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In adult mammals, under physiological conditions, neurogenesis, the process of
generating new functional neurons from precursor cells, occurs mainly in two brain areas:
the subgranular zone in the dentate gyrus of the hippocampus, and the subventricular zone
(SVZ) lining the walls of the brain lateral ventricles. Taking into account the location of the
SVZ and the cytoarchitecture of this periventricular neural progenitor cell niche, namely the
fact that the slow dividing primary progenitor cells (type B cells) of the SVZ extend an apical
primary cilium toward the brain ventricular space which is filled with cerebrospinal fluid
(CSF), it becomes likely that the composition of the CSF can modulate both self-renewal,
proliferation and differentiation of SVZ neural stem cells. The major site of CSF synthesis
is the choroid plexus (CP); quite surprisingly, however, it is still largely unknown the
contribution of molecules specifically secreted by the adult CP as modulators of the SVZ
adult neurogenesis. This is even more relevant in light of recent evidence showing the
ability of the CP to adapt its transcriptome and secretome to various physiologic and
pathologic stimuli. By giving particular emphasizes to growth factors and axonal guidance
molecules we will illustrate how CP-born molecules might play an important role in the
SVZ niche cell population dynamics.
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INTRODUCTION
The adult subventricular zone (SVZ) neural stem cell niche,
also designated as subependymal zone to distinguish from the
embryonic SVZ, is the major source of novel neurons in the
adult brain (Whitman and Greer, 2009). The properties of this
neural progenitor cells niche are being increasingly studied, in
light of the potential usage of endogenous sources of regen-
erative cells in disorders of the central nervous system. The
adult SVZ stem cell population is heterogeneous, in a region-
specific manner, along the wall of the brain ventricles. This stem
cells heterogeneity is a consequence of the pattern of transcrip-
tion factors (intrinsic factors) they express (Alvarez-Buylla et al.,
2008), and results in the generation of different types of novel
neurons in the olfactory bulb (Lledo et al., 2008). In addition
several extrinsic factors [other brain cells, blood vessels, and
the cerebrospinal fluid (CSF)] in the vicinity of the SVZ also
participate in the regulation of the SVZ niche and in fate deter-
mination of these progenitor cells. The CSF, whose composition
is mainly determined by the choroid plexus (CP) secretome,
is a major source of proteins and smaller molecules that sig-
nal the SVZ. Understanding the contribution of the CP in the
interplay between extrinsic factors and intrinsic properties of the
SVZ neural progenitor cells is not only of biological relevance,
but also of interest in pathological conditions that may alter
the CP transcriptome and/or secretome, and ultimately impact
on the SVZ.

THE CP MORPHOLOGY AND FUNCTION
The CPs are thin membranes that float in the CSF filled lateral,
third and fourth brain ventricles. The CP is mainly composed of a
monolayer of epithelial cells derived from the ependymal cells that
line the wall of the brain ventricles (Figure 1). Underneath this
monolayer of epithelial cells lays a stroma perfused with highly
permeable fenestrated blood vessels, fibroblasts, and immune
cells such as dendritic cells and macrophages. The CP is a highly
vascularized structure with a 10 times fold higher blood flow
when compared to the brain parenchyma (Keep and Jones, 1990).

CP epithelial cells display a clearly polarized cellular morphol-
ogy bearing: (1) an apical surface (facing the brain ventricles,
and hence the CSF) composed of a large number of microvilli
of variable length that extensively increases the contact area with
the CSF; (2) a smother basolateral membrane (facing the CP
connective tissue, hence the blood side); and (3) lateral mem-
branes, the surface contact area between adjacent epithelial cells.
At the most apical portion of the lateral membranes the exis-
tence of tight junctions limits the paracellular passage of blood
derived cells and proteins (Vorbrodt and Dobrogowska, 2003).
Tight junctions, together with the expression of several basolat-
eral and apical transporters, make CP epithelial cells the effectors
of the blood-CP-CSF barrier (Spector, 2010). The CP is responsi-
ble for the generation of at least two-thirds of the CSF volume via
the secretion of water, ions, and macromolecules (Johanson et al.,
2008). In fact, the CP epithelial cells display several transporters
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FIGURE 1 | The CP influences the CSF composition that baths the neural

progenitor cells in the SVZ. Due to its highly secretory capacity and its
particular location facing the lateral wall of the brain ventricles, and hence the
SVZ, the proteins being secreted by the CP rapidly flow in the CSF and enter
in contact with the SVZ. Proteins and other molecules that are secreted
toward the CSF penetrate the interstitial space between the cells adjacent to
the wall of the ventricles. Being composed of a thin cell layer, the SVZ is
influenced by the paracrine effect of the CP. In particular, type B1 neural stem

cells are in direct contact with the CSF by projecting a primary cilium toward
the ventricle. These cells are considered the stem cells of the adult SVZ and
give rise to type C cells (transit amplifying progenitors) that in turn originate
the type A cells (neuroblasts). Also in the SVZ are the resident astrocytes,
microglia and endothelial cells of the blood-brain barrier (BBB). Together with
the ependymal cells and the CP-born molecules, these are the modulators of
the adult SVZ cell niche. Cells of the brain parenchyma lay in the SVZ
neighborhood.

for water molecules and ions, transporters for small peptides and
polypeptides, and have the capacity to synthetize, and then secrete
several proteins toward the CSF (Praetorius, 2007; Johanson et al.,
2008). The necessary energy to feed this highly secretory capacity
is provided by a high density of mitochondria (Redzic and Segal,
2004). In addition, the CP epithelial cells have receptors, both in
the apical and basolateral sides, for molecules such as neurotrans-
mitters, cytokines, bacterial toxins, amongst others; importantly,
several of these receptors have been shown to signal down-
stream cascades that ultimately influence the CP transcriptome
and secretome (Marques et al., 2009a, 2011; Johanson et al., 2011).

PROTEINS THAT ARE EXPRESSED BY THE CP ARE SECRETED
TOWARD THE CSF
The high secretory capacity of the CP is reflected in the compo-
sition of the CSF (Chodobski and Szmydynger-Chodobska, 2001;
Thouvenot et al., 2006) (Figure 1). Amongst the most abundant
proteins in CSF are CP-secreted proteins, such as transthyretin
(Sousa et al., 2007), transferrin and prostaglandin D2 synthase
(Chodobski and Szmydynger-Chodobska, 2001). Reflecting the
importance of the CP-CSF nexus in the normal brain function-
ing, these and other proteins have been independently explored
as unique biomarkers of psychiatric and neurological disorders.

