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Molecular and cellular interactions coordinating the origin and fate
of neural stem cells (NSCs) in the adult brain are far from being
understood. We present a protein complex that controls prolifer-
ation and migration of adult NSCs destined for the mouse olfactory
bulb (OB). Combinatorial selection based on phage display tech-
nology revealed a previously unrecognized complex between the
soluble protein netrin-4 and laminin �1 subunit that in turn
activates an �6�1 integrin-mediated signaling pathway in NSCs.
Differentiation of NSCs is accompanied by a decrease in netrin-4
receptors, indicating that netrin-4 participates in the continual
propagation of this stem cell population. Notably, the stem cells
themselves do not synthesize netrin-4. Further, we show that
netrin-4 is produced by selected GFAP-positive astrocytes posi-
tioned close to newborn neurons migrating in the anterior part of
the rostral migratory stream (RMS) and within the OB. Our findings
present a unique molecular mechanism mediating astrocytic/neu-
ronal crosstalk that regulates ongoing neurogenesis in the adult
olfactory system.

olfactory system � phage display � merogenesis �
rostral migratory stream � astrocytes

Netrins are a family of secreted proteins initially described as
developmental axon attractants (1). Yet, with critical roles

in tissue morphogenesis (2–4), vascular patterning (5), and
angiogenesis (6–8), netrins have become recognized to mediate
functions far beyond axonal guidance. Netrin-4 is expressed in
both neural and nonneural tissues (8–11). In the nervous system,
it promotes neurite extension from olfactory bulb (OB) explants
but the molecular mechanisms underlying this phenomenon
remain unknown. In the vasculature of the kidney, heart, and
ovary, the protein is located in the basement membrane. Inte-
grins and netrins, along with the established netrin-1 and ne-
trin-4 receptors DCC and UNC5, appear to cooperate to regu-
late multiple aspects of development (3, 12, 13). However,
certain netrin-4 functions are mediated by neogenin (8) and
likely by other, as yet unidentified receptors (14, 15).

Here, we provide evidence for a direct relationship between
netrin-4, laminin �1 chain, and �6�1 integrin in the context of
neural stem cells (NSCs). By exploiting the power of the
unbiased phage display combinatorial approach (16–18), fol-
lowed by peptide affinity chromatography and functional vali-
dation, we found that a netrin-4/laminin �1 chain complex binds
to �6�1 integrin, with subsequent activation of the mitogen-
activated protein (MAP) kinase signaling pathway, resulting in
NSC migration and proliferation. We also show that in the adult
mouse brain, netrin-4 is produced by a subset of astrocytes on the
edge of the rostral migratory system (RMS) close to the site of
neuron entrance into the OB. Our findings support the conclu-
sion that netrin-4 is a regulatory factor in NSC biology and
uncover a previously unrecognized mechanism in which a mul-

timeric complex functions as an integrated supramolecular
switch that regulates NSC fate.

Results and Discussion
Isolation of Peptides Binding to NSCs and Receptor Identification. We
profiled (16–18) the surface of a representative prototypical
clone of murine NSCs (C17.2) that can self-renew, differentiate
into all neural lineages, and populate developing or degenerating
regions of the central nervous system (19, 20). Cells proliferating
in vitro were exposed to a random phage display peptide library
(CX7C: C, cysteine; X, any residue) (16–18); marked enrichment
was obtained after 3 rounds of selection [supporting information
(SI) Fig. S1 A]. Similarity BLAST search analysis of peptides
displayed by the enriched phage population showed that the
sequence CGLPYSSVC contained a motif embedded within
domain IV of the netrin-4 protein (Leu-404–Val-410) (9, 10).
Detailed sequence alignment revealed that the region mimicked
by the peptide motif is not similar to any other known member
of the netrin and laminin families of proteins (Fig. S1B).
Three-dimensional models of the Cys-391–Cys-410 motif of
netrin-4 and the peptide CGLPYSSVC revealed similarities in
primary sequence and structure (Fig. S1C).

We evaluated the binding of selected phage to C17.2 NSCs and
found that phage displaying CGLPYSSVC specifically bound to
NSCs in contrast to negative controls (insertless phage and
phage displaying an unrelated peptide sequence) (Fig. S1D). In
addition, given that netrin-4 can form dimers (9), we evaluated
the binding of the netrin-4-like phage to netrin-4 and observed
increased phage binding to immobilized netrin-4 (Fig. S1E).
Inhibition of phage binding by an anti-netrin-4 antibody con-
firmed specificity (Fig. S1F).

