Downloaded from genesdev.cshlp.org on May 4, 2011 - Published by Cold Spring Harbor Laboratory Press

=g 1-8-3

dlevelopment

Vascular endothelial growth factor receptor 3 directly regulates
murine neurogenesis

Charles-Félix Calvo, Romain H. Fontaine, Jihane Soueid, et al.

Genes Dev. 2011 25: 831-844
Access the most recent version at doi:10.1101/gad.615311

Supplemental http://genesdev.cshlp.org/content/suppl/2011/04/12/25.8.831.DC1.html
Material

References This article cites 48 articles, 15 of which can be accessed free at:
http://genesdev.cshlp.org/content/25/8/831.full.html#ref-list-1

Email alerting Receive free email alerts when new articles cite this article - sign up in the box at the
service top right corner of the article or click here

To subscribe to Genes & Development go to:
http://genesdev.cshlp.org/subscriptions

Copyright © 2011 by Cold Spring Harbor Laboratory Press


http://genesdev.cshlp.org/lookup/doi/10.1101/gad.615311
http://genesdev.cshlp.org/content/suppl/2011/04/12/25.8.831.DC1.html
http://genesdev.cshlp.org/content/25/8/831.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genesdev;25/8/831&return_type=article&return_url=http://genesdev.cshlp.org/content/25/8/831.full.pdf
http://genesdev.cshlp.org/subscriptions
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on May 4, 2011 - Published by Cold Spring Harbor Laboratory Press

Vascular endothelial growth factor
receptor 3 directly regulates
murine neurogenesis
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Neural stem cells (NSCs) are slowly dividing astrocytes that are intimately associated with capillary endothelial
cells in the subventricular zone (SVZ) of the brain. Functionally, members of the vascular endothelial growth
factor (VEGF) family can stimulate neurogenesis as well as angiogenesis, but it has been unclear whether they act
directly via VEGF receptors (VEGFRs) expressed by neural cells, or indirectly via the release of growth factors from
angiogenic capillaries. Here, we show that VEGFR-3, a receptor required for lymphangiogenesis, is expressed by
NSCs and is directly required for neurogenesis. Vegfr3::YFP reporter mice show VEGFR-3 expression in
multipotent NSCs, which are capable of self-renewal and are activated by the VEGFR-3 ligand VEGF-C in vitro.
Overexpression of VEGF-C stimulates VEGFR-3-expressing NSCs and neurogenesis in the SVZ without affecting
angiogenesis. Conversely, conditional deletion of Vegfr3 in neural cells, inducible deletion in subventricular
astrocytes, and blocking of VEGFR-3 signaling with antibodies reduce SVZ neurogenesis. Therefore, VEGF-C/
VEGFR-3 signaling acts directly on NSCs and regulates adult neurogenesis, opening potential approaches for
treatment of neurodegenerative diseases.
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VEGF-C/VEGFR-3]
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lymphangiogenesis;

Neural stem cells (NSCs) are self-renewing cells that
generate neurons and glia throughout life. NSCs are
nested in specialized neurogenic niches of the subven-
tricular zone (SVZ), which lines the cerebral ventricles of
the adult mammalian brain. NSCs are a subset of the
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subventricular astrocytes, also called type B cells, which
express the glial fibrillary acidic protein (GFAP) (Doetsch
et al. 1999; Garcia et al. 2004; Merkle et al. 2004, 2007;
Sanai et al. 2004; Kriegstein and Alvarez-Buylla 2009).
NSCs are distinguished from other subventricular astro-
cytes by their capacity to retain 5-bromo-2’-deoxyuridine
(BrdU) for an extended period of time due to their
relatively long cell cycle time (Spangrude et al. 1988;
Tavazoie et al. 2008). A subset of NSCs, called B1 cells, is
identified by the presence of a primary cilium extending
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into the lateral ventricle (Iv) (Mirzadeh et al. 2008). NSCs
express epidermal growth factor receptor (EGFR) and
generate GFAP-negative transit-amplifying precursors
(TAPs), which maintain EGFR expression and divide
rapidly (Pastrana et al. 2009). TAPs produce glial pre-
cursor cells (Cesetti et al. 2009; Gonzalez-Perez et al.
2009; Gonzalez-Perez and Quinones-Hinojosa 2010) as
well as doublecortin (DCX)-expressing neuroblasts (also
called type A cells) that migrate from the SVZ toward the
olfactory bulb (OB), where they differentiate into inter-
neurons and integrate existing neural circuits (Chojnacki
et al. 2009; Nissant et al. 2009).

NSCs establish intimate interactions with vascular
cells to form “neurovascular niches” within the adult
SVZ (Mirzadeh et al. 2008; Shen et al. 2008; Tavazoie
et al. 2008). The molecular cross-talk between NSCs and
endothelial cells includes signals acting on both cell
types, such as members of the vascular endothelial
growth factor (VEGF) family. In the vascular system,
VEGF-A regulates angiogenesis and vascular permeabil-
ity via its receptors, VEGFR-2 and VEGFR-1 (Carmeliet
2005; Ferrara and Kerbel 2005), while VEGF-C is required
for lymphangiogenesis and angiogenesis via VEGFR-3,
which is expressed in lymphatic endothelial cells and
angiogenic tip cells (Galland et al. 1993; Tammela et al.
2008). VEGF-A and VEGF-C are also expressed by neurons
and astrocytes, where they show pleiotropic effects on
neural cells. We and others (Acker et al. 2001; Jin et al.
2002; Ogunshola et al. 2002; Schanzer et al. 2004; Le Bras
et al. 2006; Li et al. 2006) have reported that they
stimulate neural cell survival, enhance the number of
neural progenitors, control neuroblast migration during
embryonic development (Sondell et al. 2000; Louissaint
et al. 2002; Zhang et al. 2003; Wada et al. 2006; Wittko
et al. 2009), and represent potential therapeutic tools
for neural tissue repair and neurodegenerative diseases
(Ferrara et al. 2003; Storkebaum et al. 2004; Ruiz de
Almodovar et al. 2009). However, their cellular and molec-
ular targets in the brain have yet to be clarified, especially
during SVZ neurogenesis. For example, the targeted de-
letions of genes encoding VEGF-A and its specific receptor,
VEGFR-2, in neural cells have not produced severe neural
phenotypes (Haigh et al. 2003; Ruiz de Almodovar et al.
2009; Licht et al. 2010), which suggests that the VEGF-A
effects could be indirect and mediated by angiogenic
endothelial cells releasing neural growth factors. Here,
we analyze the cellular function of VEGF-C and VEGFR-3
in the adult mouse SVZ, where expression of both mole-
cules has been reported recently (Shin et al. 2010). We
show that VEGFR-3 is expressed by subventricular NSCs,
and that VEGEF-C stimulates mitosis of VEGFR-3-express-
ing NSCs isolated from the adult SVZ. We also demon-
strate that, in vivo, VEGF-C promotes subventricular
neurogenesis, but not angiogenesis. Finally, we use block-
ing antibodies (Abs) and two different genetic models of
conditional Vegfr3 deletion in neural cells to show that
VEGFR-3 function in subventricular astrocytes is critical
for adult neurogenesis. These results identify the VEGF-C/
VEGFR-3 system as a novel target to manipulate NSCs and
promote adult neurogenesis.
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Results

Vegfr3::YFP reporter mice mirror VEGFR-3 expression

Expression studies using anti-VEGFR-3 Abs have
revealed the presence of VEGFR-3 in ventricular pro-
genitors of the embryonic brain (Le Bras et al. 2006). To
facilitate visualization and isolate brain VEGFR-3-
expressing cells, we generated a BAC Vegfr3::YFP trans-
genic line expressing the YFP reporter under the control
of Vegfr3 regulatory sequences (Supplemental Fig. 1A). In
postnatal mice, the reporter labeled VEGFR-3-expressing
retinal endothelial tip cells (Tammela et al. 2008) as well
as Prox-1 and Podoplanin-positive lymphatic endothelial
cells, but not arteries and veins (Supplemental Fig. 1B-D).
In the adult brain, Vegfr3::YFP labeled some endothelial
cells, but not in the SVZ (see below). Vegfr3::YFP* neural
cells were detected in the SVZ along the striatal wall of
the Iv and were double-labeled with an anti-VEGFR-3 Ab
(Fig. 1A). Counting of Vegfr3::YFP* cells labeled by anti-
VEGFR-3 Ab on adult forebrain sections indicated that
they correspond to ~90% of Vegfr3::YFP* cells in the
SVZ and brain parenchyma (Supplemental Fig. 2A). Once
isolated by FACS, YFP-positive cells showed selective
expression of Vegfr3 transcripts (Supplemental Fig. 2B).
We conclude that the YFP reporter is a reliable mirror of
VEGFR-3 expression in the vascular system and SVZ.