In the last decade, the continuous improvement of large
screening proteomic techniques resulted in a more comprehen-
sive characterization of the CSF protein content in several species
and different ages (Parada et al., 2006; Zappaterra et al., 2007;
Stoop et al., 2010), both in physiological and in neuropatho-
logical conditions such as Alzheimer’s disease and depression
(Ditzen et al., 2011; Menon et al., 2011; Ringman et al., 2012).
However, changes in the CSF content may result not only from
alteration in the CP, but also (or rather) be the consequence from
an altered brain parenchyma metabolism under the pathological
condition.

THE SVZ STEM CELL NICHE IS IN CLOSE CONTACT
WITH THE CSF
The adult SVZ niche is located along the lateral walls of the
lateral brain ventricles (Figure 1). It is composed of slow-
dividing (type B) and fast-dividing (type C) stem cells, and
neuroblasts (type A cells) (García-Verdugo et al., 1998). The
slow-dividing stem cells are divided in two distinct types, B1
and B2 cells, based on cellular characteristics and position-
ing in the SVZ. Type B1 cells are located closer to the ven-
tricular space, with cell bodies immediately below the layer
of ependymal cells, and are in direct contact with the CSF
by a unique short non-motile primary cilium that extends
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toward the ventricles (Mirzadeh et al., 2008). In addition,
type B1 cells are also in contact, by means of basal pro-
cesses, with the extensive network of blood vessels that cross
the periventricular space (Shen et al., 2008). By means of gap
and adherens junctions, type B1 cells also contact each other
and ependyma cells (Mirzadeh et al., 2008). Type B2 stem
cells have astrocytic characteristics and are not in direct con-
tact with the CSF, but rather located closer to the striatum.
Type C cells, also known as transit-amplifying cells (TAPs),
are the direct progeny of type B cells and are in close con-
tact with their progenitors and with the vasculature. These
fast-proliferating cells originate neuroblasts (type A cells) that
migrate along the rostral migratory stream (RMS) anteriorly
toward the olfactory bulbs where they differentiate mainly into
GABAergic interneurons (Whitman and Greer, 2009). The
astrocytic processes together with the blood vessels form a
scaffold that directs these chains of migrating neuroblasts toward
the olfactory bulbs (Whitman and Greer, 2009; Bozoyan et al.,
2012). The SVZ also gives rise to oligodendrocyte progenitors,
although in lower number when compared with neuroblasts
(Menn et al., 2006).

The cells in the SVZ are influenced by several types of extrinsic
factors namely growth factors, neurotransmitters and other effec-
tors of signaling pathways. These extrinsic factors originate from
blood vessels (Shen et al., 2008), the ependymal cell layer (Lim
et al., 2000), the nervous projections toward the lateral walls of
the brain ventricles (Lennington et al., 2011), and most impor-
tantly, from the CSF. In fact, the distinctive architecture of the
adult SVZ neural stem cell niche makes the CSF an essential
player that influences the dynamics of the SVZ cell niche. This
CSF born molecules influence, by direct contact, type B1 cells
via the primary cilium and ependyma cells that in turn interact
with type B1 cells. Moreover they also diffuse into the lateral wall
parenchyma and thus can exert an effect in type B2, type C and
type A cells.

CP BORN MOLECULES MODULATE THE SVZ
The relevance of the CSF content during brain development has
been extensively reported. For instance, CSF insulin-growth fac-
tor 2 (IGF2), is well described to promote growth and neuronal
survival in the mouse developing cortex (Lehtinen et al., 2011).
Another example is retinoic acid (Parada et al., 2008; Lehtinen
et al., 2011); both meningeal- and CP-derived retinoic acid signal-
ing were shown to contribute to cortical neuron formation and
migration, and to cerebellum development (Zhang et al., 2003;
Siegenthaler et al., 2009; Crandall et al., 2011).

While the relevance of CSF-derived molecules for neurogen-
esis during brain development has been evidenced, the poten-
tial of CSF-derived molecules to determine neural stem cells
renewal, proliferation and migration in the postnatal neuro-
genic niches, namely the SVZ, has not received the same atten-
tion. Moreover, the specific contribution from CP secreted pro-
teins has been seldom highlighted and only rarely demonstrated
(Sawamoto et al., 2006). We will next refer to molecules that
have been shown to influence the SVZ neural stem cells pop-
ulation dynamics, and that also are expressed/secreted by the
adult CP.

INSULIN-LIKE GROWTH FACTORS
IGF2 is highly expressed, as shown by in situ hybridization,
in CP epithelial cells not only during development (Lehtinen
et al., 2011) but also in adulthood (Bondy et al., 1992). Under
physiological conditions IGF2 was the second highest expressed
gene found in a microarray study of the adult CP (Marques et al.,
2011); the other member of the insulin growth factor family,
insulin-like growth factor 1 (IGF1), is also expressed by adult CP
epithelial cells, but only modestly. While the CP is not the only
contributor to the presence of IGF1 and IGF2 in the CSF during
development (other sites are the meninges and the endothelial
cells of the brain blood vessels) (Lehtinen et al., 2011) it is cer-
tainly well positioned to rapidly influence the SVZ by paracrine
effects. Both IGF1 and IGF2 proliferative actions are signaled via
the insulin-like growth factor type 1 receptor (IGFR1) (Weber
et al., 1992). IGF2 was found to be highly associated with the
primary cilium of cortical progenitor cells that projects directly
toward the CSF, indicating that IGF signaling occurs via IGF1R
located in the primary cilia (Lehtinen et al., 2011). In fact, abla-
tion of IGFR1 expression solely in neural precursor cells resulted
in impaired cortical formation, namely microcephaly (Kappeler
et al., 2008), similarly to what was found in IGF2-null mice
(Lehtinen et al., 2011). Noticeably, IGFR1 is present both in the
apical portion of the developing cortical ventricular zone sur-
face, and in the adult SVZ (Yan et al., 2006), which highlights the
importance of CP-CSF derived IGF signaling. In turn, IGF1’s role
in adult neurogenesis has been extensively demonstrated for the
dentate gyrus since IGF1 infusion into the hippocampus increases
proliferation and neurogenesis (Anderson et al., 2002). Similarly,
when infused into the ventricles, IGF1 promotes cell prolifera-
tion and neurogenesis in the adult hypothalamus (Pérez-Martín
et al., 2010). Furthermore, IGF1 seems to promote the exit of
neuroblasts from the adult SVZ and their migration toward the
olfactory bulb (Hurtado-Chong et al., 2009). This mismatch in
the role of IGF1 in the hippocampus and adult SVZ niches results
not only from the differences in the cellular distribution pattern
of IGFR1 in both regions (Anderson et al., 2002), but also from
the interaction of the IGF1 signaling cascade with other signaling
factors such as BDNF and VEGF (Llorens-Martín et al., 2009).
Noteworthy is the fact that the action of IGF1 in the two principal
adult niches might also be conditioned by its binding to insulin
growth factor binding proteins that might inhibit or potentiate
the action of IGF1.