We used peptide column affinity chromatography to identify
binding partners of CGLPYSSVC. Total cell extracts of the
C17.2 NSCs were loaded onto a CGLPYSSVC peptide column,
and specific proteins were eluted with a solution of the synthetic
corresponding peptide. The eluate(s) potentially containing the
receptor(s) were determined by phage binding to purified pro-
teins of 8 fractions covering different points of the targeted
elution. The CGLPYSSVC-phage bound preferentially to F36

Author contributions: F.I.S., E.D.-N., R.L.S., R.P., and W.A. designed research; F.I.S., E.D.-N.,
J.L., and R.L.S. performed research; J.L. and E.Y.S. contributed new reagents/analytic tools;
F.I.S., E.D.-N., J.L., E.Y.S., R.L.S., R.P., and W.A. analyzed data; and F.I.S., E.D.-N., R.L.S., R.P.,
and W.A. wrote the paper.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.

1To whom correspondence may be addressed. E-mail: rpasqual@mdanderson.org,
warap@mdanderson.org, or richard�sidman@hms.harvard.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0813286106/DCSupplemental.

© 2009 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0813286106 PNAS � February 24, 2009 � vol. 106 � no. 8 � 2903–2908

N
EU

RO
SC

IE
N

CE

http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/content/full/0813286106/DCSupplemental
http://www.pnas.org/cgi/content/full/0813286106/DCSupplemental


and F37, in comparison to the flanking fractions or controls.
Control phage showed only background binding to the tested
fractions (Fig. 1A).

Given that the CGLPYSSVC-phage specifically binds to im-
mobilized netrin-4 (Fig. S1 E and F), we predicted that netrin-4
itself might serve as a binding partner. To test this possibility, we
used ELISA to examine the targeted fractions for netrin-4.
Enhanced reactivity was observed in F36 and F37 relative to the
flanking fractions or to control proteins (Fig. 1B). Next, we used
immunoblotting in attempts to confirm the identity of the
targeted protein. Surprisingly, the protein recognized by the
anti-netrin-4 antibody exhibited a molecular mass of �220 kDa
(Fig. 1C), whereas netrin-4 is described as a secreted protein of
�80 kDa (9, 10). Immunoprecipitation with anti-netrin-4 anti-
body revealed the presence of the high-molecular-weight protein
in total NSCs lysate (Fig. S1G). Furthermore, we observed that
NSCs themselves appear not to produce netrin-4, as it was not
detected in either total cell extracts (Fig. 1D and Fig. S1G) or cell
culture media (data not shown). Two-dimensional electrophore-
sis confirmed that the anti-netrin-4 antibody cross-reacts with a
single protein of �220 kDa (Fig. 1D).

We evaluated whether netrin-4 would bind to DCC and
UNC5, well-known netrin-1 receptors (21) that are also capable
of binding netrin-4 (14), although not necessarily in all types of
cells (15). We observed binding of netrin-4 to DCC, UNC5H1,
and UNC5H2 (Fig. S2 A–E). We show that the CGLPYSSVC-
phage specifically and consistently binds to DCC, UNC5H1, and
UNC5H2 (Fig. S2F). However, we did not detect expression of
these receptors on C17.2 NSCs by either RT-PCR or immuno-
blotting (data not shown). This result indicates that these

ligand-receptor systems are unlikely to be relevant in the context
of NSCs.

Netrin-4, Laminin �1 Chain, and the �6�1 Integrin Interact on the
Surface of NSCs. Mass spectroscopy and database analysis iden-
tified the laminin �1 chain as the candidate partner for the
netrin-4-like peptide. Consistent with this, interaction of netrin-4
and the short arms of laminin has been recently reported (22).
Reciprocal co-immunoprecipitation experiments demonstrated
that such interaction is also effective in the context of NSCs (Fig.
2). Cells were treated either with netrin-4 or netrin-1. Total cell
extracts of treated and untreated cells were immunoprecipitated
either with anti-laminin �1 chain or with anti-netrin-4 antibodies
(Fig. 2 A and B). Anti-laminin �1 chain coprecipitates both the
�1 chain and netrin-4 (Fig. 2 A) only when netrin-4 was added to
the wells. Immunoprecipitation with control antibody (Fig. 2C)
revealed no detectable binding. Moreover, no specific interac-
tion was observed when co-immunoprecipitation experiments
were performed with anti-netrin-1 antibody (Fig. S3A). Another
antibody specific to netrin-4 (Fig. S3B) was used to confirm the
binding of netrin-4 to laminin �1 chain (Fig. S3C).