VEGEFR-3 expression by NSCs

To characterize the VEGFR-3-expressing cells in the SVZ,
Vegfr3::YFP adult brains sections were stained with
specific cell markers, including GFAP, EGFR, Mashl/
Ascll (expressed predominantly by TAPs, but also in
a subset of NSCs) (Pastrana et al. 2009), DCX, and
S1008 (for ependymal cells). YFP* cells were predomi-
nantly GFAP* SVZ astrocytes (Fig. 1B). They included
a subpopulation of EGFR-expressing cells (Fig. 1C) and
the majority of BrdU label-retaining cells (LRCs); i.e.,
slowly cycling NSCs (Fig. 1D). In contrast, Mash1/Ascll
was hardly, if at all, detectable in YFP* cells, suggesting
that VEGFR-3 expression is lowered and progressively
lost in the majority of TAPs (Supplemental Fig. 2C). A
few DCX*YFP* cells were clustered in the striatal wall
(data not shown), but the majority of DCX* neuroblasts
were YFP-negative (Fig. 1E). Only a minor population of
S1008* ependymal cells expressed YFP (Supplemental
Fig. 2D).

The different subpopulations of YFP cells were quanti-
fied on three-dimensional (3D) images of the SVZ and by
FACS analysis of periventricular cells with similar results
(Supplemental Figs. 2E,F, 3). YFP* cells represented ~30%
of SVZ cells. Flow cytometry showed that they were
enriched in astrocytes, with 60% of them expressing
GFAP. Importantly, YFP* cells included 40% of the total
population of EGFR* SVZ cells and 87% of LRCs; i.e.,
slowly cycling NSCs. In contrast, Mashl/Ascll was
detected in only 2.8% of YFP* cells (Supplemental Fig.
3), suggesting that VEGFR-3 expression is not maintained
in the majority of TAPs. Around 10% of DCX-expressing
cells were YFP* (Supplemental Figs. 2E,F, 3).
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Figure 1. Vegfr3::YFP expression in the adult SVZ. (Top left
panel) The localization of Vegfr3::YFP cells (green) around the lv
is schematically represented. All images are taken in the lateral
ventricular wall facing the striatum (St). Confocal (A-E) and
electron microscopy (F,G) images from Vegfr3::YFP mouse brain
vibratome sections are stained with Abs against cell type-
specific markers as indicated. (A) Vegfr3::YFP cells are immu-
nolabeled by anti-VEGFR-3 Ab (yellow arrows), indicating that
YFP faithfully reports VEGFR-3 expression in SVZ cells. (B)
Vegfr3::YFP cells are a subpopulation of GFAP" cells (yellow
arrows), extending long cytoplasmic processes into the SVZ. (C)
Few Vegfr3::YFP cells are labeled by anti-EGFR Ab (yellow
arrow), but most of the EGFR" cells are YFP-negative. YFP is
expressed by few vessels in the striatum outside the SVZ (white
arrow). (D) The majority of BrdU LRCs along the striatal SVZ are
Vegfr3::YFP cells (yellow arrows). (E) Vegfr3::YEP does not label
DCX* neuroblasts (red). (White arrow) Blood vessel. (F,G) Immu-
nogold labeling of Vegfr3::YFP cells in the ventricular zone-SVZ.
(F) A labeled type Bl NSC extending a primary cilium (magnifi-
cation in inset). (G) A blood vessel (bv, YEP-negative) is enwrapped
by the cytoplasmic process of a Vegfr3::YFP astrocyte (asterisk).
(Arrows) Basal laminae. Bars: A-E, 10 pm; F, 2 pm; G, 500 nm.

VEGFR-3 expression in SVZ cells was next visualized
in the electron microscope after immunogold labeling of
Vegfr3::YFP sections with anti-GFP Abs. Immunogold

Vegfr3 and neural stem cells

particles were localized almost exclusively in the type B
niche astrocytes and the type Bl NSCs that extended
a primary cilium into the lv, as well as in a few ependymal
cells (Fig. 1F). Endothelial cells of the SVZ did not express
YFP, but were surrounded by the cytoplasmic processes of
YFP* type B cells (Fig. 1G). Immunogold particles were
barely seen in neuroblasts and were not detected in TAPs,
these two cell types being characterized by an electro-
dense nucleus with several nucleoli, and cytoplasm with
ribosomes and microtubules (Supplemental Fig. 4A,B).
Taken together, these results provide evidence that
VEGFR-3 expression in the lv walls is restricted mainly
to astrocytes, especially cells that exhibit all phenotypi-
cal features of NSCs, including long-term BrdU label
retention, the presence of a primary cilium, and expres-
sion of EGFR and active morphogen signaling pathways.

VEGF-C expression in the SVZ

To test whether the presence of VEGFR-3* SVZ NSCs
correlated with the expression of its ligand, VEGF-C, we
compared Vegfc and Vegfr3 expression in compound
Vegfc'®?/* Vegfr3::YFP mice. Numerous X-Gal* cells
were adjacent to YFP* cells, and some cells were appar-
ently double-labeled in the SVZ (Supplemental Fig. 5A).
X-gal staining was also partially colocalized with GFAP
immunolabeling (Supplemental Fig. 5B), suggesting that
Vegfc is expressed by astroglial cells, but also by other
SVZ cell types. Real-time PCR and ELISA tests performed
on extracts of periventricular zone confirmed that both
Vegfc transcripts and protein were synthesized in the lv
walls (Supplemental Fig. 5C,D). In the adult, the periven-
tricular expression of Vegfc was increased compared with
the neonate, and was detected in both populations of
Vegfr3-expressing cells and neighboring Vegfr3-negative
cells after FACS sorting from Vegfr3::YFP mice (Supple-
mental Fig. 5C). These data support a model in which
autocrine or paracrine production of VEGF-C might
stimulate neural SVZ cells expressing VEGFR-3.

Subventricular VEGFR-3 cells behave as NSCs in vitro

To assess whether SVZ VEGFR-3" astroglial cells were
endowed with NSC properties, YFP* cells were isolated
by FACS from adult Vegfr3::YFP periventricular zones
and tested in vitro for their ability to form neurospheres,
differentiate into neural cell types, and self-renew (Fig.
2A-E).

In the presence of EGF and bFGF, FACS-sorted YFP
cells developed primary neurospheres (Fig. 2A,B) that
differentiated into neurons, oligodendrocytes, and astro-
cytes, indicating that YFP* cells include multipotent
progenitor/stem cells (Fig. 2C). While both YFP-negative
and YFP-positive periventricular cells were capable of
forming primary neurospheres, the long-term self-renew-
ing potential of subventricular cells was restricted to the
subpopulation of YFP*EGF-labeled cells, which were able
to give rise to at least three generations of neurospheres
(Fig. 2D). Therefore, YFP*EGFR" periventricular cells are
multipotent, self-renewing neurosphere-forming cells
and correspond to the majority of NSCs.
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Figure 2. Isolation of NSCs from adult
Vegfr3::YFP mice. (A) YFP-positive and
YFP-negative cells from the periventricular
zone of Vegfr3::YFP mice were FACS-
sorted. (B) The cells were tested for their
ability to generate primary neurospheres in
the presence of bFGF/EGF (2 X 10* cells
per well in 24-well plates). Histograms
show that YFP-positive and YFP-negative
cells form primary neurospheres and in-
clude a subset of 0.5% of cell-forming
spheres (n = 6). (C) YFP-positive and YFP-
negative cells from primary neurospheres
are multipotent, differentiating into TuJ1*

b

GFAP* 04" Tupt" neurons, GFAP* astrocytes, and O4 oligo-

YFP

YFP' dendrocytes after growth factor removal.