Of interest, the adult CP also expresses (Marques et al., 2011)
and secretes (Thouvenot et al., 2006) several other insulin growth
factor related proteins, such as insulin growth factor binding pro-
teins, insulin growth factor receptors and insulin growth factor
binding protein-like 1 (Igfbpl1). Of notice, the latter, is a protein
found enriched in adult neural stem cells when compared with
parenchymal astrocytes obtained by fluorescence-activated cell
sorting (FACS) of SVZ cells (Beckervordersandforth et al., 2010).
As for insulin-like growth factor binding protein 2 (Igfbp2),
which is very highly expressed by the adult CP (Marques et al.,
2011), its ability to support the survival and cycling of hematopoi-
etic stem cells has been recently shown (Huynh et al., 2011).
Whether IGFBP2 has a similar effect in the neural progenitor cell
population in the adult SVZ is still unknown.
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FIBROBLAST GROWTH FACTORS
Another important group of growth factors expressed by the
adult CP (Marques et al., 2011) is the fibroblast growth fac-
tor (FGF) family and related proteins. Their involvement in
several processes of brain development (neural stem cell induc-
tion, cell differentiation, brain regions patterning, and neuronal
circuit assembly) has been extensively demonstrated (Guillemot
and Zimmer, 2011). In fact, the embryonic brain has several
sources of different FGF family members that contribute to the
determination of brain regionalization; for example, the contri-
bution of CSF-derived FGFs to embryonic brain development was
shown for FGF2 since it promotes precursor proliferation in chick
embryos (Martín et al., 2006). FGF8, potentially derived from the
CP-CSF, has also been described to participate in the pattern-
ing of brain regions in the chick (Parada et al., 2005) and mouse
embryos (Fukuchi-Shimogori and Grove, 2001).

As for the adult brain, FGF2 injected in the ventricles increased
proliferation in the SVZ and neurogenesis in the olfactory bulb
(Kuhn et al., 1997). Furthermore subcutaneously injected FGF2,
in both early post-natal and in young rats, crossed the brain
barriers and increased in the CSF while promoting proliferation
in both the subgranular zone of the dentate gyrus and the SVZ
(Wagner et al., 1999). The importance of FGF2 for neuronal
proliferation is illustrated by the extensive use of FGF2 (also
known as bFGF) as a mitogen in SVZ neurosphere assays
(Pastrana et al., 2011).

While less is known for the role of other FGF family members
in adult neurogenesis it is of notice that FGF family mem-
bers, such as FGF3, FGF9 and FGF10, are expressed under basal
physiological conditions in the adult CP (Marques et al., 2011).
Interestingly, FGF10 participation in the maintenance of the
neurogenic potential of the adult SVZ was already suggested
(Hajihosseini et al., 2008). Thus, under particular conditions,
alterations in the expression of FGFs and their secretion toward
the CSF may impact in the SVZ population.

EPIDERMAL GROWTH FACTOR (EGF) AND TRANSFORMING GROWTH
FACTOR ALPHA (TGFa)
In vitro, when exposed to epidermal growth factor (EGF), adult
SVZ derived cells form neurospheres that display multipotent
and self-renewal properties (Pastrana et al., 2011). Although
expressed in a relative small number of type B1 cells, EGF
receptor (EGFR) expressing cells that form neurospheres in vitro
are derived mainly from transit amplifying C cells (Doetsch et al.,
2002). In vivo, it was shown that high levels of EGF administered
by intracerebroventricular infusion impacts on the SVZ by
increasing proliferation and generating progeny that occupies the
surrounding brain parenchyma, and also diverts SVZ cells from
the neuronal lineage to the oligodendrocytic lineage (Doetsch
et al., 2002; Gonzalez-Perez et al., 2009). While it is believed
(Doetsch et al., 2002) that the probable source of EGFR signaling
occurs via transforming growth factor alpha (TGFa), given its
expression in the CP (Seroogy et al., 1993; Marques et al., 2011),
we cannot exclude that this signaling pathway occurs through
EGF, also expressed by the CP (Marques et al., 2011). The rele-
vance of TGFa/EGF for EGFR in this context is illustrated by the
observation that the decreased proliferation in the SVZ displayed

by the TGFa knockout mice can be corrected by supplementation
with EGF (Tropepe et al., 1997). Interestingly, TGFa signaling
via EGFR was also shown to influence the migratory properties
of cells in the RMS (Kim et al., 2009) and of oligodendrocyte
precursors derived from SVZ cells (Gonzalez-Perez and
Quiñones-Hinojosa, 2010). In addition, a role for TGFa/EGFR
signaling in promoting migration of cells derived from the SVZ
was highlighted by TGFa infusion to the dopamine-depleted
striatum of rodent models of Parkinson’s disease (Cooper and
Isacson, 2004; de Chevigny et al., 2008). Despite the interesting
potential of the CP as a source of TGFa/EGF for the modulation
of the SVZ its specific physiological contribution has never been
demonstrated, which certainly deserves additional research.

PLATELET DERIVED GROWTH FACTORS (PDGF)
PDGF signaling also occurs via the primary cilium and, interest-
ingly, the PDGF signaling pathway modulates neural stem cells
and affects lineage fate. For instance, in vitro experiments showed
that PDGF increased neurosphere formation (Jackson et al.,
2006). Whether SVZ GFAP-positive neural stem cells express
the platelet derived growth factor receptor alpha polypeptide
(PDGFRa) is disputable (Jackson et al., 2006; Chojnacki et al.,
2011; Ihrie and Álvarez-Buylla, 2011), but infusion of PDGF
into the ventricle is known to bolster proliferation in the SVZ
(Jackson et al., 2006). The endogenous source of this ligand
has not been determined (Ihrie and Álvarez-Buylla, 2011) but
recently we found that the CP expresses several PDGFs mRNAs
(Marques et al., 2011), with particular emphasis to PDGFa. Once
again, the physiological significance of this expression and its
influence over the SVZ neural stem cell niche remains to be
established.

BONE MORPHOGENETIC PROTEINS (BMPs), SONIC HEDGEHOG
(Shh) AND Wnt
During the formation of the central nervous system, FGF sig-
naling action is frequently aligned with and/or counteracted by
signaling from BMPs, Shh and Wnt pathways. The result of
this interaction, impacting on cell proliferation and cell fate, is
dependent of the highly dynamic spatiotemporal variation in
the expression of the various effector proteins (Guillemot and
Zimmer, 2011).

The role of BMP, Shh, and Wnt proteins derived from the
CP-CSF during development has been shown. For instance, Shh
expression in the hindbrain CP is high and CSF Shh was demon-
strated to be essential for cerebellar development by promoting
proliferation of granule precursors (Huang et al., 2009, 2010).
BMPs, that together with Wnt and FGF proteins, participate
in cortical development (Shimogori et al., 2004), display a very
dynamic presence in the CSF in an age dependent manner
(Lehtinen et al., 2011).

