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Adult hippocampal neural stem and progenitor cells
regulate the neurogenic niche by secreting VEGF
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The adult hippocampus hosts a population of neural stem and
progenitor cells (NSPCs) that proliferates throughout the mamma-
lian life span. To date, the new neurons derived from NSPCs have
been the primary measure of their functional relevance. However,
recent studies show that undifferentiated cells may shape their
environment through secreted growth factors. Whether endoge-
nous adult NSPCs secrete functionally relevant growth factors
remains unclear. We show that adult hippocampal NSPCs secrete
surprisingly large quantities of the essential growth factor VEGF in
vitro and in vivo. This self-derived VEGF is functionally relevant for
maintaining the neurogenic niche as inducible, NSPC-specific loss
of VEGF results in impaired stem cell maintenance despite the
presence of VEGF produced from other niche cell types. These
findings reveal adult hippocampal NSPCs as an unanticipated
source of an essential growth factor and imply an exciting func-
tional role for adult brain NSPCs as secretory cells.

adult neurogenesis | vascular endothelial growth factor | stem cell |
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n the adult brain, two major neurogenic niches persist throughout

the mammalian life span: the subventricular zone (SVZ) and the
subgranular zone (SGZ) of the hippocampus. Resident neural stem
and progenitor cells (NSPCs) in each of these areas proliferate and
give rise to new neurons that migrate and integrate into existing
circuitry in the olfactory bulb or dentate gyrus (DG), respectively.
Particularly in the DG, where neurogenesis is found in both
rodents and humans, newly born neurons play critical roles in
facilitating memory function (1, 2). This role of new neurons in
memory is currently considered the dominant functional output
of adult neurogenesis. However, recent research has revealed
that transplanted embryonic stem cells can aid in injury recovery
by secreting growth factors while undifferentiated (3, 4). The
secretion of functionally relevant growth factors from en-
dogenous adult hippocampal NSPCs has yet to be reported.

We recently showed that cultured neonatal hippocampal
progenitors secrete surprisingly large quantities of VEGF compared
with astrocytes, microglia, and neurons (5), raising the possibility
that NSPCs could be an unexpected source of this essential growth
factor in the brain. Within the adult brain, VEGF (also known as
VEGF-A) is a potent angiogenic and neurogenic growth factor (6—
13). Although several studies have previously noted VEGF ex-
pression in cultured adult NSPCs (14, 15), the relative quantity
and function of this VEGF are not clear, particularly in vivo, where
other cellular sources of VEGF abound. We therefore investigated
the contribution of NSPCs to hippocampal VEGF production and
the functional role of NSPC-derived VEGF in maintaining the
neurogenic niche.

Results

Adult Hippocampal NSPCs Express VEGF in Vivo. Although several
studies have noted detectible levels of VEGF in cultured NSPCs,
the in vivo cellular sources of VEGF remain unclear. Using in
situ hybridization expression from the Allen Brain Atlas, we
found a notable presence of high VEGF-expressing cells in the
adult mouse SGZ (Fig. S14). In contrast to the SGZ, but con-
sistent with previous studies (16), the adult mouse SVZ showed a
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relative dearth of VEGF expression (Fig. S14). The choroid
plexus (CP), a VEGF-rich tissue adjacent to the SVZ, was heavily
populated with high-VEGF-expressing cells.

To determine the cellular phenotype of VEGF-expressing
cells in the SGZ in vivo, we examined VEGF promoter activity in
adult VEGF-GFP reporter mice, which carry a GFP transgene
immediately downstream of 2.85 kb of the VEGF promoter and
5" UTR (17). Similar to the pattern seen in VEGF mRNA, we
found strong GFP in the CP and lining the SGZ (Fig. 1 A and B
and Fig. S1 B and C) but relatively little expression in the SVZ
(Fig. 14 and Fig. S1B).

The NSPC population in the SGZ neurogenic niche can be
divided into two broad categories: (i) slowly dividing stem cells,
also known as radial glia-like cells (RGLs), and (if) their more
rapidly dividing progeny, transit-amplifying progenitors (TAPs)
(2, 18, 19). Immunohistochemical colabeling for the progenitor
marker sex determining region Y-box 2 (Sox2) revealed GFP*
puncta surrounding Sox2* TAPs. Glial fibrillary acidic protein
(GFAP) labeling revealed GFP* puncta filling Sox2*/GFAP*
RGL stem cells (Fig. 1 B and C and Fig. S1D). Consistent with
previous studies (9), mature astrocytes also contained GFP*
puncta (Fig. 1B). No GFP was found in hippocampus from a WT
mouse (Fig. S1C). These findings suggest that NSPCs express
VEGTF in the adult hippocampus in vivo and that this high ex-
pression may be unique to the SGZ because the SVZ showed
minimal VEGF transcriptional activity.