Quantification is shown in the histogram

5 E (n = 3). (D) YFP*/EGFR*, YFP*/EGFR",
400 - vFPEGFR' 10 200 YFP /EGFR*, and YFP /EGFR™ subpopu-
2 - EraoRn g 9 g lations isolated after labeling with EGF-647
3 200 3 YFP'EGFR ~a £ R K
g o YFPEGFR EH 8 are tested for their capacity to self-renew
<2 00 3 % s and generate secondary (2*¥ NS) and ter-
§: %S 3 tiary (3*” NS) neurospheres. Histogram
3 = Z . .
£ 100 g7 8 shows the increase in the number of neuro-
& - 2 sphere cells (NS-cells) relative to the num-
i —— — — & VECES VEGR G+ A ber of plated cells. Only EGFR*/VEGFR-3*
cells generate numerous secondary neuro-
spheres (2*™ NS) and tertiary neurospheres
G (3* NS) (n = 4), even forming neurospheres
F 200 30 150+ . after six passages (6™ NS) (data not shown),
. = 2 and thus correspond to the majority of
5 150 - . NSCs. (E) Primary neurospheres cultured
2% 20 =z 59 :
5% - @ aE in the presence of VEGF-C (50 ng/mL) and
= B £s 31-C1 (a mouse VEGFR-3 function-blocking
28 s 19 5 5?‘5 280 AD, 5 pg/mL). The number of neurosphere
g e formed (NS formed) is expressed as a per-
0 . 4 . 0 0 : centage of the control. The 31-C1 Ab blocks
ctl  VEGF-C ctl VEGF-C ctl VEGF-C

the VEGF-C-induced amplification of neu-
rospheres (n = 3). (F) Dissociated neuro-

sphere cells are counted and TUNEL-labeled in control or VEGF-C-containing (50 ng/mL) medium (n = 3). (G) Increased proliferation
of YFP*/EGFR* NSCs following VEGF-C treatment (50 ng/mL). Cells were pulsed with BrdU (10 pM) for 24 h and fixed after 2 d in vitro
(n = 3). Bar: C, 20 wm. Error bars indicate SEM. (*) P < 0.05; (***) P < 0.001, Student’s t-test.

In the presence of VEGF-C, YFP* cells gave rise to
~60% more primary neurospheres (Fig. 2E), while the
number of neurospheres derived from YFP™ cells was
unchanged (data not shown). VEGF-C thus acts specifi-
cally on VEGFR-3-expressing cells. The effect of VEGF-C
was inhibited by the blockade of VEGFR-3 signaling using
anti-mouse VEGFR-3 Abs (31-C1), and thus was VEGFR-
3-dependent (Fig. 2E). Dose response assays indicated that
the maximum increase of neurosphere numbers is
obtained in the presence of 25-50 ng/mL VEGF-C (Sup-
plemental Fig. 5E). VEGF-C increased the total number of
cells and decreased the number of TUNEL-positive cells
in neurospheres, indicating that it promotes cell survival
(Fig. 2F).

VEGF-A, the other member of the VEGF family, has
been reported to stimulate the growth of neurospheres
derived from murine embryonic brain and embronic
stem cell-derived primitive NSCs (Wada et al. 2006). We
confirmed that, like VEGF-C, VEGF-A increased the
number of neurospheres derived from the adult SVZ
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(Supplemental Fig. 5F). Blocking anti-VEGFR-2 Abs (DC-
101) abolished VEGF-A-induced neurosphere formation,
but did not affect VEGF-C-stimulated neurosphere for-
mation (Supplemental Fig. 5G), indicating that VEGF-A
and VEGF-C signal through distinct VEGF receptors in
neurosphere cells.

We next examined if VEGF-C was mitogenic for NSCs.
YFP'EGFR™ cells were FACS-sorted from the adult SVZ,
grown in culture medium alone or with VEGF-C, and
labeled with BrdU. Following VEGF-C treatment, the
number of BrdU" NSCs was increased by 30% compared
with control cultures (Fig. 2G). This effect required the
presence of EGF in the culture medium and was not
observed with VEGF-C alone (data not shown). Therefore,
VEGF-C and EGF signaling pathways interact to promote
cell cycle activation in NSCs. In contrast, VEGF-A did
not activate NSC divisions (Supplemental Fig. 5H), in-
dicating that its neurogenic effect (Supplemental Fig. 5F)
likely results from action on neuroblasts rather than on
NSCs.
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VEGF-C/VEGFR-3 signaling stimulates neurogenesis
in vivo

To examine the potential of VEGF-C to stimulate neuro-
genesis in vivo, we overexpressed VEGF-C in the adult
SVZ by unilateral injection of adeno-associated viruses
(AAVs) encoding VEGF-C (AAV-VEGF-C) in the striatum
(Fig. 3A). AAV-HSA and AAV-EGFP were used as negative
controls (AAV-ctl). At the time of AAV treatment, all
animals were injected intraperitoneally with BrdU to
detect cells entering the cell cycle, which were counted
2 d following AAV injection. Immunolabeling with an
anti-VEGF-C Ab in the vicinity of the AAV injection site
confirmed ectopic VEGF-C expression, and ELISA on
forebrain extracts indicated a peak of twofold increase
of VEGF-C expression at day 2 post-infection in AAV-
VEGF-C-infected brains (Supplemental Fig. 6A,B). This
overexpression is transient and has almost disappeared 3
wk after AAV infection (data not shown). Compared with
controls, treatment with AAV-VEGF-C increased the
number of BrdU* subventricular cells and decreased the
number of Caspase-3* cells engaged in programmed cell
death (PCD) (Fig. 3B). Staining of neuroblasts with anti-
DCX Ab showed a threefold increase of the DCX* cell
population, and thus of neurogenesis, in the SVZ of AAV-
VEGF-C-treated mice (Fig. 3C). When AAV-VEGEF-C in-
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jections were given to Vegfr3::YFP mice, more BrdU*/
YFP* cells formed in the SVZ, indicating that VEGF-C
promotes cell cycle entry of VEGFR-3-expressing cells
(Fig. 3D). Quantification of GFAP and YFP staining
showed a significant increase in the SVZ of AAV-VEGF-
C-infected animals compared with controls (Fig. 3E).
Together, these results demonstrate that AAV-VEGF-C
stimulates neurogenesis by enhancing SVZ cell survival,
activating NSC cell cycle entry, and subsequently in-
creasing neuroblast production.

To exclude the possibility that the neurogenesis pro-
moted by VEGF-C had developed as an indirect conse-
quence of increased angiogenesis, we examined the
pattern of CD31" cerebral endothelial cells following
overexpression of AAV-VEGF-C and AAV-VEGF-A over-
expression. AAV-VEGEF-C-injected brains showed a simi-
lar CD31" endothelial cell pattern as compared with
AAV-ct], although there was an increase in the density
of GFAP* subventricular astrocytes (Fig. 4). Similar re-
sults were obtained using AAV-VEGF-C156S encoding
a variant that cannot bind VEGFR-2 (Joukov et al. 1996).
In striking contrast, AAV-VEGF-A induced a dense net-
work of CD31* endothelial cells at the site of injection,
with local hemorrhages that were detected by the presence
of TER119" red blood cells dispersed in the brain paren-
chyme (Fig. 4; Supplemental Fig. 6C). Overexpression of

Figure 3. In vivo VEGEF-C overexpression.
(A) Adult mice are infected with either
AAV-VEGF-C or control AAVs (AAV-ctl:
AAV-EGFP and AAV-HSA) in the vicinity
of the SVZ (coordinates from the bregma:
anterior, 0.5; lateral, 1.0; depth, 2.1; n =7
animals per group) and injected intra-
peritoneally with BrdU the same day. (B)
Coronal brain cryosections from animals
sacrificed at day 2 post-infection are ana-
lyzed for the number of BrdU cells (red) in
the SVZ. Both the dorsolateral and ventral
regions along the striatal wall show more
BrdU* cells in AAV-VEGF-C-treated ani-
mals as compared with AAV-ctl. Histo-
grams indicate the number of newborn
BrdU* cells (bottom left) and activated
Caspase-3* cells (bottom right) in the
SVZ. AAV-VEGF-C promotes the produc-
tion of newborn cells and inhibits PCD in
SVZ cells. (C) Coronal cryosections of the
periventricular zone immunolabeled with
anti-DCX Ab (green). In the striatal SVZ,
DCX labeling reflects neuroblast produc-
tion. AAV-VEGF-C induces a significant
expansion of DCX expression in the SVZ
compared with controls. (D,E) Coronal
brain vibratome sections from Vegfr3::YFP
adult mice infected with either AAV-
VEGF-C or AAV-ctl and sacrificed at day
2. Dividing VEGFR-3-expressing cells
(BrdU*YFP*) are increased in AAV-VEGF-
C-treated animals (D), while the subven-

ARVVEGF-C

AAVVEGFC

tricular expressions of GFAP and YFP are also enhanced (E), as compared with controls.(St) Striatum. Bars: B,C, 100 pm; D,E, 20 pm.