In the adult SVZ, all these proteins participate in the regu-
lation of the SVZ niche. Adult SVZ type B and C cells express
both BMP2 and BMP4 and their respective receptors, and SVZ
ependymal cells alter the activity of BMPs (Lim et al., 2000;
Peretto et al., 2004). The CP origin of these ligands should also
be considered since it expresses BMP1, BMP2, BMP4, BMP6
and BMP7 under basal physiological conditions (Marques et al.,
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2011). Noteworthy, the presence of some of these BMPs in the
adult CSF was also recently confirmed (Lehtinen et al., 2011).
Furthermore, growth differentiation factors 3 and 8 (Gdf3 and
Gdf8), known to modulate BMP signaling, are also expressed by
the adult CP (Marques et al., 2011) and are secreted toward the
CSF (Lehtinen et al., 2011).

Shh and Wnts pathways are also active in the adult SVZ and
were implicated in the formation, maintenance, proliferation and
migration of adult neural stem cells. Shh is produced by ventral
forebrain neurons that extend projections toward the SVZ, and
persistent Shh signaling determines a specific neural progeny
(Ihrie et al., 2011). Shh is also expressed by the CP (Marques et al.,
2011) but its levels in the adult CSF have not been determined. As
for Wnt, evidence exists that it may participate in the regulation
of the adult SVZ population, namely enhancing Wnt signaling
via beta-catenin in type C cells increases proliferation and results
in a higher number of neurons in the olfactory bulb (Adachi
et al., 2007). On the other hand, during embryonic development
Wnt may rather play a role in maintaining the SVZ stem cell pool
(Piccin and Morshead, 2011). Similarly to Shh and BMPs, several
members (for instance Wnt5a, 5b, and 10b) of the Wnt family
are expressed in the adult CP, and specifically secreted by CP
epithelial cells, under basal conditions (Thouvenot et al., 2006;
Marques et al., 2011).

One of the most interesting features of the Shh and Wnt sig-
naling pathways is that they are modulated by the primary cilium
(Louvi and Grove, 2011), making the cilia projected by type B1
cells toward the CSF a particularly well positioned route for CP
derived “messages”.

EPHRINS, SEMAPHORINS AND SLITS
Neuroblasts derived from the SVZ form a stream of moving cells
that converge in the RMS; they are ensheated by a layer of astro-
cyte processes and use each other as guides in the migration
process toward the olfactory bulb (Lledo et al., 2008). Several
proteins from the group of classical axon guidance molecules
were implicated not only in the regulation of the migration of
neuroblasts, but also in the proliferation of type B cells. For
instance, SVZ cells express the EphA and EphB receptors; the
ligands for these receptors are the transmembrane molecules
ephrins. The relevance of these molecules in the modulation
of the SVZ was shown by the infusion of the EphB2 ligand
in the lateral ventricles, which disrupted the migratory chain
of neuroblasts and increased the proliferation of type B1 cells
(Conover et al., 2000). Interestingly, a role for EphB2 signaling
was suggested in the conversion of ependymal cells to astro-
cytes after lesion of the ventricular wall (Nomura et al., 2010).
Also, it has recently been shown that ephrinB3-EphB3 signal-
ing in the SVZ is transiently inhibited to allow the expansion
and survival of neural progenitor cells upon traumatic brain
injury (Theus et al., 2010). EphrinB3 is one of the ephrins
expressed by the CP at very low levels under basal physiologi-
cal conditions (Marques et al., 2011). While the fact that these
molecules are attached to the membrane might diminish the rel-
evance of their expression in the CP in the modulation of the
SVZ neural progenitors, the data provided by infusion experi-
ments (Conover et al., 2000) suggest that the cleavage and release

of ephrins from the membrane of CP cells toward the CSF,
under particular conditions, could influence the response of type
B1 cells.

Semaphorins and slits are guidance molecules that, contrary
to ephrins, are secreted factors, and hence exert their effects to a
certain distance, in a paracrine fashion. Several semaphorin fam-
ily members and slits 1, 2, and 3 are expressed (Marques et al.,
2011) and secreted by the CP (Hu, 1999; Sawamoto et al., 2006).
Semaphorin signaling is usually associated with endothelial cells
(Tamagnone and Mazzone, 2011); semaphorin-3a and its respec-
tive receptor are highly expressed in the endothelial cells that are
present along the RMS (Meléndez-Herrera et al., 2008), suggest-
ing a role for semaphorin-3a in the migration of neuroblasts.
Whether semaphorins specifically secreted by the CP influence
the migration of neuroblasts toward the olfactory bulb has not
been determined.

On the other hand, a role for slits specifically derived from
the CP in the modulation of SVZ neural progenitors niche was
clearly shown; for instance, slit 2 was shown to participate in
the regulation of neuronal migration of neurons in the devel-
oping brain (Hu, 1999). Interestingly both the adult SVZ and
the RMS express the receptors Robo2 and Robo3 through which
slit1 and slit 2 exert their chemorepulsive activities (Nguyen-
Ba-Charvet, 2004). Importantly, it was shown (Sawamoto et al.,
2006) that ciliary beating from ependymal cells that line the
wall of the brain ventricles contribute to the movement of the
CSF, hence creating gradients of the chemorepelent slits secreted
by the CP (Nguyen-Ba-Charvet, 2004; Marques et al., 2011)
and thus contributing to the anterior migration of neuroblasts
to the olfactory bulbs. Nevertheless, the role of slits in direct-
ing the migration of future olfactory bulb neurons goes behind
the influence of the CP since type C and type A cells also
express slit1 (Nguyen-Ba-Charvet, 2004), which seems to avoid
the invasion of the RMS by astrocytic processes (Kaneko et al.,
2010).

PATHOLOGICAL CONDITIONS CAN ALTER THE CP
TRANSCRIPTOME/SECRETOME AND IMPACT THE SVZ
Being placed at the interface between the periphery and the cen-
tral nervous system, the CP is particularly well positioned to sense
alterations, and respond to, in both its basolateral side (the blood
side) and its apical interface (the CNS side). On the other hand,
any response the CP mounts to external stimuli will ultimately
reflect in its secretome, and hence in the CSF that surrounds
the brain parenchyma. In fact, since the CP epithelial cells are
equipped with transporters for several proteins and metabolites,
pathological damage to the CP itself will alter CSF composition
and ventricular volume, as in the case of hydrocephalus (Johanson
et al., 2011).