Adult Hippocampal NSPCs Synthesize and Secrete VEGF in Vitro. To
investigate the quantity and regulation of adult hippocampal
NSPC-derived VEGF, we isolated NSPCs from the adult hip-
pocampus and maintained them in standard culture conditions
(20). VEGEF is synthesized as three major coexpressed splice var-
iants: VEGF120, VEGF164, and VEGF188 (11, 21). Isolated adult
hippocampal NSPCs synthesized VEGF120 and VEGF164 mRNA
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Fig. 1. Adult hippocampal NSPCs express VEGF in vivo. (A, Top) Images from
adult VEGF-GFP mice showing GFP* puncta lining the SGZ and surrounding
cells labeled with BrdU 2 h before euthanasia. (A, Bottom) SVZ showed
weaker GFP expression than the SGZ, whereas the CP showed intense GFP
expression. (B) GFP* puncta were found surrounding Sox2* TAPs (arrow-
heads) and filling Sox2"/GFAP™ RGLs (white arrow) in the SGZ. GFAP" cells
with astrocytic morphology also colabeled with GFP (yellow arrow). (C) Or-
thogonal image of a single 1-um z-slice showing GFP* puncta colocalizing
with GFAP in a GFAP*/Sox2" RGL. (Scale bars: 10 um.)

but not VEGF188 (Fig. 24). NSPCs maintained in optimal growth
conditions for 4 d accumulated over 1,298 + 65.45 pg/mL VEGF
protein, whereas culturing in reduced growth factor conditions
resulted in up to 10-fold less VEGF secretion (Fig. 2B and Fig.
S24). Reduced growth factor conditions similarly caused rapid
decreases in both VEGF120 and VEGF164 mRNA levels (Fig.
S2 B and C). Differentiating NSPCs into mature neurons and
astrocytes caused a rapid down-regulation of VEGF protein and
mRNA (Fig. 2 C-E). These findings demonstrate that adult
hippocampal NSPCs synthesize and secrete large quantities of
VEGF and that VEGF production is strongly regulated by cell
differentiation and the environment.

Adult Hippocampal NSPCs Synthesize a Significant Portion of DG
VEGF. In vivo, multiple sources of VEGF exist, such as mature
astrocytes and neurons (9, 11, 14, 22). Although NSPCs represent
a small minority of adult DG cells, our findings of enhanced VEGF
secretion by NSPCs relative to mature cell types in vitro suggests
that NSPCs could contribute disproportionately to VEGF levels in
the DG. To determine the relative contribution of NSPCs to VEGF
in the neurogenic niche, we created an in vivo, NSPC-specific, in-
ducible VEGF knockdown model by crossing VEGF" mice (23)
with NestinCreER™ mice (24). When exposed to tamoxifen (TAM),
NestinCreER™ drives high levels of recombination in NSPCs in the
adult SGZ, with hTi%h specificity and low toxicity (24-26). Crossing
the NestinCreER "~ mouse with an R26-enhanced YFP reporter
mouse (27) confirmed that TAM treatment selectively induced
recombination throughout the SGZ in both Sox2*/GFAP* RGLs
and Sox2*/GFAP~ TAPs (Fig. 34 and Fig. S3).

Remarkably, TAM-induced knockdown of VEGF in adult
NSPCs caused a 27.7-37.1% reduction of total DG VEGF relative
to VEGF"":NestinCreER™* or VEGF"";NestinCreER™*~
controls (Con), respectively (Fig. 3 A and B). We replicated
this finding in two independent cohorts using shorter courses
of TAM treatment, showing 20.9% and 20.8% reductions in
VEGF following NSPC-specific VEGF knockdown (Fig. S44).
VEGF mRNA in the SVZ was not altered by NSPC-specific
knockdown (Fig. 3C), further confirming the in situ and reporter
findings (Fig. 1) that SVZ NSPCs are not major sources of VEGF
in vivo. Levels of the VEGF188 mRNA isoform were not altered
in the DG or SVZ by NSPC-VEGF knockdown (Fig. S4 B and C),
which is consistent with our finding that NSPCs do not synthesize
this transcript (Fig. 24). Total DG VEGF protein was also reduced
by 30.7% in induced NSPC-VEGF knockdown mice (0.36 = 0.02 ng
of VEGF per microgram of protein) relative to controls (0.52 +
0.07 ng of VEGF per microgram of protein) (Fig. 3D). These
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results demonstrate that NSPCs are a surprisingly large source
of VEGF expression in the adult DG, especially given the
relatively small size of the NSPC population.