Error bars indicate SEM. (***) P < 0.001, Student’s t-test.
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Figure 4. Effects of AAV-VEGF-A and AAV-VEGF-C overex-
pression on the adult SVZ. Blood vessel pattern in the striatal
wall, as shown by labeling of endothelial cells (CD31, green) and
pericytes (PDGFR-B, red), while astrocytes are stained with anti-
GFAP Ab (blue). AAV-VEGF-C-treated and AAV-VEGF-C156-
treated (a VEGF-C variant that cannot bind to VEGFR-2)
animals display a vascular network similar to AAV-ctl. In
contrast, AAV-VEGF-A induced robust angiogenesis, which is
attested to by a dense network of CD31" endothelial cells and
PDGFRB* pericytes at the site of injection. Note that the
number of astroglial cells increased in AAV-VEGF-C- and
AAV-VEGF-C156-treated animals compared with controls. Bar,
20 pm.

VEGF-A is thus strongly angiogenic and might promote
SVZ neurogenesis indirectly by providing increased tro-
phic supplies from endothelial cells to NSCs. In contrast,
VEGF-C-induced neurogenesis was not associated with
increased angiogenesis. Taken together, these data sup-
port a model in which VEGF-C triggers SVZ neurogenesis
by directly stimulating VEGFR-3" subventricular astro-
cytes and NSCs independently of angiogenesis.

We next tested whether the activation of VEGF-C/
VEGFR-3 signaling in the SVZ would result in an increase
of newly formed neurons in the OB. SVZ-derived neurons
have been reported to selectively migrate to the OB,
whose cell layers are colonized within 3 wk (Nissant et al.
2009). Examination of the forebrain by immunolabeling
with anti-BrdU and anti-DCX Abs at day 21 after AAV
infection showed that AAV-VEGF-C-treated animals dis-
played BrdU" cells only in the SVZ, rostral migratory stream
(RMS), and OB, with more abundant BrdU-expressing
cells in the OB compared with controls, especially in the
granular layer (Supplemental Fig. 6D). BrdU-positive cells
were mainly DCX- and Neu-N-positive cells (Supplemen-
tal Fig. 6D). In contrast to AAV-VEGF-C, infections with
AAV-VEGF-A did not increase OB neurogenesis after 3 wk
(Supplemental Fig. 6E), although an early and transient
activation of subventricular cell proliferation and expan-
sion of DCX* neuroblasts was observed after 2 d, which is
likely secondary to the increase of angiogenesis (Supple-
mental Fig. 6F-H). Taken together, these studies provide
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evidence that, among VEGF family members, VEGF-C
potently stimulates OB neurogenesis in the adult.

SVZ neurogenesis is VEGFR-3-dependent

To examine the effects of VEGFR-3 inhibition on SVZ
neurogenesis, we developed a genetic approach to specif-
ically delete Vegfr3 in all neural cell types. Vegfr3lox/1ox
mice were intercrossed with Brn4::Cre mice that
expressed Cre recombinase in embryonic and adult neu-
ral stem/precursor cells as well as in post-mitotic CNS
neurons. Brn4 encodes a POU domain transcription
factor expressed by neuroepithelial cells from embryonic
day 8.5 (E8.5) and is involved in the development of
neurons (Heydemann et al. 2001). The Brn4::Cre mouse
has already been used to generate conditional loss of
function of b-catenin in the CNS (Zechner et al. 2003).
Cre expression in the adult forebrain was restricted to the
Iv walls and scattered parenchymal cells, but was ex-
cluded from CD31" endothelial cells (Supplemental Fig.
7A). Brnd4::Cre, Vegfr3'°/°* mice were viable but lacked
VEGFR-3 expression in the SVZ (Supplemental Fig. 7B).
In contrast, they expressed VEGFR-3 in their lymphatic
vessels and displayed a normal pattern of LYVE-1-positive
lymphatics and CD31-positive blood vessels in the heart
and skin (Supplemental Fig. 7C). Brnd::Cre, Vegfr31x/1x
mice thus exhibit selective deletion of Veg/r3 in neural
cells without affecting the vasculature.

We analyzed the neurogenic activity of Brn4::Cre,
Vegfr31o¥/1°X neonates (postnatal day 15 [P15]) by quanti-
fying BrdU* cells in the lv walls and the OB at 1 wk after
intraperitoneal injection of BrdU. In Brn4::Cre, Vegfr3X/1x
mice, the SVZ showed significantly fewer BrdU™" cells than
in Vegfr3!°** controls (n = 4 per group) (Fig. 5A). In the OB,
the number of BrdU* cells per OB area was also reduced
(Fig. 5B). The OB was significantly reduced in size (volume
in pixel?, mean = SEM: Vegfr3'* = 465 + 24, n = 5;
Vegfr3¥1°% = 926 + 19, n = 6; p = 0.0001) and showed a
disorganization of the neuronal layers with a loss of NeuN*
neurons (Fig. 5C). In contrast, the surface area of the CD31*
vascular network in the OB was similar between geno-
types (Fig. 5D), which confirmed that the development
and maintenance of brain vasculature is unaffected by
Brn4::Cre-mediated Vegfr3 deletion in neural cells. The loss
of Vegfr3 in neural cells therefore specifically and severely
impairs neonatal neurogenesis in the lv and interneuron
maintenance in the OB without affecting angiogenesis.

Examination of the SVZ in adult Brn4::Cre, Vegfr3o/1ox
mice by cresyl-violet staining showed that the SVZ had
a strongly reduced cell density compared with Brn4::Cre,
Vegfr3°*™* controls (Fig. 5E,F). The extension of the GFAP-
positive astroglial network in the SVZ was also reduced
(Fig. 5G). The OB remained smaller in size compared with
Brnd::Cre, Vegfr3°/* littermates (volume in pixel®,
mean = SEM: Vegfr3'* = 3033 + 294, n = 6; Vegfr3¥/x =
1413 = 117, n=5; p = 0.001), indicating the persistence of
reduced neurogenic activity in adult Brnd ::Cre, Vegfr31¥/o*
mice (Fig. 5H).

To exclude that the SVZ and OB phenotype seen in
Brn4::Cre, Vegfr3°/'°% mice was indirect and not, for
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example, due to the deletion of Vegfr3 in developing
neural cell populations before birth, we developed a sec-
ond function-blocking approach using a mouse VEGFR-3-
blocking AD (rat IgG2a 31-C1 Ab) (Bock et al. 2008) that
efficiently blocked VEGF-C-induced neurosphere growth
(Fig. 2E). We delivered function-blocking VEGFR-3 Abs
with an Alzet miniosmotic pump for 6 d into the cerebral
parenchyme above the lv of adult Vegfr3::YFP mice.
Control animals were infused with rat IgG2a during the
same period. Animals were injected with BrdU to enable
detection of cells entering the cell cycle. Anti-VEGFR-3-
treated animals exhibited a severe reduction of subven-
tricular BrdU-positive cells (80%) and a twofold decrease
of the SVZ area expressing YFP and GFAP (Fig. 6A). Ab
treatment thus mirrors SVZ defects seen in Brn4::Cre,
Vegfr3°¥/1% mice (i.e., a reduction of the VEGFR-3-

-~ 3000 W g4 Cre, Veghd®
E T3 Brn4::Cre, Vegfr3®'™

Vegfr3 and neural stem cells

Figure 5. Genetic and pharmacological
loss of VEGFR-3 function in vivo. (A-D)
Neonatal neurogenesis in P15 Brn4::Cre,
Vegfr31°*/'°% mice. Brnd::Cre, Vegfr31*/1
mice show a decreased number of BrdU*
cells in the 1v (A) and OB (B), as compared
with Brnd::Cre, Vegfr3* controls. (C)
The OB is reduced in size and is disorga-
nized, with a reduction of NeuN™ cells. (D)
No decrease of the density of CD31 label-
ing was observed. (E-G) SVZ of adult mice
with a conditional deletion of Vegfr3 in
neural cells (Brn4::Cre, Vegfr3°*/°* homo-
zygotes; control Brnd::Cre, Vegfr3'*/* het-
erozygotes). (E,F) Cresyl-violet staining of
brain coronal paraffin sections from control
(E) and Vegfr3-deficient (F) mice. The SVZ
e cell density along the striatal wall and in
& et Geveszone the lateral horn is reduced in Vegfr3!ox/iox
B homozygotes compared with controls. In-
sets show magnifications of boxed areas in
E and F. (G) Anti-GFAP staining indicates
that the SVZ astroglial network is thinner
and disorganized in Vegfr3** homozy-
gotes compared with controls. (H) Cresyl-
violet staining of OB coronal paraffin sec-
tions shows the reduction in OB size of
Vegfr3-deficient mice compared with het-
erozygote control. Bars: A, 50 pm; B-F.H,
100 pm; G, 20 pm; insets in E,F, 5 pm.
Error bars indicate SEM. (*) P < 0.05,
Student’s t-test.