Structural similarities among members of the laminin and
netrin families (10, 23) explain why an antibody raised against
netrin-4 might also recognize an equivalent epitope in the �1
chain. In contrast to the other members of the family, netrin-4
most closely resembles laminin � chain in primary amino acid
sequence (10). Yet, we observed binding of netrin-4 to the �1
chain. This result invites the speculation that such a relationship
might establish stable interactions of laminin and netrins in
the extracellular matrix. Indeed, its importance in basement

Fig. 1. Purification of binding partner(s) of the CGLPYSSVC-phage. (A)
Identification of fractions containing the targeted receptor by phage binding
assay. (B) ELISA showing that a protein recognized by the anti-netrin-4 anti-
body was eluted in F36 and F37. (C) Immunoblotting analysis revealed that the
anti-netrin-4 antibody recognizes a protein of 220 kDa (arrowhead) in F36 and
F37. (D) Two-dimensional electrophoresis gel of crude NSC lysate. A single
protein with �220-kDa molecular weight and isoelectric point �5.2 is recog-
nized by the anti-netrin-4 antibody.

Fig. 2. Netrin-4 binds to laminin �1 chain. (A and B) Ligand-dependent
co-immunoprecipitation. As indicated by the arrowheads, netrin-4 (�80 kDa)
and laminin �1 chain (�220 kDa) form a precipitable complex when netrin-4
is added. (C) In similar experiments, no coprecipitation was observed when the
cell lysate was immunoprecipitated by control antibodies. (D and E) ELISA
revealed that �6 (D) and �1 (E) integrin subunits were present in F36 and F37.
(F and G) Immunoblotting confirming the identity of the netrin-4 receptor
candidates.

2904 � www.pnas.org�cgi�doi�10.1073�pnas.0813286106 Staquicini et al.

http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0813286106/DCSupplemental/Supplemental_PDF#nameddest=SF3


membrane assembly has been recently shown and a putative
role in epithelial branching morphogenesis of developing organs
suggested (22).

We next attempted to identify the molecule(s) responsible for
the anchoring of the netrin-4/laminin �1 chain complex on the
surface of NSCs. Cell interaction with laminin is primarily
mediated by integrins, which are central molecules in cell
adhesion and proliferation. To date, 24 integrin heterodimers
have been identified in vertebrates (24). Among these, �6�1,
�3�1, �7�1, �2�1, and �6�4 (25) are the major known laminin-
binding integrins.

We analyzed the targeted peptide-eluted fractions for these
integrins. ELISA-based experiments revealed that both the �6
and �1 integrin subunits were present in high concentrations in
F36 and F37 (Fig. 2 D and E). Immunoblotting with specific
antibodies confirmed the identity of these subunits (Fig. 2 F and
G). Subunits �1, �2, �3, �7, and �4 were not found in any of the
analyzed fractions (data not shown). Furthermore, molecular
imaging showed colocalization of �6�1 integrin and laminin �1
chain on cells activated with netrin-4 but not with netrin-1 (Fig.
S4). Collectively, these results establish that netrin-4 binds to the
laminin �1 chain and that this molecular complex further
interacts with �6�1 integrin on the surface of NSCs.

The Ternary Protein Complex Netrin-4/Laminin �1 Chain/�6�1 Integrin
Is Functional in NSCs. Integrins are major regulatory molecules in
signal induction and modulation. Integrin-mediated cell activa-
tion affects cell adhesion, spreading, migration, and proliferation
(24). We used adhesion, migration, and cell proliferation assays
to access mechanisms by which �6�1 integrin cooperates with
netrin-4 and its partner laminin �1 chain to affect NSC behavior.
We found an enhanced proliferative response by the C17.2 NSC
(Fig. 3 A and B) and by primary neural progenitors isolated from
the adult mouse brain (Fig. S5 A and B) when either netrin-4 or