Loss of NSPC-Derived VEGF Alters Stem Cell Dynamics in Vivo. Pre-
vious studies show that exogenous infusions of VEGF stimulate
NSPC proliferation (10-13), suggesting a role for VEGF in regu-
lation of neurogenesis in the adult hippocampus. To determine
the functional role of VEGF derived from NSPCs in regulat-
ing their own proliferation, we treated 8- to 9-wk-old VEGFM,
NestinCreER™* (VEGF-iKD) and Con mice with TAM and then
quantified cell proliferation at multiple time points (Fig. 4 4
and E). Surprisingly, 4 d after TAM treatment, VEGF-IKD mice
showed an increase in the number of 5-ethynyl-2’-deoxyuridine
(EdU)-labeled, proliferating RGL stem cells (2.33 + 0.12 cells per
area) compared with controls (1.76 + 0.09 cells per area) (Fig. 4 B
and D and Fig. S54). The number of dividing TAPs did not differ
(Fig. 4 C and D and Fig. S54), however, suggesting that loss of self-
secreted VEGF caused an increase in proliferation of the stem cell
population specifically.

To determine the longer term impact of loss of self-secreted
VEGF on NSPC dynamics, we compared VEGF-iKD mice at 21
and 60 d after TAM treatment (Fig. 4F). Similar to our findings
4 d after TAM-induced knockdown, VEGF-iKD mice showed an
increase in RGL proliferation after 21 d (Con: 4.86 + 0.57 vs.
VEGF-iKD: 6.86 + 0.46 cells per area) (Fig. 4F and Fig. S5 B-D).
However, after 60 d, the number of EQU* proliferating RGL stem
cells was decreased in VEGF-iKD mice (Con: 0.76 + 0.12 vs.
VEGF-iKD: 0.34 + 0.11 cells per area) (Fig. 4G). In addition, at
this later time point, the total number of RGLs was decreased by
21.3% in VEGF-iKD mice (Con: 45.69 + 1.123 vs. VEGF-iKD:
36.00 + 2.347 cells per area) (Fig. 4H and Fig. S5 B-E). Comparison
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Fig. 2. Adult hippocampal NSPCs synthesize and secrete large quantities of
VEGF. (A) Isolated adult hippocampal NSPCs treated with different growth
factor conditions for 4 d expressed mRNA transcripts for the VEGF120 and
VEGF164 but not VEGF188 splice variants. NSPCs also expressed VEGFR2
mRNA but not VEGFR1 or soluble Flt (sFlt), the secreted form of VEGFR1.
Adult lung RNA served as a positive control. (B) NSPC secretion of VEGF was
measured by ELISA of culture supernatant after 4 d and was greatest in
standard proliferative conditions with 20 ng/mL EGF and 20 ng/mL FGF2.
Decreasing either EGF or FGF2 reduced secretion of VEGF (ANOVA, P < 0.0001;
n = 4-5 wells per group per experiment; two experiments). (C) Adult NSPCs
were maintained in 20 ng/mL EGF and 20 ng/mL FGF2 for 2 d (0 d differentia-
tion) or switched to differentiating conditions for 2, 4, or 8 d. VEGF ELISA
showed decreased secreted VEGF protein with differentiation (ANOVA,
P < 0.0001; n =3 wells per group per experiment; three experiments). (D and
E) VEGF120 and VEGF164 mRNA decreased with differentiation normalized
to the MAPK3 housekeeping gene relative to 0 d differentiation (VEGF120:
ANOVA, P = 0.0002; VEGF164: ANOVA, P < 0.0001; n = 2-3 wells per group
per experiment; three experiments). Data represent mean + SEM. **P < 0.01;
***Pp < 0.001; ****P < 0.0001, post hoc Dunnett’s tests.
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Fig. 3. Knockdown of VEGF in adult NSPCs reduces total DG VEGF.
(A) NestinCreER™ mice were crossed over multiple generations with VEGF" mice
to create VEGF";NestinCreER™* mice, allowing TAM-inducible knockdown of
VEGF in NSPCs in adulthood. (B) DG was dissected from VEGF;NestinCreER™*
mice (n = 8) and from VEGF:NestinCreER™~ (n = 4), VEGF"%NestinCreER™**
(n = 8), and VEGF"%NestinCreER™* (n = 10) littermates after 2 wk of TAM
treatment. Total DG VEGF120 mRNA was significantly decreased by VEGF
knockdown in VEGF":NestinCreER™* mice compared with both VEGF";Nestin-
CreER™" and VEGF";NestinCreER™* controls (ANOVA, P = 0.0083). fl, homozy-
gous floxed; het, heterozygous floxed. *P < 0.05; **P < 0.01, Tukey's post hoc
comparisons. (C) SVZ was dissected from VEGF™;NestinCreER™* mice (n = 4) and
from VEGF™;NestinCreER™" (n = 4), VEGF";NestinCreER™** (n = 3), and VEGF"";
NestinCreER™* (n = 8) littermates. Total SVZ VEGF120 mRNA did not differ by
genotype (ANOVA, P = 0.58). (D) DG was dissected 2 wk after 5 d of TAM
treatment and assessed for VEGF protein by ELISA. VEGF!;NestinCreER™** mice
(n = 3) had significantly less total DG VEGF than controls (n = 6). *P = 0.048,
Mann-Whitney test. Data represent mean + SEM mRNA normalized to the actin
housekeeping gene relative to VEGF:NestinCreER™" control.