Brnd:Cre, -
Vegfraoviox .

expressing astroglial network and neurogenesis), which
demonstrates that the blocking of VEGF-C binding to
VEGFR-3 on astrocytes inhibits adult subventricular
neurogenesis.

To unambiguously determine if VEGFR-3 is required
by subventricular astrocytes in adult neurogenesis,
Vegfr3 deletion was induced in Glast-expressing astro-
cytes and NSCs of the SVZ using a Glast ::CreERT2 driver
line (Mori et al. 2006). Glast ::CreERT2 mice express the
inducible form of Cre (CreERT2) in the locus of the
astrocyte-specific glutamate transporter (GLAST), allow-
ing precisely timed gene deletion in adult astrocytes
following tamoxifen (Tx) injection. A 5-d treatment of
adult Glast ::CreERT2, Vegfr3'"1°* mice with Tx allowed
the robust activatation Cre expression in SVZ astrocytes
and efficiently reduced Vegfr3 expression (n = 3 animals
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Figure 6. (A) Function-blocking Abs
against VEGFR-3 (31-Cl: anti-VEGFR-3)
or rat IgG2a (Ig-ctl, control) were delivered
above the lv of adult Vegfr3::YFP mice

with an Alzet miniosmotic pump for 6 d

(coordinates from the bregma: anterior, 0.5;
lateral, 1.0; depth, 0). Coronal brain vibra-
tome sections are stained with specific
markers as indicated (left panels), and his-
tograms show the corresponding cell quan-
tifications (right panels). Anti-VEGFR-3-
treated mice display few BrdU* cells
and reduced expression patterns for GFAP
and YFP in the SVZ, as compared with
control animals. (B) Tx-induced deletion of
Vegfr3 in subventricular astroglial cells
in GlastCreERT2::Cre, VegfISI”X/I”X mice.
Coronal cryosection of the adult lv walls
showing reduction in the expression of
GFAP and DCX, and in the number of
dividing KI67* cells. No changes were ob-
served in the pattern of CD31" endothelial
cells. Quantifications confirm a phenotype
similar to the one observed in Brn4::Cre,
Vegfr3¥/o% mice. Bars: A, 20 pm; B, 50 pm.
n = 3-4 animals per group. Error bars in-
dicate SEM. (*) P < 0.05; (**) P = 0.005,
Student’s t-test.

Bl Tx-Glast.:CreERT2,
Vegh 7o

[ Tx-Glast::CreERTZ,
Vegtr3™"ox

A
s
E°
L ==
-
ol
Igctl Anti-VEGFR-3
Anti-VEGFR-3
4 3000
£
“@ 2,000
§ 1,000 B
Anti-VEGFR-3 7w AmvEerRa
L~ 2000
E
"E 1,500
‘% 1,000
% 500
a
" 2
Anti-VEGFR-3 ¢ ig-ctl Ani-VEGFR-3
_ 4000
“'«.E’, 3.000
IV Iv ? 2,000
St St H .
1,000
Tx-Glast::CreERT2, Tx-Glast::CreERT2, 2
Vegfr3os Vigfr3loxex 5,
_ 200
% 1500
2
% 1.000 jL
T e
5%
[\ g
Tx-Glast::CreERT2, Tx-Glast::CreERT2,
Vegfr3iov+ Vegir3ioxix
15
P
i st Jw st 2
&
Tx-Glast::CreERT2, Tx-Glast::CreERT2, i
Vegfr3os Vegiraoxox
— 2500
E 2,000 N
St St £ ol —1
3
® 10004
3
Tx-Glast::CreERT2, Tx-Glast::CreERT2, v s
Vagﬂado!lo =g Vi X S i

per group) (Supplemental Fig. 8D,E). One week after the
last Tx treatment, Glast::CreERT2, Vegfr3'9/1* mice
developed a subventricular phenotype similar to the one
observed in animals injected with anti-VEGFR-3 Abs and
in Brnd::Cre, Vegfr3°*/°% mice (Fig. 6B). GFAP expres-
sion, cell proliferation, and neuroblast expansion were
significantly decreased in the SVZ, without detectable
anomalies of the endothelial network (Fig. 6B). Therefore,
three different approaches blocking VEGFR-3 function in
the brain induce the same characteristic reduction of
both astrocyte and neuroblast populations in the SVZ,

838 GENES & DEVELOPMENT

establishing the critical, direct role for VEGFR-3 in
subventricular astrocytes and neurogenesis.

Discussion

We show that VEGFR-3 is a marker for a subpopulation of
subventricular astrocytes that includes almost all NSC/
type Bl astrocytes in the adult mouse brain. NSCs reside
in neurovascular niches in the SVZ, and the vasculature
has been shown to represent a key component of the NSC
niche (Mirzadeh et al. 2008; Shen et al. 2008; Tavazoie
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et al. 2008), suggesting potential molecular cross-talk
between NSCs and vessels via VEGF signaling. However,
VEGFR-3 labels only subsets of endothelial cells in the
adult mouse vasculature—notably lymphatic vessels,
which are absent from the brain. In the SVZ, we show
that Vegfr3 is not expressed in endothelial cells, but is
restricted to neural cells, including NSCs of the neuro-
vascular niche, indicating that its ligand, VEGF-C, could
directly activate neurogenesis (Fig. 7). Accordingly, in-
tracerebral overexpression of VEGF-C activates VEGFR-
3" cell cycle entry and activates neurogenesis, but does
not increase angiogenesis. Overexpression of the related
factor VEGF-A increases both angiogenesis and neuro-
genesis, confirming previous reports that VEGF-A might
stimulate neurogenesis directly or indirectly via release
of neurotrophic factors from blood vessels (Licht et al.
2010). As VEGF-C acts directly on neural cells, including
NSCs expressing VEGFR-3, treatment with VEGF-C
might stimulate neurogenesis in disease situations with-
out causing angiogenesis and vascular permeability that
might lead to side effects such as brain edema.
Phenotypic analysis of Vegfr3-expressing SVZ cells
showed that they correspond to a majority of type B
astrocytes and include most, if not all, cells with the
currently known hallmarks of NSCs, including type Bl
cells with a primary cilium and long-term BrdU reten-
tion. In addition, ~10% of Vegfr3-expressing cells express
EGFR, and sorted VEGFR-3*/EGFR* cells retain self-
renewal and the capacity to generate neurospheres over
extended passages in vitro. Thus, EGFR and VEGFR-3
appear to be the best current marker combination for
isolation of NSC populations. The Vegfr3::YFP reporter
mouse that we generated represents a valuable tool for
such experiments, and additionally allows monitoring of
the lymphatic vasculature in development and disease.
As both VEGFR-3 and EGFR signaling pathways contrib-
ute to the control of stem cell survival and activation in
the SVZ neurogenic niches, it will be interesting to