One relevant example of a peripheral event that impacts
in the CP transcriptome is peripheral inflammation. When a
single intraperitoneal injection of lipopolysaccharide, the mem-
brane component of gram negative bacteria, was given, the CP
displayed an acute and transient but profound change in its
transcriptome that reflected in the CSF composition (Marques
et al., 2007, 2009a). When a similar but repeated inflamma-
tory stimulus was given, the result was still present but more
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attenuated (Marques et al., 2009b). These alterations in the CP
properties and secretome may impact, even if transiently, in
the SVZ niche population. During development, it was recently
reported that maternal peripheral inflammation alters fetal ven-
tricular zone proliferation that reflects in cortical layers forma-
tion. The effect was shown to involve the barriers of the brain,
including the blood-CP-CSF barrier (Stolp et al., 2011). While
several reports refer to the impact of neuroinflammation in the
adult neurogenesis niches, as in multiple sclerosis, Alzheimer’s
disease and brain injury (Tepavc̆ević et al., 2011; Wood et al.,
2011; L’Episcopo et al., 2012) (Hamilton and Holscher, 2012),
the more subtle effects of inflammation-induced alterations in
the CP per se, and its impact in the adult SVZ, are presently
unknown.

A physiological situation where alterations in the CP prop-
erties, in the CSF content and in neurogenesis occur is aging.
During aging, mainly at the later ages of life, the CP becomes
progressively less efficient in protein synthesis and CSF secre-
tion (Redzic et al., 2005). This malfunction in CSF secretion
and abnormal removal of CSF toxic compounds, such as the
Alzheimer’s disease abeta peptide, might contribute to neu-
ropathology (Preston, 2001; Carro et al., 2005). In fact, alterations
in the CP-CSF nexus properties might contribute to the alter-
ations observed in the SVZ in rodents during aging and in models
and Alzheimer’s disease (Jin et al., 2004; Sotthibundhu et al., 2009;
Conover and Shook, 2011).

CONCLUDING REMARKS
Under basal normal physiological conditions the CP displays
the ability to express several genes encoding for proteins known
to promote proliferation, differentiation, and survival of neural
progenitor cells. These proteins are secreted toward the CSF,
which is as a route for the delivery of CP-born proteins/molecules
to the SVZ. Per se this is physiologically relevant; yet under dis-
ruptive conditions that alter regular CP homeostatic balance, the
CSF protein content will be modified and this will lately impact
on the SVZ. Whether this culminates in disease developing out-
comes (such as is the case of glioblastomas), or might function as
potential rescue mechanisms for brain parenchyma lesions (such
as in stroke, Parkinson’s disease or multiple sclerosis), will be a
key issue in adult neural stem cell research in the future. In fact,
modulating the CP-CSF nexus in pathologies of the central ner-
vous system could become an important aspect in the usage of
endogenous/exogenous neural progenitor cells for stem cell based
therapies in the brain.

ACKNOWLEDGMENTS
Ana M. Falcão and Ashley Novais are recipients of Ph.D.
fellowships from the Fundação para a Ciência e Tecnologia
(FCT, Portugal). Fernanda Marques is a recipient of postdoc-
toral fellowship from the Fundação para a Ciência e Tecnologia
(FCT, Portugal). This work is supported by a grant from FCT
(PTDC/SAU-OSM/104475/2008).

REFERENCES
Adachi, K., Mirzadeh, Z., Sakaguchi, M.,

Yamashita, T., Nikolcheva, T., Gotoh,
Y., Peltz, G., Gong, L., Kawase, T.,
Álvarez-Buylla, A., Okano, H., and
Sawamoto, K. (2007). Beta-catenin
signaling promotes proliferation of
progenitor cells in the adult mouse
subventricular zone. Stem Cells 25,
2827–2836.

Alvarez-Buylla, A., Kohwi, M., Nguyen,
T. M., and Merkle, F. T. (2008). The
heterogeneity of adult neural stem
cells and the emerging complexity of
their niche. Cold Spring Harb. Symp.
Quant. Biol. 73, 357–365.

Anderson, M. F., Aberg, M. A. I.,
Nilsson, M., and Eriksson, P. S.
(2002). Insulin-like growth factor-I
and neurogenesis in the adult mam-
malian brain. Brain Res. Dev. Brain
Res. 134, 115–122.

Beckervordersandforth, R., Tripathi, P.,
Ninkovic, J., Bayam, E., Lepier,
A., Stempfhuber, B., Kirchhoff, F.,
Hirrlinger, J., Haslinger, A., Lie, D.
C., Beckers, J., Yoder, B., Irmler,
M., and Götz, M. (2010). In vivo
fate mapping and expression anal-
ysis reveals molecular hallmarks of
prospectively isolated adult neu-
ral stem cells. Cell Stem Cell 7,
744–758.

Bondy, C., Werner, H., Roberts, C. T.,
and LeRoith, D. (1992). Cellular
pattern of type-I insulin-like

growth factor receptor gene expres-
sion during maturation of the rat
brain: comparison with insulin-like
growth factors I and II. Neuroscience
46, 909–923.

Bozoyan, L., Khlghatyan, J., and
Saghatelyan, A. (2012). Astrocytes
control the development of the
migration-promoting vasculature
scaffold in the postnatal brain via
VEGF signaling. J. Neurosci. 32,
1687–1704.

Carro, E., Spuch, C., Trejo, J. L.,
Antequera, D., and Torres-Aleman,
I. (2005). Choroid plexus megalin
is involved in neuroprotection by
serum insulin-like growth factor I.
J. Neurosci. 25, 10884–10893.

Chodobski, A., and Szmydynger-
Chodobska, J. (2001). Choroid
plexus: target for polypeptides and
site of their synthesis. Microsc. Res.
Tech. 52, 65–82.

Chojnacki, A., Mak, G., and Weiss, S.
(2011). PDGFR expression distin-
guishes GFAP-expressing neural
stem cells from PDGF-responsive
neural precursors in the adult
periventricular area. J. Neurosci. 31,
9503–9512.

Conover, J. C., Doetsch, F., García-
Verdugo, J. M., Gale, N. W.,
Yancopoulos, G. D., and Alvarez-
Buylla, A. (2000). Disruption of
Eph/ephrin signaling affects migra-
tion and proliferation in the adult

subventricular zone. Nat. Neurosci.
3, 1091–1097.

Conover, J. C., and Shook, B. A. (2011).
Aging of the subventricular zone
neural stem cell niche. Aging Dis. 2,
49–63.

Cooper, O., and Isacson, O. (2004).
Intrastriatal transforming growth
factor alpha delivery to a model
of Parkinson’s disease induces
proliferation and migration of
endogenous adult neural progenitor
cells without differentiation into
dopaminergic neurons. J. Neurosci.
24, 8924–8931.