of the total proliferating population using the endogenous pro-
liferative marker Ki67 revealed a similar pattern as in the RGL stem
cells: increased proliferation after 21 d (Con: 20.40 + 1.07 vs. VEGF-
iKD: 24.40 + 1.36 cells per area) followed by reduced proliferation
after 60 d (Con: 14.14 + 1.26 vs. VEGF-iKD: 10.31 + 0.68 cells per
area) (Fig. 4 I and J).

In previous studies, loss of factors essential for stemness led to
a pattern similar to what we observed in VEGF-iKD mice, showing
an increase in proliferation 21 d after TAM followed by a decrease
after 60 d, relative to controls (28). This pattern typically emerges
because loss of stemness causes differentiation of slow-dividing
stem cells into rapidly dividing progenitors, followed by exhaustion
of proliferation when stem cells cannot replenish the progenitor
pool (28-30). Consistent with this pattern, our findings show an
increase in stem cell division (at day 4) followed by a surge in the
total proliferative population (day 21) and, finally, a collapse in
proliferation and a loss of total RGL stem cells (day 60).

To determine whether more extensive knockdown of NSPC-
derived VEGF could cause more dramatic impairment of NSPC
maintenance, we treated 8- to 9-wk-old VEGF-iKD and control
mice with TAM repeatedly over 12 wk (Fig. S64). This TAM
treatment regimen has been used previously to show the neces-
sity of the cell cycle factor p63 for maintenance of stemness (31).
In this more extensive knockdown paradigm, VEGF-iKD mice
had 54.5% fewer proliferating EAU™ cells in the SGZ than
control littermates (Con: 6.59 + 0.59 vs. VEGF-iKD: 3.02 + 0.49
cells per area) (Fig. S6B), consisting of 50% fewer proliferating
TAPs (Con: 4.87 + 0.81 vs. VEGF-iKD: 2.46 + 0.41 cells per
area) (Fig. S6 C and F) and 64.3% fewer proliferating RGLs (Con:
0.69 + 0.18 vs. VEGF-iKD: 0.25 + 0.09 cells per area) (Fig. S6 D
and F). The total number of RGLs was also reduced by 33.3%
(Con: 35.67 + 1.83 vs. VEGF-iKD: 22.96 + 2.38 cells per area)
(Fig. S6 E and F). Combined, our findings suggest that loss of
NSPC-derived VEGF disrupts NSPC maintenance in vivo, resulting
in a depletion of RGL stem cells. However, the partial maintenance
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of proliferation and stem cells even with extensive TAM-induced
knockdown suggests that the remaining VEGF from other cell types
may help partially maintain the population.