- VEGF-C

VEGF-C

VEGFR-3 niche astrocytes and NSCs

Vegfr3 and neural stem cells

investigate downstream signaling mechanisms and po-
tential cross-talk between these two receptor systems.
Vegfr3-expressing NSCs correspond to almost all of the
subventricular NSCs along the Iv walls, suggesting that
VEGFR-3 signaling might participate in the postnatal
production of various neuronal and glial cell types. In-
deed, deletion of Vegfr3 in neural cells using Brn4 ::Cre,
Vegfr3'9/1°% mice leads to a significant reduction of the
Vegfr3-expressing astroglial network and the amount
of neurogenic activity in the SVZ, with loss of newborn
SVZ cells in juvenile animals and severe cell depletion
in the SVZ of the adult. Brn4::Cre, VegerlOX/]ox mice
might also display other neurogenesis defects, as VEGFR-3
is expressed by other neural cell populations outside the
SVZ (Le Bras et al. 2006). However, short-term blocking
of VEGFR-3 function with an anti-VEGFR-3 Ab in the
adult brain led to a decrease of VEGFR-3 expression
and a disorganization of the subventricular astrocytes,
which are associated with a strongly impaired neuro-
genesis along the lv, similar to the phenotype seen in
Brnd::Cre, Vegfr31/°* mice. In addition, Tx induction of
Glast ::CreERT2, Vegfr3¥/°* mice provokes a similar
phenotype, supporting a model in which VEGFR-3 func-
tion is directly activated in adult SVZ astrocytes to
maintain the astroglial niche and NSC activity (Fig. 7).
Our data indicate that, among the different VEGF
receptors, VEGFR-3 has an essential neural cell-autono-
mous effect in the SVZ. To our knowledge, this provides
the first clear evidence for the direct function of a VEGFR
family member in NSCs. Although additional VEGFRs
are expressed in neural cells (Louissaint et al. 2002; Le
Bras et al. 2006; Wada et al. 2006; Wittko et al. 2009), our
three different function-blocking strategies show that the
absence of VEGFR-3 signaling cannot be compensated by
VEGFR-1 or VEGFR-2 in vivo. Therefore, while our data
are compatible with possible VEGFR-1 or VEGFR-2 ac-
tions, or perhaps even VEGFR-1 or VEGFR-2/VEGFR-3
heterodimer function in neural cells of the subventricular

Figure 7. Proposed model for VEGF-C and
VEGFR-3 function in the adult SVZ. VEGFR-3
is expressed by a subpopulation of astrocytes (B)
and almost all NSCs (B1), but not by the majority
of TAPs (C), neuroblasts (A), and endothelial cells
(bv). EGFR is expressed by the subpopulation of
VEGFR-3 NSCs. VEGF-C produced by SVZ astro-
cytes and also other cell types promotes activation
of VEGFR-3-expressing cells (i.e., niche astrocytes
and NSCs), which increase in number following
overexpression of VEGF-C. This enhances the
number of TAPs and neuroblasts.

Transient amplifying cells

Neuroblasts
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niche, our results clearly establish VEGFR-3 as the
functionally predominant family member in NSCs.

VEGFR-3 and VEGF-C are coexpressed along the lv
walls at all postnatal stages examined. In the dentate
gyrus, where neurogenesis also occurs in the adult,
expression of both VEGF-C and VEGFR-3 has been
reported (Shin et al. 2008), and we observed, on ultrathin
hippocampal sections from Vegfr3::YFP mice, that Vegfr3
expression in the dentate gyrus was restricted to astroglial
cells (C Alfaro-Cervello, pers. comm.). These observations
support a role for VEGF-C and VEGFR-3 in murine adult
neurogenesis in both the SVZ and dentate gyrus. Our data
show that VEGF-C activates neurogenesis and has survival-
and proliferation-promoting effects on SVZ cells. In vitro,
VEGEF-C increases the number and survival of neurosphere
cells via VEGFR-3 signaling. VEGF-C, but not VEGF-A,
also promotes BrdU incorporation of YFP'EGFR* NSCs. In
vivo, exogenous VEGF-C and VEGFR-3 loss of function
strongly affects proliferation and maintenance, respec-
tively, of subventricular astrocytes. Taken together, these
data suggest that VEGF-C/VEGFR-3 signaling promotes
survival and maintenance of niche astrocytes as well as the
cell cycle progression of NSCs. Mechanistically, proteomic
analysis of VEGF-C-treated purified NSCs indicates that
VEGFR-3 signaling regulates cell cycle proteins as well as
the production of factors promoting neurogenesis, such as
BDNEF (T Lam and JL Thomas, unpubl.). Functional char-
acterization of these proteins will show if they are down-
stream targets of VEGFR-3 signaling in NSCs.

To conclude, this study reveals a direct role of VEGFR-3
in murine neurogenesis. VEGF-C and VEGFR-3 act as
a neural cell-autonomous signaling system that specifi-
cally targets subventricular astroglial cells. The survival
effect of VEGF-C and the expression of VEGFR-3 by NSCs
are two specific valuable features, opening a potential use
of these molecules for stimulating postnatal neurogenesis
in humans.

Materials and methods

Animals

The Vegfr3::YFP construct was generated from a BAC clone
(RP23-65D23, Chori BACPAC Resources) containing an ~238-
kb genomic fragment spanning the mouse Vegfr3 locus. The
targeting vector used to modify BAC RP23-65D23 (Supplemental
Fig. 1A) was designed to insert the sequence of a brighter variant
of YFP, Venus YFP (Nagai et al. 2002), into the first coding exon of
the Vegfr3 gene. Homology regions ~0.4 kb in length were
amplified by PCR from the genomic BAC using Expand High-
Fidelity Tagl DNA Polymerase (Roche). The 5’ and 3’ homology
sequence, the YFP gene, and the fragment including the polyA
site and the kanamycin resistance cassette flanked by frt sites
were isolated from different vectors, cloned into the shuttle
vector pBluePacAsc, and checked by restriction digestion. Two
modifications of clone RP23-65D23 were introduced to generate
the BAC construct. First, a loxP site was removed and an
ampicillin resistance cassette including an Ascl restriction site
was inserted using homologous recombination in EL250 bacte-
ria. Second, bacteria carrying modified BAC were transformed
with the targeting vector linearized previously by Ascl and Pacl
digestion, and homologous recombination events were picked by
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positive selection with ampicillin and kanamycin. Subsequently,
the FRT-flanked kanamycin resistance cassette was excised
using the fIpe gene under the control of an arabinose-inducible
promoter of the EL250 strain. Modified BAC was tested for the
absence of rearrangements using EcoRV restriction analysis and
pulsed-field gel electrophoresis. The modified BAC clone was
linearized by Ascl digestion and separated in low-melting-point
agarose gel (NuSieve GTG) using the CHEF-DR II Pulsed-Field
Electrophoresis system (Bio-Rad). Linearized BAC DNA was
extracted from agarose, purified using p-agarase enzyme (New
England Biolabs), and dialyzed against microinjection buffer,
then used for pronuclear injections into fertilized mice oocytes
(SEAT). Injections resulted in three independent founder lines
carrying the BAC transgene. All of the lines were identified by
PCR analysis of genomic DNA using primers for the YFP gene
(YFP fwd, 5'-AAGGGCGAGCTGTTCAC-3’; YEP rev, 5'-CTGT
TGTAGTTGTACTCCAG-3'), and showed an expression pat-
tern similar to YFP fluorescence in vivo.

Brn4:Cre (Heydemann et al. 2001; Zechner et al. 2003) and
Vegfr31°*/1°% (Haiko et al. 2008) mice were crossed to obtain
Brnd::Cre, Vegfr3°*/* animals and were mated with Vegfr3?ox/1ox
mice to generate Brn4::Cre, Vegfr3°** mice. DNA from the
brain, heart, and lung was used for PCR to visualize recombined
the Vegfr3 allele using the following primers: fwd, 5'-CCTCG
AGGTCGACGGTATC-3’; rev, 5'-GCAGCTCTAGGCTGGGA
GTGA-3'. Glast ::CreERT2 mice were crossed with Vegfr3!ox/iox
mice to obtain Glast::CreERT2, Vegfr3'*/* animals and were
mated with Vegfr3™°* mice to generate Glast::CreERT2,
Vegfr31°*/% knockout mice. Tx was dissolved in corn oil (Sigma,
C-8267) and injected intraperitoneally at 1 mg per day twice
daily for 5 d. Animals were sacrificed 7 d later. The two brain
hemispheres were separated: One was used to assess recombi-
nation of Vegfr3 locus by immunolabeling with anti-VEGFR-3
Abs on paraffin sections, and the other was used to examine
neurogenesis by immunolabeling with anti-GFAP, anti-DCX,
anti-BrdU, and anti-KI67 Abs on cryosections. C57Black/6 and
OF1 wild-type animals were from Charles River. All animal
experiments were performed according to the European Com-
munity Council guidelines (88/609/EEC).