CGLPYSSVC peptide were added to the culture medium. As
ERK1/2 phosphorylation has been linked to integrin-mediated
cell proliferation (26), we investigated the effect of netrin-4 and
the CGLPYSSVC peptide in the activation of the MAP kinase
pathway. C17.2 NSCs were treated with either netrin-4 or
synthetic peptide and protein phosphorylation was analyzed by
(i) immunoblotting (Fig. 3C) and (ii) immunofluorescence (Fig.
S5C). We show in Fig. 3C specific phosphorylation of ERK1/2 at
2.5 and 5 min after cell activation with both netrin-4 and
CGLPYSSVC peptide. In contrast, an unrelated control peptide
did not induce ERK1/2 phosphorylation. Moreover, treatment of
NSCs with UO126 (a specific inhibitor of the MAP kinase
pathway) before addition of netrin-4 (Fig. 3D) or peptide (Fig.
3E) prevented cell proliferation.

Because stem cell proliferation and differentiation are tightly
regulated events, we sought to determine whether expression
and activity of the netrin-4/laminin �1 chain/�6�1 integrin
complex would be modified during NSC differentiation. A mixed
population of cells composed of neurons, oligodendrocytes,
astrocytes, and progenitor cells was obtained by acutely arresting
proliferation of the C17.2 NSCs with mitomycin-C, while main-
taining a culture medium supportive of all differentiated and
undifferentiated neural cell types (20, 27) (Fig. S6).

We next asked whether netrin-4 would differentially affect the
adhesion and migration of proliferating and differentiated C17.2
NSCs. Netrin-4 induced adhesion and spreading of NSCs (Fig.
S7A) and primary progenitors (Fig. S7B). Moreover, the pres-
ence of soluble netrin-4 in the culture media increased the
adhesion of NSCs to laminin by 60%, indicating a synergistic
effect of laminin and netrin-4. However, when a mixed popula-
tion of differentiated C17.2 NSCs was assayed for its capacity to
adhere to netrin-4, we observed a complete abrogation of
adhesion of differentiated NSCs to netrin-4 and a marked
increase in cell adhesion to netrin-1 (�60%). Accordingly,

Fig. 3. Netrin-4 affects proliferation, adhesion, and migration of NSCs in vitro. (A) Both netrin-4 and the peptide CLPGYSSVC induce NSC proliferation. (B)
Incorporation of bromodeoxyuridine (BrdU) by proliferating NSCs. Experiments were performed in serum-free medium containing recombinant proteins and
peptides as indicated. We used medium containing 10% FCS as a positive control. (C) Phosphorylation of ERK1/2 was investigated in different time points after
cell activation. Total p44/42 was used as loading control. (D) Increasing concentrations of UO126 specifically inhibit the proliferative effect of netrin-4 (D) and
CLPGYSSVC peptide (E). (F) The laminin �1 chain and �6 integrin subunit are downregulated after NSC differentiation. Immunoblots were developed with
anti-laminin �1 chain (Left), anti-�6 integrin subunit (Middle), and anti-�1 integrin subunit antibodies (Right). Anti-�-actin antibody was used as loading control.
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addition of specific antibodies against netrin-4, �6 integrin
subunit, or laminin �1 chain reduced cell adhesion by �70, 50,
and 40%, respectively (Fig. S7C), confirming that the attachment
of NSCs to netrin-4 is mediated by the ternary complex netrin-
4/laminin �1 subunit/�6�1 integrin.

In addition, we examined the promigratory activity of netrin-4.
Netrin-4 and all control proteins induced migration of C17.2
NSCs (Fig. S7D) and primary progenitor cells (Fig. S7E). Again,
the presence of netrin-4 in the shared media increased the
migratory activity of undifferentiated NSCs toward laminin, a
result not observed with differentiated NSCs. The latter mi-
grated toward neither netrin-4 nor netrin-1, but responded to
fibronectin as a chemoattractant (Fig. S7D).