Loss of NSPC-VEGF Does Not Alter Cell Fate Choice. To investigate
the effects of NSPC-VEGF knockdown on cell fate choice,
we labeled dividing cells with BrdU at three different time points
4-40 d before perfusion. The percentage of BrdU-labeled cells
adopting a neuronal fate did not differ at any time point assessed
(Fig. S7). These findings suggest that loss of NSPC-derived
VEGEF does not dramatically alter differentiation of NSPCs once
they have exited the cell cycle.

VEGF Acts Directly on NSPCs. Loss of NSPC-VEGF in vivo could
have an impact on NSPCs via multiple pathways, acting either
within the NSPC population or via indirect interactions with
other niche cell types. Because VEGF is highly angiogenic, we
first investigated whether NSPC-VEGF might be influencing NSPC
maintenance via changes in vasculature. However, we found no
change in the vasculature, as revealed by CD31" endothelial cell
area in the combined DG and hilus or in the SGZ after NSPC-
VEGF knockdown (Fig. S6 G-J).

To determine whether NSPC-derived VEGF could act directly
on NSPCs independent of interaction with other niche cell types,
we isolated NSPCs from adult VEGF"™ mice and infected them
with an mCherry-Cre—expressing lentiviral vector or an mCherry-
only control lentivirus. In VEGF"® NSPCs, mCherry-Cre expres-
sion significantly reduced VEGF secretion (25.84 + 5.68 ng/mL
mCherry vs. 7.50 + 0.38 ng/mL mCherry-Cre; P = 0.0231). When
NSPCs were grown as spheres after VEGF knockdown, we
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Fig. 4. Loss of NSPC-derived VEGF disrupts NSPC self-regulation in vivo.
(A) Adult control (n = 3) and VEGF-iKD mice (n = 7) were treated with TAM for
5 d and then perfused 4 d later. (B) VEGF-iKD led to an increase in the number
of EdU* proliferating RGL stem cells. *P = 0.017, Mann-Whitney test. (C) VEGF-
iKD did not significantly alter the number of proliferating TAPs. P > 0.1, Mann-
Whitney test. (D) Example EAU*/GFAP*/Sox2™ RGLs (arrow) and EdU"/Sox2*
TAPs (arrowhead) in a 1-um z-slice. (Scale bar: 10 pm.) (E) Adult control and
VEGF-iKD mice were treated with TAM for 5 d and then perfused after 21 d
(n = 10 control and n = 11 VEGF-iKD mice) or 60 d (n = 4 control and n = 10
VEGF-iKD mice). (F) VEGF-iKD increased proliferation of the RGL stem cell
population 21 d after knockdown. *P = 0.0124, t test. (G) Sixty days after
knockdown, RGL stem cell proliferation was decreased in VEGF-iKD mice rel-
ative to controls. *P = 0.0465, Mann-Whitney test. (H) At 60 d, the number of
GFAP*/Sox2* RGLs was decreased in VEGF-iIKD mice relative to controls. *P =
0.024, Mann-Whitney test. (/) VEGF-iKD led to an increase in Ki67* proliferating
cells in the SGZ after 21 d (d21) but a decrease after 60 d (d60) (two-way ANOVA:
interaction, P = 0.0042; day, P < 0.0001; genotype, P = 0.94). Post hoc planned
comparisons within day (21 d: P = 0.0343, t test; 60 d, P = 0.0140, Mann-Whitney
test). (J) Example images of proliferating Ki67 cells in control and VEGF-iKD mice
at day 21 and day 60. (Scale bar: 100 pm.) Data represent mean + SEM.
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Fig. 5. VEGF knockdown in isolated NSPCs disrupts NSPC self-regulation.
(A) Total number of spheres formed over multiple passages after VEGF knock-
down by mCherry-Cre expression in VEGF"" NSPCs did not change relative to
mCherry control (two-way ANOVA: interaction, P = 0.82; passage, P = 0.082;
Cre, P =0.87). (B) VEGF knockdown led to an increase in sphere size after P1
(two-way ANOVA: interaction, P = 0.0299; passage, P = 0.0299; Cre, P = 0.26).
*P < 0.05, post hoc Sidak's comparisons within passage. (C) VEGF knockdown
NSPCs formed more spheres over 100 pm in diameter (large) after P1, but
over subsequent passages, they formed fewer spheres than mCherry-only-
expressing controls (two-way ANOVA: interaction, P = 0.0002; passage, P =
0.0002; Cre, P = 0.89). Small spheres (diameter <100 um) were not altered. *P <
0.05; **P < 0.01, post hoc Holm-Sidak’s multiple comparisons tests within
passage. Data are mean + SEM normalized to mCherry control within experi-
ment per passage (n = 2-3 wells per group per experiment; three experiments).
P1, passage 1; P2, passage 2; P3, passage 3.