BrdU incorporation

For labeling of LRCs, 2-mo-old Vegfr3::YFP mice were pulse-
labeled by administering BrdU (Sigma) at 1 mg/mL with glucose
(10 mg/mL) in drinking water continuously for 4 wk. Mice were
sacrificed after a BrdU chase of 4 wk, and vibratome brain
sections were immunostained with anti-BrdU Ab. For analysis of
AAV-treated and anti-VEGFR-3-treated animals and Brn4::Cre,
Vegfr3'°°% mice, the animals to be sacrificed at day 2 received
one intraperitoneal injection of BrdU at 150 mg per kilogram of
body weight, while the animals to be sacrificed at day 21 received
BrdU 75 mg per kilogram of body weight twice per day the day of
virus infusion and the next day.

B-Galactosidase staining

Animals were anaesthetized intraperitoneally with 1 v:v of 1%
acepromazine (Centravet) and 5% ketamine chlorydrate (Mérial)
and were perfused with cold 4% PFA/PBS. Brains were removed
and post-fixed for up to 3 h. After embedding in 4% agarose/
phosphate-buffered saline (PBS), they were sectioned at 50 um
with a vibrating blade microtome (Leica VT1200S). Sections
were immersed in 10 mM Tris-HCI (pH 7.3) containing 0.005%
Na-desoxycholate, 0.01 % nonidet P40, 5 mM K,Fe(CN)s, 5 mM
K3Fe(CN)s, 2 mM MgCl,, and 0.8 mg/mL 5-bromo-4-chloro-
3-indolyl b-D-galactopyranoside (X-gal) (Sigma) at 37°C until the
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blue precipitate was clearly visible. Sections were air-dried, then
transferred to xylene and mounted with Eukitt reagent (Prolabo).

Immunohistochemistry

Mice were perfused with 4% paraformaldehyde (PFA), and then
post-fixed for 3 h in the same fixative. Brain coronal cryosections
(12 pm thick) or vibratome sections (80 pwm thick) were in-
cubated for 2 h in a solution of 10% heat-inactivated fetal calf
serum (FCS) in PBST (0.1% Triton X-100 in PBS), then incubated
with the primary AD (listed in Supplemental Table 1) diluted in
PBST-SVF overnight at 4°C. After washing in PBST, sections
were treated with 1.5% H,0, in PBST for 30 min at room
temperature, thoroughly rinsed in PBST (four times for 5 min)
and incubated with the indicated biotin-conjugated secondary
AD diluted in PBST, for 2 h at room temperature. Vectastain-
Elite-ABC reagent (Vector Laboratories) was applied for 1 h and
peroxidase activity was revealed using 1 mg/mL 3,3’-diaminoben-
zidine tetrahydrochloride in 0.1 M Tris-HCI (pH 7.6) (Dakopatts).
Sections were dehydrated and mounted with Eukitt. For indirect
immunofluorescence labeling, cryosections were blocked in with
10% FCS. Sections were incubated with primary Abs overnight at
4°C, rinsed in PBST, and incubated with the indicated fluoro-
chrome-conjugated secondary Ab for 1 h at room temperature,
followed by three washes of 20 min each in PBST. All samples
were counterstained in 1 pg/mL Hoechst (Sigma) in PBS, and
mounted in Fluoromount (Clinisciences).

For double labeling with p-Galactosidase, the X-Gal reaction
was performed before the immunohistolabeling. Detection of
VEGFR-3 in the brain was carried out on either vibratome
sections with the anti-VEGFR3-Bio Ab (R&D), or paraffin sec-
tions with the anti-VEGFR-3 Ab (sc-321, Santa Cruz Biotechnol-
ogy, Inc.). Whole-mount immunolabelings of retina, skin, and
mesentery with endothelial cell markers were performed as
reported (Xu et al. 2010). Images were acquired on a Zeiss
microscope Imager Z1 with Axiovision release 4.7 software.

Electron microscopy

Mice were perfused with 4% PFA plus 0.5% glutaraldehyde in
0.1 M phosphate buffer (PB), and post-fixed overnight with 4%
PFA in PB. Vibratome sections (50 pm) were washed in PB,
cryoprotected in 25% saccharose, and freeze-thawed (three
times) in —60°C methyl-butane. Sections were washed in PB,
blocked in 0.3% bovine serum albumin (BSA)-C (Aurion), and
incubated in primary chicken anti-GFP Ab (1:200; Aves Labora-
tories) for 3 d at 4°C. Sections were washed in PB, blocked in
0.5% BSA and 0.1% fish gelatin for 1 h at room tempeture, and
incubated in colloidal gold-conjugated anti-chicken secondary
ADb (1:50) for 24 h. After washing the sections in PB and 2%
sodium acetate, silver enhancement was performed (Aurion),
and sections were washed again in 2% sodium acetate. Sections
were immersed in 0.05% gold chloride for 10 min at 4°C, washed
in sodium thiosulfate, washed in PB, and post-fixed with 2%
glutaraldehyde in PB for 30 min. Sections were post-fixed with
1% osmium and 7% glucose and embedded in Durcupan resin
(Fluka). Semithin 1.5-um sections were cut with a diamond
knife, selected under the light microscope, and re-embedded for
ultrathin sectioning at 70 nm. Photomicrographs were obtained
under a Fei microscope (Tecnai-Spirit) using a digital camera
(Morada, Soft-Imaging System).

Volocity 3D imaging

Three-dimensional confocal images were acquired on a series of
vibratome coronal sections of Vegfr3::YFP brains (three or more
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sections per brain, n = 3 brains). All images were taken in the
lateral ventricular wall facing the striatum at a 40X magnifica-
tion and imported into the Volocity 3D imaging software
(PerkinElmer Inc.). We used a segmentation method based on
intensity criteria for each channel separately, and a 3D water-
shed algorithm in Volocity to count the number of cells. The
cells were counted for each channel in 3D, with a size exclusion
for maximum accuracy. All of the double-stained cells were
measured, individualized, and counted as a result of a significant
3D intersection of two specific signals. All of the measurements
were based on the raw data and nontreated images in order to
faithfully reflect the tissue structure.

Cytometry and immunocytochemistry

After sacrifice, brains of 2-mo-old Vegfr3::YFP or wild-type mice
were removed and kept on ice during dissection. Coronal brain
sections were prepared using Acryl Brain Matrix (Phymep).
Carefully dissected periventricular zones were treated with
papain (0.8 mg/mL; Worthington) for 30 min at 37°C and
mechanically dissociated in PBS containing 5% FCS, 0.3%
glucose, and 5 mM HEPES to obtain a single-cell suspension.
To avoid contamination by endothelial cells, periventricular
cells were blocked at 4°C in PBS containing 5% FCS, then
incubated with anti-CD31-APC Ab diluted (1/200) in PBS 1%
FCS. To isolate EGFR-expressing cells, periventricular cells were
incubated successively with anti-CD31-PE Ab (1/200) and EGF-
647 (1/100, 200 wg/mL; Invitrogen) for 30 min. Ten adult brains
yielded ~2 X 10° FACS-sorted neural CD31 YFP* cells. For
FACS analysis, cells were fixed with 4% PFA for 15 min,
permeabilized with PBS containing 5% FCS and 0.1% Triton
X-100, and incubated with primary Ab (1 pg for 10° cells) or
isotype immunoglobulin control for 30 min at room tempera-
ture. After washing in PBS containing 1% FCS and 0.1% Triton
X-100, cells were labeled with fluorochrome-coupled secondary
Abs (Invitrogen) for 30 min at room temperature.

For FACS sorting experiments, we used a BD-FACS Aria with
a 100-um nozzle aperture. Gates were set according to control
samples and data were analyzed with Flow-Jo analysis software.