We reasoned that alterations in receptor expression after NSC
differentiation would likely be responsible for the decrease in
adhesion of differentiated NSCs to netrin-4. This is indeed the
case; immunoblotting revealed a marked reduction in expression
of the laminin �1 chain (Fig. 3F Left) and the �6 integrin subunit
(Fig. 3F Middle) in differentiated NSCs, in comparison to the
undifferentiated cell population. As expected, we did not detect
alterations in the expression levels of the �1 integrin subunit
(Fig. 3E Right). Consistently, we also observed a decrease in
phage binding and internalization in differentiated NSCs (Fig.
S7F). These results, while not quantitative, confirm the down-
regulation of targeted receptors and the specificity of phage
binding.

Taken together, we have shown that the protein complex
netrin-4/laminin �1 chain/�6�1 integrin promotes NSC prolif-
eration, adhesion, and migration in vitro and that downregula-
tion of the netrin-4 receptors occurs after NSC differentiation.

NSCs Produce a Variant Form of Laminin. Laminin is thought to be
involved in the development of the brain (28) and in the
regulation of NSC migration, expansion, and differentiation into
neurons and astrocytes (29). Glial cells of mammalian brain
produce a variant form of laminin composed only of � and �
chains (30). In addition, 4- to 8-cell embryos synthesize only �
and � chains and fertilized eggs appear to produce only the �
chain (31). Evidently, the function of laminin in cell–cell inter-
action at early stages of embryogenesis may depend upon the
expression of the � and � chains only.

Therefore, we sought to determine the molecular composition
of the laminin produced by NSCs. Laminin-1 and laminin �1
chain were immunoprecipitated from NSCs and differentiated
NSC lysates (Fig. 4). Purified laminin-1 solubilized in the same
lysis buffer served as a reference (Fig. 4A). Under nonreducing
conditions, laminin migrated essentially as a high-molecular-
weight band after SDS/PAGE (Fig. 4A). When reduced, two
major bands were observed: the � and � chains, each of �220
kDa molecular weight, and the � chain (�440 kDa) (Fig. 4A).
Analysis of proteins immunoprecipitated by anti-laminin-1 an-
tibody showed that both proliferating and differentiated NSCs
produced only the 220-kDa major band (Fig. 4B) whereas the
440-kDa subunit and the full laminin-1 molecule were absent.
Immunoprecipitation with anti-laminin �1 chain antibody pro-
duced similar results (Fig. 4C). Next, we used quantitative
real-time PCR to study the gene expression profile of all of the
laminin chains in NSCs before and after differentiation (Fig.
4D). We confirmed that neither proliferating nor differentiated
NSCs produced the �1 chain, the laminin subunit required for
the assembly of laminin-1 and -3 (32). Moreover, we observed a
drastic reduction in mRNA levels of the �1 chain after cell
differentiation, as previously demonstrated at the protein level
(Fig. 3F). Analysis of the relative number of gene copies for each
of the tested genes revealed that the �1 chain represented 56%
of all of the chains produced by NSCs. After cell differentiation,
�5 and �1 chains were the major chains produced.

Together, these results show that a chain switch accompanies

NSC differentiation and reinforce the importance of the �1 chain
in NSC biology. The consequences of such alterations in gene
expression are to be determined, but some aspects merit further
consideration. First, it is not clear whether NSCs produce and
secrete the laminin �1 chain as a single protein, for it is generally
accepted that � chains are the only laminin subunits secreted in
the absence of the other chains (32). Second, one could speculate
that other laminins carrying the �1 chain (such as laminin-4, -6,
-7, -8, -9, -10, and -11) may undergo degradation upon secretion
and thereby release the �1 chain for association with other
proteins. Third, one cannot rule out the possibility that the �1
chain may associate with netrin-4 as part of an intact laminin.
Further experiments will be required to gain a deeper under-
standing of the roles of laminins in the behavior of NSCs.

Netrin-4 Expression in the OB of the Adult Mouse Brain. In our in vitro
studies, we demonstrated that netrin-4 acts together with laminin
�1 chain and �6�1 integrin to coordinate NSC behavior. More-
over, the fact that netrin-4 receptors are diminished after NSC
differentiation indicates that such a mechanism might be rele-
vant in neurogenesis. As the generation of new progenitor cells
in the normal adult brain occurs only in 3 germinal regions—the
widely recognized subventricular zone of the lateral ventricle
(SVZ), the less widely recognized anterior part of the RMS
approaching the OB, and the subgranular zone of the dentate
gyrus of the hippocampal formation (SGZ)—we used histolog-
ical approaches to investigate netrin-4 mRNA and protein
expression in these specific areas of the mouse brain (Fig. S8 and
Fig. 5).