Crandall, J. E., Goodman, T., McCarthy,
D. M., Duester, G., Bhide, P. G.,
Dräger, U. C., and McCaffery,
P. (2011). Retinoic acid influ-
ences neuronal migration from
the ganglionic eminence to the
cerebral cortex. J. Neurochem. 119,
723–735.

de Chevigny, A., Cooper, O., Vinuela,
A., Reske-Nielsen, C., Lagace, D.
C., Eisch, A. J., and Isacson, O.
(2008). Fate mapping and lineage
analyses demonstrate the produc-
tion of a large number of stri-
atal neuroblasts after transforming
growth factor alpha and noggin stri-
atal infusions into the dopamine-
depleted striatum. Stem Cells 26,
2349–2360.

Ditzen, C., Tang, N., Jastorff, A.
M., Teplytska, L., Yassouridis,

A., Maccarrone, G., Uhr, M.,
Bronisch, T., Miller, C. A., Holsboer,
F., and Turck, C. W. (2011).
Cerebrospinal fluid biomarkers for
major depression confirm relevance
of associated pathophysiology.
Neuropsychopharmacology 37,
1013–1025.

Doetsch, F., Petreanu, L., Caille, I.,
Garcia-Verdugo, J. M., and Álvarez-
Buylla, A. (2002). EGF converts
transit-amplifying neurogenic pre-
cursors in the adult brain into
multipotent stem cells. Neuron 36,
1021–1034.

Fukuchi-Shimogori, T., and Grove, E.
A. (2001). Neocortex patterning
by the secreted signaling molecule
FGF8. Science 294, 1071–1074.

García-Verdugo, J. M., Doetsch,
F., Wichterle, H., Lim, D. A.,
and Alvarez-Buylla, A. (1998).
Architecture and cell types of the
adult subventricular zone: in search
of the stem cells. J. Neurobiol. 36,
234–248.

Gonzalez-Perez, O., and Quiñones-
Hinojosa, A. (2010). Dose-
dependent effect of EGF on
migration and differentiation
of adult subventricular zone
astrocytes. Glia 58, 975–983.

Gonzalez-Perez, O., Romero-
Rodriguez, R., Soriano-Navarro, M.,
Garcia-Verdugo, J. M., and Álvarez-
Buylla, A. (2009). Epidermal

Frontiers in Cellular Neuroscience www.frontiersin.org August 2012 | Volume 6 | Article 34 | 6

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Falcão et al. SVZ modulation by CP-born molecules

growth factor induces the progeny
of subventricular zone type B cells
to migrate and differentiate into
oligodendrocytes. Stem Cells 27,
2032–2043.

Guillemot, F., and Zimmer, C. (2011).
From cradle to grave: the multi-
ple roles of fibroblast growth factors
in neural development. Neuron 71,
574–588.

Hajihosseini, M. K., De Langhe, S.,
Lana-Elola, E., Morrison, H.,
Sparshott, N., Kelly, R., Sharpe, J.,
Rice, D., and Bellusci, S. (2008).
Localization and fate of Fgf10-
expressing cells in the adult mouse
brain implicate Fgf10 in control of
neurogenesis. Mol. Cell Neurosci.
37, 857–868.

Hamilton, A., and Holscher, C. (2012).
The effect of ageing on neuroge-
nesis and oxidative stress in the
APP(swe)/PS1(deltaE9) mouse
model of Alzheimer’s disease. Brain
Res. 1449, 83–93.

Hu, H. (1999). Chemorepulsion of
neuronal migration by Slit2 in the
developing mammalian forebrain.
Neuron 23, 703–711.

Huang, X., Ketova, T., Fleming, J. T.,
Wang, H., Dey, S. K., Litingtung,
Y., and Chiang, C. (2009). Sonic
hedgehog signaling regulates a
novel epithelial progenitor domain
of the hindbrain choroid plexus.
Development 136, 2535–2543.

Huang, X., Liu, J., Ketova, T., Fleming,
J. T., Grover, V. K., Cooper, M.
K., Litingtung, Y., and Chiang,
C. (2010). Transventricular delivery
of Sonic hedgehog is essential to
cerebellar ventricular zone develop-
ment. Proc. Natl. Acad. Sci. U.S.A.
107, 8422–8427.

Hurtado-Chong, A., Yusta-Boyo, M.
J., Vergaño-Vera, E., Bulfone, A.,
De Pablo, F., and Vicario-Abejón,
C. (2009). IGF-I promotes neu-
ronal migration and positioning in
the olfactory bulb and the exit of
neuroblasts from the subventricular
zone. Eur. J. Neurosci. 30, 742–755.

Huynh, H., Zheng, J., Umikawa, M.,
Zhang, C., Silvany, R., Iizuka, S.,
Holzenberger, M., Zhang, W., and
Zhang, C. C. (2011). IGF binding
protein 2 supports the survival and
cycling of hematopoietic stem cells.
Blood 118, 3236–3243.

Ihrie, R. A., and Álvarez-Buylla, A.
(2011). Lake-front property: a
unique germinal niche by the lateral
ventricles of the adult brain. Neuron
70, 674–686.

Ihrie, R. A., Shah, J. K., Harwell,
C. C., Levine, J. H., Guinto, C.
D., Lezameta, M., Kriegstein, A.
R., and Álvarez-Buylla, A. (2011).
Persistent sonic hedgehog signaling

in adult brain determines neural
stem cell positional identity. Neuron
71, 250–262.

Jackson, E. L., Garcia-Verdugo, J. M.,
Gil-Perotin, S., Roy, M., Quiñones-
Hinojosa, A., VandenBerg, S., and
Álvarez-Buylla, A. (2006). PDGFR
alpha-positive B cells are neural
stem cells in the adult SVZ that form
glioma-like growths in response to
increased PDGF signaling. Neuron
51, 187–199.

Jin, K., Galvan, V., Xie, L., Mao, X.
O., Gorostiza, O. F., Bredesen,
D. E., and Greenberg, D. A.
(2004). Enhanced neurogenesis
in Alzheimer’s disease trans-
genic (PDGF-APPSw, Ind) mice.
Proc. Natl. Acad. Sci. U.S.A. 101,
13363–13367.

Johanson, C. E., Duncan, J. A., Klinge,
P. M., Brinker, T., Stopa, E. G.,
and Silverberg, G. D. (2008).
Multiplicity of cerebrospinal fluid
functions: new challenges in health
and disease. Cerebrospinal Fluid Res.
5, 10.

Johanson, C., Stopa, E., McMillan, P.,
Roth, D., Funk, J., and Krinke, G.
(2011). The distributional nexus
of choroid plexus to cerebrospinal
fluid, ependyma and brain: tox-
icologic/pathologic phenomena,
periventricular destabilization, and
lesion spread. Toxicol. Pathol. 39,
186–212.

Kaneko, N., Marin, O., Koike, M.,
Hirota, Y., Uchiyama, Y., Wu, J. Y.,
Lu, Q., Tessier-Lavigne, M., Álvarez-
Buylla, A., Okano, H., Rubenstein,
J. L. R., and Sawamoto, K. (2010).
New neurons clear the path of
astrocytic processes for their rapid
migration in the adult brain. Neuron
67, 213–223.