observed a transient increase in sphere size without a change in
the total number of spheres (Fig. 5 4 and B). This increase in
sphere size was due to an increase in the formation of large
spheres with a diameter over 100 pm in the first passage after
knockdown (Fig. 5C). However, after multiple passages, VEGF
knockdown NSPCs formed fewer large spheres than controls
(Fig. 5C and Fig. S8F). WT NSPCs were unaffected by mCherry-
Cre expression relative to mCherry in VEGF secretion, sphere
number, and sphere size (Fig. S8 A-E).

This pattern of a surge followed by a decrease in large sphere
formation is suggestive of impaired stem cell maintenance (28-30).
These data are therefore consistent with our in vivo findings of
a reduced RGL population after in vivo NSPC-specific knockdown
of VEGF.

Adult Hippocampal NSPCs Self-Regulate via VEGF Receptor 2. To
determine the receptor responsible for the impaired NSPC main-
tenance with loss of VEGF, we next investigated the expression and
regulation of VEGF receptors in NSPCs. VEGF signals through
two receptors: VEGF receptor 1 (VEGFR1; also known as Flt1)
and VEGFR?2 (also known as KDR/FIk1) (9, 22). Isolated adult
hippocampal NSPCs expressed VEGFR2 but not VEGFR1 (Fig.
2A). Similar to VEGF, NSPC VEGFR?2 expression was down-
regulated with decreasing levels of EGF and FGF2 (Fig. S9 A-C)
and with differentiation (Fig. S9 D-F). Immunohistochemical
staining for VEGFR?2 in the adult hippocampus revealed wide-
spread VEGFR2-immunoreactivity (ir) in the SGZ and granular
layer of the DG, a finding that is consistent with previous studies
(12) (Fig. S104). VEGFR2-ir was found in all newly born pro-
liferative cells, nestin®/GFAP* RGL stem cells, and early differ-
entiating doublecortin* neurons (Fig. S10 A-C). These findings
conform to those findings of previous studies (10, 12, 14, 15, 32—
34) demonstrating VEGFR2 expression on NSPCs in vitro and
in vivo.

To test the necessity of VEGFR?2 signaling for NSPC mainte-
nance in adult hippocampal NSPCs, we used two highly selective
pharmacological VEGFR?2 inhibitors (10, 32, 35): SU5416 and
SU1498 (36, 37). Treating NSPCs with inhibitor for 4 d increased
proliferation, as measured by BrdU incorporation (Fig. 6 A and
B). However, if we then returned NSPCs to normal growth con-
ditions with no inhibitor present, sphere size was reduced due to
a decrease in large spheres and/or an increase in small spheres
(Fig. 6 C-E). This increase in proliferation and small sphere for-
mation with a long-term loss in the ability to form large spheres is
again consistent with impaired stem cell maintenance.
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To confirm further that the changes in sphere formation after
VEGFR?2 inhibition resulted from a loss of stem cells as our in
vivo data suggested, we used the NeuroCult neural colony-
forming cell assay (StemCell Technologies). In this assay, NSPCs
are plated in a semisolid gel that allows colonies to grow from
a single cell (38). After 3 wk, colonies that grow to over 2 mm in
diameter derive from a stem cell with self-renewal and multi-
potent potential (38) (Fig. S11). We found that both VEGFR2
inhibition with SU5416 and low growth factor treatment (5 ng/mL
EGF/FGF2, a positive control for impairing stem cell mainte-
nance) inhibited the formation of stem cell-derived large colonies
(Fig. 6 F and G).

Together, these findings suggest that NSPCs maintain their stem
cell capacity via self-secreted VEGF interacting with VEGFR2.

