activity

MMP  
matrix metalloprotease
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NGF  
nerve growth factor

NO  
nitric oxide

NRG  
neuregulin

OB  
olfactory bulb

OPC  
oligodendrocyte precursor cell

PDGF  
platelet derived groth factor

PDGFRα  
platelet derived groth factor receptor alpha

PI3K  
phosphoinositide 3-kinase

PKCζ  
atypical protein kinase C

PSA-NCAM 
the polysialic form of the neural cell adhesion molecule

RMS  
rostral migratory stream

SDF-1  
stromal derived factor 1

Sema  
semaphorin

SGL  
subgranular layer

SVZ  
subventricular zone

TGFα  
transforming growth factor α

TNF  
tumor necrosis factor

VCMS  
ventrocaudal migratory streams

VEGF  
vascular endothelial growth factor

VLDLR  
very low density lipoprotein receptor
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Glossary
Neural stem cells 

Cells that reside in the neural tissue and are multipotent (can give rise to
astrocytes, oligodendrocytes and neurons) and have the capacity to self renew
(they divide and maintain a pool of cells identical to themselves all life long)

Neural progenitors 
Derive from neural stem cells but present a restricted potentiality(often
unipotent). Although they are proliferative cells, they present limited self-
renewal potential. Here we used the term “neuroblast” to design a neuronal
progenitor, i.e. a neural progenitor restricted to the neuronal lineage

Neural precursors 
immature cells that are engaged in a specific cell lineage. They stop proliferating
and give rise to the finally mature cell
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Figure 1. schematic representation of neural progenitor cell migration in neonate (sagittal and
coronal sections) and adult rodent brain (sagittal section)
(A) In the newborn, the anterior part of the ventricle collapse to form the rostral migratory
stream (rms). Neuronal progenitors (in red) travel from the subventricular zone (SVZ) to the
olfactory bulb (OB) along the rms (in absence of astrocytic tube), whereas glial progenitors
(in green) migrate caudally toward the corpus callosum (CC) and the cortex (Cx) where they
will give rise to astrocytes and oligodendrocytes. (B) In the adult, neuronal migration in the
rms toward the OB proceeds by tangential homophilic migration inside astrocytic tubes.
Neuroblasts can also migrate along white matter fiber tracts to reach the piriform cortex (Pir
Cx) via the caudoventral or ventrocaudal migratory streams (cvms, vcms). In the SVZ, a small
population of oligodendrocyte progenitors can still migrate into the corpus callosum and
striatum where they generate myelinating oligodendrocytes. In the dentate gyrus (DG),
migration is limited since only few tens micrometers separate the birth of progenitors in the
subgranular layer (sgl) from their final location in the granular layer (gl). Adapted from Suzuki
and Goldman (2003).
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Figure 2. Schematic representation of directed neural cell migration in adult pathological rodent
brain (sagittal section)
Diverse types of brain injuries trigger neural progenitor redirected migration toward the lesions.
Factors involved in this directed cell migration are mentioned for each migration route refered
to as letters (A to J); in blue endogenous cytokines expressed by the inflamed parenchyma, in
red experimentally administered factors. The corresponding references (in brackets) are listed
below. CC: corpus callosum; Cx: cortex; DG: dentate gyrus; fi: fimbria; HT: hypothalamus;
LV: lateral ventricle; OB: olfactory bulb; rms: rostral migratory stream; SVZ: subventricular
zone; 3V: third ventricle.
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