Kappeler, L., De Magalhaes Filho, C.,
Dupont, J., Leneuve, P., Cervera,
P., Périn, L., Loudes, C., Blaise,
A., Klein, R., Epelbaum, J., Le
Bouc, Y., and Holzenberger, M.
(2008). Brain IGF-1 receptors
control mammalian growth and
lifespan through a neuroendocrine
mechanism. PLoS Biol. 6:e254. doi:
10.1371/journal.pbio.0060254.

Keep, R. F., and Jones, H. C. (1990). A
morphometric study on the devel-
opment of the lateral ventricle
choroid plexus, choroid plexus cap-
illaries and ventricular ependyma in
the rat. Brain Res. Dev. Brain Res. 56,
47–53.

Kim, Y., Comte, I., Szabo, G.,
Hockberger, P., and Szele, F. G.
(2009). Adult mouse subventric-
ular zone stem and progenitor
cells are sessile and epidermal
growth factor receptor neg-
atively regulates neuroblast

migration. PLoS ONE 4:e8122.
doi: 10.1371/journal.pone.0008122

Kuhn, H. G., Winkler, J., Kempermann,
G., Thal, L. J., and Gage, F.
H. (1997). Epidermal growth
factor and fibroblast growth
factor-2 have different effects
on neural progenitors in the
adult rat brain. J. Neurosci. 17,
5820–5829.

L’Episcopo, F., Tirolo, C., Testa,
N., Caniglia, S., Morale, M. C.,
Deleidi, M., Serapide, M. F.,
Pluchino, S., and Marchetti, B.
(2012). Plasticity of subventric-
ular zone neuroprogenitors in
MPTP (1-methyl-4-phenyl-1 2 3, 6-
tetrahydropyridine) mouse model
of Parkinson’s disease involves
cross talk between inflammatory
and Wnt/ -catenin signaling path-
ways: functional consequences
for neuroprotection and repair. J.
Neurosci. 32, 2062–2085.

Lehtinen, M. K., Zappaterra, M. W.,
Chen, X., Yang, Y. J., Hill, A. D., Lun,
M., Maynard, T., Gonzalez, D., Kim,
S., Ye, P., D’Ercole, A. J., Wong, E.
T., LaMantia, A. S., and Walsh, C.
A. (2011). The cerebrospinal fluid
provides a proliferative niche for
neural progenitor cells. Neuron 69,
893–905.

Lennington, J. B., Pope, S., Goodheart,
A. E., Drozdowicz, L., Daniels, S.
B., Salamone, J. D., and Conover,
J. C. (2011). Midbrain dopamine
neurons associated with reward pro-
cessing innervate the neurogenic
subventricular zone. J. Neurosci. 31,
13078–13087.

Lim, D. A., Tramontin, A. D., Trevejo,
J. M., Herrera, D. G., García-
Verdugo, J. M., and Alvarez-Buylla,
A. (2000). Noggin antagonizes
BMP signaling to create a niche
for adult neurogenesis. Neuron 28,
713–726.

Lledo, P.-M., Merkle, F. T., and Álvarez-
Buylla, A. (2008). Origin and func-
tion of olfactory bulb interneu-
ron diversity. Trends Neurosci. 31,
392–400.

Llorens-Martín, M., Torres-Aleman, I.,
and Trejo, J. L. (2009). Mechanisms
mediating brain plasticity: IGF1
and adult hippocampal neurogene-
sis. Neuroscientist 15, 134–148.

Louvi, A., and Grove, E. A. (2011).
Cilia in the CNS: the quiet organelle
claims center stage. Neuron 69,
1046–1060.

Marques, F., Rodrigues, A.-J., Sousa, J.
C., Coppola, G., Geschwind, D. H.,
Sousa, N., Correia-Neves, M., and
Palha, J. A. (2007). Lipocalin 2 is
a choroid plexus acute-phase pro-
tein. J. Cereb. Blood Flow Metab. 28,
450–455.

Marques, F., Sousa, J. C., Coppola,
G., Falcao, A. M., João Rodrigues,
A., Geschwind, D. H., Sousa, N.,
Correia-Neves, M., and Palha, J.
A. (2009a). Kinetic profile of the
transcriptome changes induced in
the choroid plexus by peripheral
inflammation. J. Cereb. Blood Flow
Metab. 29, 921–932.

Marques, F., Sousa, J. C., Coppola,
G., Geschwind, D. H., Sousa, N.,
Palha, J. A., and Correia-Neves,
M. (2009b). The choroid plexus
response to a repeated periph-
eral inflammatory stimulus. BMC
Neurosci. 10, 135.

Marques, F., Sousa, J. C., Coppola,
G., Gao, F., Puga, R., Brentani,
H., Geschwind, D. H., Sousa, N.,
Correia-Neves, M., and Palha, J. A.
(2011). Transcriptome signature of
the adult mouse choroid plexus.
Fluids Barriers CNS 8, 10.

Martín, C., Bueno, D., Alonso, M. I.,
Moro, J. A., Callejo, S., Parada,
C., Martín, P., Carnicero, E., and
Gato, A. (2006). FGF2 plays a
key role in embryonic cerebrospinal
fluid trophic properties over chick
embryo neuroepithelial stem cells.
Dev. Biol. 297, 402–416.

Meléndez-Herrera, E., Colín-Castelán,
D., Varela-Echavarría, A., and
Gutiérrez-Ospina, G. (2008).
Semaphorin-3A and its receptor
neuropilin-1 are predominantly
expressed in endothelial cells along
the rostral migratory stream of
young and adult mice. Cell Tissue
Res. 333, 175–184.

Menn, B., Garcia-Verdugo, J. M.,
Yaschine, C., Gonzalez-Perez, O.,
Rowitch, D., and Álvarez-Buylla,
A. (2006). Origin of oligodendro-
cytes in the subventricular zone
of the adult brain. J. Neurosci. 26,
7907–7918.

Menon, K. N., Steer, D. L., Short, M.,
Petratos, S., Smith, I., and Bernard,
C. C. A. (2011). A novel unbi-
ased proteomic approach to detect
the reactivity of cerebrospinal fluid
in neurological diseases. Mol. Cell
Proteomics 10, M110.000042.

Mirzadeh, Z., Merkle, F. T., Soriano-
Navarro, M., Garcia-Verdugo, J.
M., and Álvarez-Buylla, A. (2008).
Neural stem cells confer unique pin-
wheel architecture to the ventricu-
lar surface in neurogenic regions of
the adult brain. Cell Stem Cell 3,
265–278.

Nguyen-Ba-Charvet, K. T. (2004).
Multiple roles for slits in the control
of cell migration in the rostral
migratory stream. J. Neurosci. 24,
1497–1506.