We searched the Allen Brain Atlas (33), a digital atlas of gene
expression, for sites of netrin-4 expression in the adult C57BL/6

Fig. 4. NSC and differentiated NSC produce different laminin chains. (A)
Solubilized laminin-1 was resolved on 4–20% SDS/PAGE under reducing (R)
and nonreducing (NR) conditions. (Left) Arrowheads point to the intact
laminin-1 trimer (�900 kDa), the � chain (400 kDa), and the � and � chains
(�200 kDa). (B) Immunoprecipitation of laminin produced by NSCs (Left) and
differentiated NSCs (Right). Only chains of 220 kDa were observed, indicated
by the arrowheads. (C) An anti-laminin �1 chain antibody precipitates laminin
and its individual chains from a purified laminin solution, whereas only the �

and � chains were precipitated from NSCs and differentiated NSC lysates. (D)
Quantitative real-time PCR measurement of laminin subunits. Expression was
normalized such that the average expression of the less abundant gene copies
(� chains) was set to 1.
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mouse brain and extracted data indicating high levels of netrin-4
mRNA in the OB (Fig. S8A). Other areas where netrin-4 mRNA
is detectable include the medulla, cerebellum, zona incerta,
cerebral cortex, and hippocampal formation, including subicu-
lum (data not shown). The Allen Brain Atlas also shows netrin-4
mRNA in mitral cell bodies and small cells in the inner granular
layer of the OB, in cells within the adult stem cell niche in the
anterior wall of the lateral ventricle, and in the granular layer of
the cerebellar cortex. Further analysis demonstrated colocaliza-
tion of the �6 integrin subunit and netrin-4 mRNAs in the OB
(Fig. S8B), suggesting that �6 integrin subunit/netrin-4 protein
interactions likely occur in this region.

Our analysis of serial sagittal sections of adult mouse brain
revealed that netrin-4 is produced by astrocytes located mainly
along the border of the RMS at and near its entrance into the
OB, close to the (arbitrary) boundary between the Jankovski/
Sotelo ventral intermediate (VI) and rostral intrabulbar (RI)
segments (Fig. 5A). Colocalization of netrin-4 and GFAP (Fig.
5B) and delineating their characteristic size and ‘‘star-like’’ cell
shape identified astrocytes as the netrin-4-producing cells. Con-
focal imaging of double-stained sections showed colocalization
of GFAP and netrin-4 in the cell body and cytoplasmic processes
of the astrocytes and additional netrin-4 at or close to the cell
surface (Fig. 5C). These netrin-4-positive astrocytes lie close to
the neuron precursors and young neurons in the anterior part of
the RMS, destined mainly for the glomerular layer of the OB (34,
35), where they continuously increase the proportion of newly
generated glomerular layer interneurons throughout adult life.
Netrin-4-positive astrocytes were also found among the granule
cell neurons within the glomerular layer of the OB (Fig. 5 D and
E). We observed that not every GFAP-positive astrocyte was
stained for netrin-4 (Fig. S9 A–C) and that the location of
double-stained astrocytes varied within the OB from mouse to
mouse. The reasons for this variability are yet to be determined
but might include waves of astrocytic activation across successive
glomeruli, among other nonmutually exclusive possibilities.

Of note, we have also analyzed the expression of netrin-4 in the
SVZ of the adult mouse brain (Fig. S9 D–G), a recognized source
of new neurons destined to migrate in the RMS to become
predominantly GABAergic granule cell neurons of the OB.
Immunofluorescence and confocal microscopy studies demon-
strated that netrin-4 is not expressed in GFAP� or PDGFR��/
GFAP� type B cells of the adult brainstem cell niche in the wall
of the lateral ventricle (LV) (Fig. S9 D–G), a result that strongly
supports our original hypothesis that netrin-4 production is
restricted to astrocytes located in the OB and along the border
of the anterior part of the RMS in adult mice. It remains to be
established whether the difference in netrin-4 distribution be-
tween the area immediately ventral to the anterior part of the
RMS plus the glomerular layer of the OB, on the one hand, and
the SVZ bordering the LV, on the other hand, is a determinant
of the different terminal sites in the OB for neurons arising from
these 2 germinal sources and of their very different rates of
turnover within the bulb. Another possibility is that the netrin-
4-expressing astrocytes have a role in restricting young neurons
to the migration path into the OB.