Discussion

VEGEF is an essential molecule for brain plasticity. In the adult
brain, overexpressing or infusing VEGF stimulates neovasculari-
zation, improved cognition, and hippocampal neurogenesis (7, 10,
33). Blocking endogenous VEGF, in contrast, impairs the cognitive
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Fig. 6. Inhibition of VEGFR2 signaling disrupts NSPC self-regulation. (4) NSPCs
were treated in a monolayer for 4 d with VEGFR2 kinase inhibitors: SU5416
or SU1498. (B) Number of BrdU* proliferating NSPCs was increased by
exposure to either SU5416 or SU1498 (ANOVA: P = 0.0010; n = 3-5 wells
per group per experiment; three experiments). (C) Four days of VEGFR2 in-
hibition led to a smaller sphere size over subsequent passages (two-way
ANOVA: interaction, P = 0.46; passage, P < 0.0001; VEGFR2 inhibition, P <
0.0001; n = 6 wells per group per experiment; three experiments). (D) For-
mation of small spheres (diameter <100 pm) was enhanced in P1 after
VEGFR2 inhibition. In P2, formation of large spheres (diameter >100 pm) was
inhibited (P1, two-way ANOVA: interaction, P = 0.0029; size, P < 0.0001;
VEGFR2 inhibition, P = 0.24; P2, two-way ANOVA: interaction, P = 0.0012;
size, P < 0.0001; VEGFR2 inhibition, P = 0.31). (E) Example images of spheres
after P2. (Grid: 1.5 um.) (F) Neural colony-forming cell (NCFC) assay revealed
that treatment with 5 ng/mL EGF/FGF2 [low growth factor (gf)] or 25 pM
SU5416 decreased formation of stem cell-derived colonies with diameter >2
mm and caused a trend toward an increase in smaller, progenitor-derived
colonies (two-way ANOVA: interaction, P = 0.0019; size, P < 0.0001; treat-
ment, P = 0.90; n = 2-3 wells per experiment; three experiments). All post
hoc comparisons were Dunnett’s comparisons to vehicle: *P < 0.05; **P <
0.01; ***P < 0.001. Data are mean + SEM normalized to vehicle within ex-
periment. (G) Example NCFC spheres after 3 wk in culture. (Grid: 2 mm.)
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and neurogenic responses to stimuli like antidepressants and envi-
ronmental enrichment (33, 34). However, although neural pre-
cursors in the developing brain are well-recognized sources of
VEGEF (39), in the adult brain, secretion of VEGF has largely been
attributed to mature astrocytes (7, 9, 21, 22).

We show here that endogenous adult NSPCs are a previously
unidentified, significant source of VEGF in the adult hippocampus.
NSPCs represent a small minority of the cells in the neurogenic
niche. Estimates of the nestin® NSPC population have indicated
around 20,000 NSPCs reside in a healthy adult mouse DG (40). In
contrast, there are over 1 million DG granule cell neurons (41) and
~70,000 astrocytes (42) in the niche. Our results therefore demon-
strate that this small population may be a surprisingly potent con-
tributor to secreted growth factors in the adult neurogenic niche, and
they are the first demonstration, to our knowledge, that adult hip-
pocampal NSPCs can shape their own niche via secreted proteins. It
should be noted, however, that up to two-thirds of DG VEGF
remained after NSPC-specific knockdown, suggesting that other cell
types (astrocytes, neurons, oligodendrocytes, microglia, or others)
are also potent sources of VEGF in vivo. This remaining VEGF may
explain why, even after repeated TAM-induced knockdown of
NSPC-VEGEF, not all stem cells were eliminated from the neu-
rogenic niche. Whether the functional role of VEGF in the neuro-
genic niche differs depending on its cellular source remains an
open question.

In support of our findings of high levels of VEGF expression
in NSPCs, the adult SGZ has previously been shown to display
high levels of constitutively active hypoxia-inducible factor la
(HIF1a), the transcriptional driver of VEGF expression (43),
suggesting conspicuous activation of VEGF in NSPCs relative to
other granule layer cells. In addition, previous work shows
VEGF expression in adult NSPCs in vitro (14, 15) and VEGF
antibody immunoreactivity in some SGZ populations in vivo (12,
44). However, the relative abundance and potential functional
role of this VEGF remain unclear in these studies.

The present findings may be cause for reinterpretation of
the functional relevance of adult neurogenesis. Numerous
studies have explored the effects of loss of adult hippocampal
neurogenesis by inhibiting NSPC proliferation, via antimitotic
agents, irradiation, or genetic knockdown (45). The memory
impairments resulting from the loss of the neurogenic pop-
ulation in these studies are typically attributed to a loss of new
neurons. However, given that VEGF levels also influence hip-
pocampal cognition (9, 33), the present findings suggest that the
long-term effects of loss of NSPCs could rely partially on re-
duced growth factor availability. This secretory role of NSPCs
might be particularly relevant to the adaptive significance of
rapid NSPC proliferative changes seen after interventions such
as exercise and stress (46, 47).