Nomura, T., Göritz, C., Catchpole,
T., Henkemeyer, M., and Frisén, J.

Frontiers in Cellular Neuroscience www.frontiersin.org August 2012 | Volume 6 | Article 34 | 7

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Falcão et al. SVZ modulation by CP-born molecules

(2010). EphB signaling controls lin-
eage plasticity of adult neural stem
cell niche cells. Cell Stem Cell 7,
730–743.

Parada, C., Gato, A., Aparicio, M., and
Bueno, D. (2006). Proteome analy-
sis of chick embryonic cerebrospinal
fluid. Proteomics 6, 312–320.

Parada, C., Gato, A., and Bueno,
D. (2008). All-trans retinol and
retinol-binding protein from
embryonic cerebrospinal fluid
exhibit dynamic behaviour dur-
ing early central nervous system
development. Neuroreport 19,
945–950.

Parada, C., Martín, C., Alonso, M. I.,
Moro, J. A., Bueno, D., and Gato,
A. (2005). Embryonic cerebrospinal
fluid collaborates with the isthmic
organizer to regulate mesencephalic
gene expression. J. Neurosci. Res. 82,
333–345.

Pastrana, E., Silva-Vargas, V., and
Doetsch, F. (2011). Eyes wide
open: a critical review of sphere-
formation as an assay for stem cells.
Cell Stem Cell 8, 486–498.

Peretto, P., Dati, C., De Marchis,
S., Kim, H. H., Ukhanova, M.,
Fasolo, A., and Margolis, F. L.
(2004). Expression of the secreted
factors noggin and bone morpho-
genetic proteins in the subependy-
mal layer and olfactory bulb of
the adult mouse brain. Neuroscience
128, 685–696.

Pérez-Martín, M., Cifuentes, M.,
Grondona, J. M., López-Ávalos,
M. D., Gómez-Pinedo, U.,
García-Verdugo, J. M., and
Fernández-Llebrez, P. (2010).
IGF-I stimulates neurogenesis in
the hypothalamus of adult rats. Eur.
J. Neurosci. 31, 1533–1548.

Piccin, D., and Morshead, C. M. (2011).
Wnt signaling regulates symmetry
of division of neural stem cells in
the adult brain and in response to
injury. Stem Cells 29, 528–538.

Praetorius, J. (2007). Water and solute
secretion by the choroid plexus.
Pflugers Arch. 454, 1–18.

Preston, J. E. (2001). Ageing choroid
plexus-cerebrospinal fluid system.
Microsc. Res. Tech. 52, 31–37.

Redzic, Z., Preston, J., Duncan,
J., Chodobski, A., and
Szmydyngerchodobska, J. (2005).
The choroid plexus−cerebrospinal
fluid system: from development to
aging. Curr. Top. Dev. Biol. 71, 1–52.

Redzic, Z. B., and Segal, M. B. (2004).
The structure of the choroid plexus
and the physiology of the choroid
plexus epithelium. Adv. Drug Deliv.
Rev. 56, 1695–1716.

Ringman, J. M., Schulman, H., Becker,
C., Jones, T., Bai, Y., Immermann,
F., Cole, G., Sokolow, S., Gylys, K.,
Geschwind, D. H., Cummings, J. L.,
and Wan, H. I. (2012). Proteomic
changes in cerebrospinal fluid of
presymptomatic and affected per-
sons carrying familial Alzheimer
disease mutations. Arch. Neurol. 69,
96–104.

Sawamoto, K., Wichterle, H., Gonzalez-
Perez, O., Cholfin, J. A., Yamada,
M., Spassky, N., Murcia, N. S.,
Garcia-Verdugo, J. M., Marin, O.,
Rubenstein, J. L. R., Tessier-Lavigne,
M., Okano, H., and Álvarez-Buylla,
A. (2006). New neurons follow the
flow of cerebrospinal fluid in the
adult brain. Science 311, 629–632.

Seroogy, K., Lundgren, K., Lee, D.,
Guthrie, K., and Gall, C. (1993).
Cellular-localization of transform-
ing growth factor-alpha messenger-
rna in rat forebrain. J. Neurochem.
60, 1777–1782.

Shen, Q., Wang, Y., Kokovay, E., Lin,
G., Chuang, S.-M., Goderie, S. K.,
Roysam, B., and Temple, S. (2008).
Adult SVZ stem cells lie in a vas-
cular niche: a quantitative analysis
of niche cell-cell interactions. Cell
Stem Cell 3, 289–300.

Shimogori, T., Banuchi, V., Ng, H.
Y., Strauss, J. B., and Grove, E. A.
(2004). Embryonic signaling cen-
ters expressing BMP, WNT and
FGF proteins interact to pattern the
cerebral cortex. Development 131,
5639–5647.

Siegenthaler, J. A., Ashique, A. M.,
Zarbalis, K., Patterson, K. P., Hecht,
J. H., Kane, M. A., Folias, A. E.,
Choe, Y., May, S. R., Kume, T.,
Napoli, J. L., Peterson, A. S., and
Pleasure, S. J. (2009). Retinoic acid
from the meninges regulates cor-
tical neuron generation. Cell 139,
597–609.

Sotthibundhu, A., Li, Q.-X.,
Thangnipon, W., and Coulson,
E. J. (2009). Abeta(1-42) stimulates
adult SVZ neurogenesis through
the p75 neurotrophin receptor.
Neurobiol. Aging 30, 1975–1985.

Sousa, J. C., Cardoso, I., Marques,
F., Saraiva, M. J., and Palha, J.
A. (2007). Transthyretin and
Alzheimer’s disease: where in
the brain? Neurobiol. Aging 28,
713–718.

Spector, R. (2010). Nature and con-
sequences of mammalian brain
and CSF efflux transporters: four
decades of progress. J. Neurochem.
112, 13–23.

Stolp, H. B., Turnquist, C.,
Dziegielewska, K. M., Saunders, N.

R., Anthony, D. C., and Molnár,
Z. (2011). Reduced ventricular
proliferation in the foetal cortex
following maternal inflammation in
the mouse. Brain 134, 3236–3248.

Stoop, M. P., Coulier, L., Rosenling, T.,
Shi, S., Smolinska, A. M., Buydens,
L., Ampt, K., Stingl, C., Dane,
A., Muilwijk, B., Luitwieler, R. L.,
Sillevis Smitt, P. A. E., Hintzen, R.
Q., Bischoff, R., Wijmenga, S. S.,
Hankemeier, T., van Gool, A. J., and
Luider, T. M. (2010). Quantitative
proteomics and metabolomics anal-
ysis of normal human cerebrospinal
fluid samples. Mol. Cell Proteomics
9, 2063–2075.

Tamagnone, L., and Mazzone, M.
(2011). Semaphorin signals on the
road of endothelial tip cells. Dev.
Cell 21, 189–190.
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