In conclusion, our data suggest netrin-4 as a new regulator of
neurogenesis in the adult brain and define the astrocyte as one
cell type that synthesizes netrin-4 and possibly releases it to
closely related NSCs or their progeny. Astrocytes in germinal
layers of the adult brain, classified as type B cells, can directly
function as neurogenic stem cells (36). In the olfactory system,
astrocytic function may include tissue remodeling associated
with mitosis and migration of other cells. Astrocyte production
of laminin and other extracellular matrix components such as
tenascin-C and chondroitin sulfate has been demonstrated under
both normal and pathological conditions (29, 37). To add further
levels of complexity and diversity, there appear to be multiple
subsets of GFAP-expressing astrocytes in the olfactory system,
distinguished by whether or not they express surface markers
such as vimentin and nestin (38, 39). The subset of astrocytes that
we have shown to contain netrin-4 may be involved in multipli-
cation and migration of those neuron precursors, reviewed by
Ihrie and Alvarez-Buylla (39), destined for the glomerular layer
of the OB and arising not in the SVZ of the lateral ventricle, but
in the less widely recognized prebulbar sector of the RMS.

All one can state securely at present is that the presence of
netrin-4 in the OB, along with the functional description of the
netrin-4/laminin �1 chain/�6�1 integrin complex at the protein
and cellular levels, establishes a unique molecular relationship
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Fig. 5. Expression of netrin-4 in the OB of adult mouse brain. (A) Netrin-4 is
expressed most strongly by astrocytes at the base of the OB (location indicated
in the square within the Inset at the Upper Right). Arrows point to astrocyte-
like cells (green). The location of the netrin-4-expressing astrocytes is identi-
fied with respect to the regional anatomy in the Inset at the Lower Right,
slightly modified from Fig. 1 of Jankovski and Sotelo (41). Labels of the 3 zones,
from caudal to rostral: CD, caudodorsal; VI, ventral intermediate; and RI,
rostral intrabulbar. Labels around the RMS: AOB, accessory olfactory bulb; CC,
corpus callosum; FCx, frontal cortex; NAc, nucleus accumbens septi; NOAL,
nucleus olfactorius anterior pars lateralis; NOAM, nucleus olfactorius anterior
pars medialis; St, nucleus caudatum/putamen (striatum); TOI, tractus olfacto-
rius intermedius; and (*), position of netrin-4-expressing astrocytes. (B and C)
Double-label immunofluorescence of netrin-4-expressing astrocytes viewed
by confocal microscopy. Yellow represents points of colocalization of netrin-4
(red) and GFAP (green). DAPI (blue) was used for staining of cell nuclei. Red
and green lines (C) indicate points in the orthogonal planes, demonstrating
that netrin-4 is present in the cytoplasm and at the surface of GFAP-positive
astrocytes. (D and E) We also detected netrin-4-positive astrocytes in the
glomerular layer of the OB.
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capable of affecting neural cell behavior. While it remains to be
determined whether these observations will translate also to the
human brain (40), this work provides a working model frame-
work for further studies.

Materials and Methods
Refer to SI Text for details.

NSCs. The clone C17.2 was originally generated by enhanced expression of the
self-renewal-promoting stemness gene myc in proliferating NSCs isolated
from neonatal mouse cerebellum (19). Myc was enhanced to preserve multi-
potency, self-renewal, and the undifferentiated state in vitro but is neverthe-
less constitutively self-regulated upon contact, engraftment, and/or differen-
tiation. These engraftable cells remain stable through multiple passages
without losing multipotency, self-renewal capacity, engraftability, or the

ability to differentiate appropriately and nontumorigenically in response to
temporal and spatial developmental cues. They also can be serially trans-
planted (27).

Culture Method. The NSCs from clone C17.2 were cultured as monolayers in
medium containing 83% DMEM and 0.11 g/L pyruvate with pyridoxine (In-
vitrogen), 10% FCS (Sigma), 5% horse serum (Invitrogen), 1% L-glutamine
(200 mM) (Invitrogen), and 1% penicillin G/streptomycin SO4/fucidin (Invitro-
gen). Cells were passaged by trypsin treatment once per week at a maximun
dilution of 1:10.
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