Cell cultures

FACS-sorted cells were plated at 2 X 10* to 4 x 10* cells per well
in 24-well plates. Neurospheres were grown in Complete Cul-
ture Medium (CCM; DMEM/F12-glutamax [Gibco], 20 pg/mL
insulin [Sigma], 1/200 B-27 supplement [Gibco], 1/100 N-2
supplement [Gibco], 0.3% glucose, 5 mM HEPES, 100 U/mL
penicillin/streptomycin) enriched with 20 ng/mL bFGF and 20
ng/mL EGF (both from Peprotech) for 8 d in vitro. To analyze cell
differentiation, whole neurospheres were plated onto Matrigel-
coated glass coverslips in CCM without EGF/bFGF for 5 d in
vitro. For self-renewing assays, cells were passaged every 8 d in
vitro at the same 2.10*cell-per-well density, and neurosphere
formation was scored by counting the number of neurosphere
cells. For stimulation with VEGFs, cells were plated in CCM con-
taining EGF and bFGF alone or with recombinant rat VEGF-A
or VEGF-C (50 ng/mL; Reliatech). For blocking VEGFR-3 func-
tion, rat 31C1-IgG2a Abs (5 pg/mL) were added to FACS-sorted
cells cultured in the presence or absence of VEGF-C. For pro-
liferation assays, cells were pulsed with BrdU (10 uM) for 24 h,
and fixed after 2 d in vitro with 4% PFA in PBS for 15 min at
room temperature. BrdU was revealed by immunofluorescence
staining with an anti-BrdU Ab (Roche kit no. 11 296 736 001). To
generate neurosphere cultures directly from SVZ cells, the
periventricular zone was dissected out from 300-pm Chopper
(MCcILWAIN tissue chopper) sections of postnatal or adult mouse
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brains and trypsinized (0.5 mg/mL) for 15 min at 37°C to obtain
a single-cell suspension. Viable cells counted by Trypan blue
exclusion (0.8 X 10° cells per milliliter) were cultured for 10 d to
obtain primary neurospheres. After 7 d in vitro, the primary
neurospheres were dissociated into single cells, which were
plated (10* cells per well) on Matrigel-coated glass coverslips in
24-well plates in CCM containing EGF and bFGF. Neurosphere
cells were cultured with or without VEGF-C (50 ng/mL) to test
the effects of VEGF-C on cell proliferation and survival. For
blocking VEGFR-2 function, rat DC101-IgGla Abs (5 pg/mL)
were added to FACS-sorted cells cultured in the presence or
absence of VEGF-A or VEGF-C (50 ng/mL). Quantifications of
neurospheres were done after 7 d in vitro. For survival assays,
cells were cultured overnight with or without VEGF-C (50 ng/
mlL), fixed, and labeled with the TUNEL detection kit (Roche 11
684 809 910) to detect DNA strand breaks.

Quantitative RT-PCR (qRT-PCR) and PCR

Total RNA was extracted with RNeasy lipid tissue kit (Qiagen
74804) or NucleoSpin RNA XS (Macherey-Nagel| for sorted cells,
and their integrity was controlled on RNA Nano/pico labChips
with Agilent Bioalnalyzer (Agilent Technology). One microgram
of RN A was reverse-transcribed using 5 pg/mL random primers
(Promega), 1.4 UE/uL RNAsin (Promega) and 7 UE/pL of M-MLV
reverse transcriptase (Invitrogen) in 50 mM Tris-HCl (pH 8.3), 75
mM KCl, 3 mM MgCl2, and 10 mM DTT with 0.33 mM each
dNTP (Invitrogen) for 1.5 h at 42°C followed by 5 min at 65°C.
For qPCR analysis, 1 pL of cDNA was used as template in
a reaction volume of 25 pL per well of a 96-well plate (Abgene,
AB600) that contained in H,O 12.5 pL of Brillant II SYBR green
master mix (Stratagene) and 1.5 pL of primers (Vegfr3 fwd,
5'-GCGGTCTGAAAGGAAGACAG-3’, and rev, 5'-ACACCAA
GCCAAGCTCAAGT-3'; Vegfc ftwd, 5'- AGCCCACCCTCAAT
ACCAG-3’,andrev, 5'-GCTGCTCCAAACTCCTTCC-3’; 10 uM
each; Eurofins, MWG). gPCR reaction was performed in a Light
Cycler MX3000 (Stratagene) and was analyzed at OD 533 nm. A
control ¢cDNA (Gst [glutathione transferase]) was maintained
through individual experiments as a calibrator and a ACt was
calculated. For PCR, 1 uL of DNA was used as a template in a
50-pL final volume containing 25 pL of master mix (Abgene),
18 uL of H,O, and 2 pL of primers (10 uM each). Amplification
reactions were performed on a Px2 Thermal Cycler (Thermo
Electron Corporation).

Microarrays

mRNAs were extracted from the YFP*CD31~ and YFP CD31~
cell populations (5 X 10° cells) obtained from one FACS sorting
requiring 10 mice and performed separately three times to obtain
triplicate RNA for each cell population. Cells were frozen and
homogenized in Trizol (Invitrogen), and RNAs were isolated
following the manufacturer’s protocol. Purified RNA was dis-
solved in RNase-free water (Ambion). Concentration was mea-
sured using NanoDropH (NanoDrop), and analysis of RNA
integrity was performed using the Agilent 2100 RNA Bioana-
lyzer (Agilent Technologies) using the Pico kit (Agilent Technol-
ogies). Fluorescently labeled cRNA targets were generated from
5 ng of poly(A)* RNA, using the Low RNA Input Fluorescent
Linear Amplification (LRIFLA) kit. RNA samples were reverse-
transcribed to produce double-stranded ¢cDNA templates, fol-
lowed by T7 polymerase-driven in vitro transcriptions to syn-
thetize cDNA targets. Cyanine5-labeled cytidine triphosphates
(CTPs) were incorporated into the cRNA targets during the
synthesis. Amplification and labeling efficiency was controlled
using a NanoDrop. Labeled cRNA was hybridized to ADN
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Agilent 44K microarrays per the manufacturer’s protocol. After
hybridization for 17 h, the arrays were washed and scanned using
an Agilent scanner, and microarray data were extracted with
Agilent Feature Extraction software. Hybridizations were per-
formed in triplicates. Extracted data were transformed to log
base 2. Transformed data were selected by elimination of values
<7 and of all genes with incomplete values (values <6).

ELISA

Protein extracts from the indicated tissues were lysed with RIPA
buffer (50 mM Tris-HCI at pH 8.0, 150 mM NaCl, 0.5%
deoxycholate acid, 1% NP-40, 0.1% sodium dodecyl sulfate)
containing protease inhibitor cocktail (Roche). These lysates
were used to detect VEGF-C with an ELISA kit (Bender MedSys-
tems, BMS626) according to manufacturer’s protocol. Measure-
ment of the color readout was performed at 450 nm with
a multiscan microplate reader (Thermo Electron Corporation).

Viral constructs

Recombinant AAV (rAAV) vectors encoding VEGF-C (Karkkainen
et al. 2001), VEGF-A, and HAS or EGFP were described (Pajusola
et al. 2005). The titers were 5 X 10! to 5 X 10'> gp/mL. The
expression of AAV-expressed VEGF-A and VEGF-C was verified
by transducing HeLa cells with the rAAVs, followed by copreci-
pitation with the respective receptor Ig molecules (VEGFR-1-Ig or
VEGFR3-Ig) from the supernatant, and the resultant protein
complexes were separated in SDS-PAGE electrophoresis (data
not shown).

Stereotaxic intracerebral injections

Animals (8-wk-old male C57/Black/6 or Vegfr3::YFP) were
anaesthetized intraperitoneally with 0.2% xylazine (Bayer
Health Care) and 1% ketamine in 0.9% NaCl and received
intrastriatal virus infusion. The site of infusion was visualized
by injection of 0.1% lissamine (Sigma). A 25-pL gauge Hamilton
syringe adapted to a KDS100 syringe pump (Kd Scientific) was
linked to a glass capillary (Harvard Apparatus, 30-0041) that was
surgically implanted at the following coordinates to the bregma:
anteroposterior, 0.5; mediolateral, 1.0; and dorsoventral, 2.1 mm.
One microliter of AAV-VEGF-C, AAV-VEGF-A, or controls AAV-
HSA and AAV-EGFP (AAV-ctl) was infused at a flow rate of 0.97
pL/min. Animals treated with a function-blocking Ab against
VEGFR-3 (31-C1 AD, rat IgG2a anti-VEGFR-3 mAb) were anaes-
thetized the same way. Anti-VEGFR-3 and control rat IgG2a
isotype Abs (3 mg/kg per day) were delivered with a micro-
osmotic Alzet pump (model 1007D) at a rate of 0.5 pL/h for 6 d
above the v of adult Vegfr3::YFP mice (anteroposterior, 0.5;
mediolateral, 1.0; and dorsoventral, 0 mm).

Image acquisition

Image acquisition was performed using Olympus FV1000 or
Leica SP2 AOBS confocal laser-scanning microscopes with 405-
nm and 4730nm laser diodes, an Ar laser, and two HeNe lasers
(543 nm and 633 nm).

Quantification and statistics

The data were analyzed using unpaired Student’s t-test. For all
results, n indicates the number of independent experiments
performed. In all histograms, asterisks correspond to P < 0.05
(*), P=0.005 (**), P = 0.001 (***).
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