Determining the independent role of NSPC-VEGF in hippo-
campal function remains a difficult challenge due to the dependence
of NSPC:s on self-secreted VEGF to maintain proliferation and new
neuron production. Although studies that manipulate new neu-
ron survival without affecting NSPCs confirm an independent
role of new neurons in supporting memory function (48), a system
for depleting NSPC-VEGF without having an impact on NSPC
proliferation and new neuron production would be required to
determine the independent role of NSPC-derived VEGF in the
hippocampal niche.

Hippocampal NSPCs are a heterogeneous population (2, 18, 19,
49, 50). How each of these subtypes of NSPCs is regulated has not
been fully characterized, although some important players have
been identified. For example, loss of RBPJk, a mediator of Notch
signaling, leads to a similar surge and collapse of proliferation as we
observed after conditional deletion of VEGF from hippocampal
NSPCs (28). Loss of either the stem cell factor p21 or the Notch
binding partner DIl similarly causes a proliferation surge and
collapse in SVZ NSPCs (29, 30). We demonstrate here a func-
tional role for self-secreted VEGF in regulating the hippo-
campal NSPC population that resembles these other known
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regulators of stem cell dynamics, causing a biphasic change in
proliferation and a long-term loss of stem cells.

Self-secreted VEGF has been implicated in self-regulation of
stem cells outside the brain, such as hematopoietic stem cells and
tumor cells (39, 51, 52). This study is the first published report to
our knowledge showing that VEGF (from any source) plays
a role in adult hippocampal stem cell maintenance, a finding that
likely went unnoticed in previous studies of VEGF and adult
neurogenesis because (i) NSPCs were not considered to produce
their own VEGEF, and therefore were not selectively targeted,
particularly in vivo, and (ii) the time course needed to detect
population-level changes in proliferation due to a change in stem
cell dynamics is longer than many previous studies of VEGF
inhibition allowed (7, 10, 34).

We found evidence consistent with previous studies (16, 53)
that SVZ NSPCs may not synthesize significant amounts of
VEGF, and therefore may differ in their dependence on self-
sustained VEGF signaling for maintaining the NSPC pool. The
conspicuously close proximity of the CP, an intense source of se-
creted VEGF, to the SVZ could explain this divergence between
SGZ and SVZ dependence on self-derived VEGF. SVZ stem and
progenitor cells are also known to differ from SGZ NSPCs cell-
intrinsically in multiple ways (54, 55). Dependence on VEGF could
similarly be a cell-intrinsic difference between these two popula-
tions. Potentially in contrast to these and previous findings (16),
however, a recent study suggests that SVZ progenitors may re-
quire HIFla, a transcriptional regulator of VEGF and several
other hypoxia-related genes, to maintain their vascular niche
(56). Further studies will therefore be necessary to determine
fully the quantity and contribution of NSPC-derived VEGF in
the SVZ neurogenic niche.

VEGTF, also known as VEGF-A, is the most abundant form of
VEGEF in the CNS and the most heavily investigated member
of a broader VEGF family (22). Other VEGF family members
include VEGF-B, VEGF-C, VEGF-D, and VEGF-E, some of
which also regulate neurogenesis in either the SGZ or SVZ (57,
58). These different family members share some structural sim-
ilarities, but they are separable molecules from VEGF-A, with
unique receptor binding capabilities (VEGF-B, for example, binds
only VEGFR1 and not VEGFR2 or VEGFR3, whereas VEGF-A
binds both VEGFR1 and VEGFR?2) (22). Whether adult NSPCs
are significant sources of any of these other members of the VEGF
family remains to be determined.

Given the multifaceted role of VEGEF in the hippocampus, our
characterization of its expression in adult hippocampal NSPCs
provides an important potential role for undifferentiated cells in
regulating hippocampal function. We show a functional role for
NSPC-derived VEGF in self-regulating the NSPC pool in the
adult SGZ, but the practical implications could extend throughout
the neurogenic niche and DG, having an impact on numerous
other cell types. VEGF is tied to the hippocampal response not
only to positive hippocampal stimuli but also to injury response
and neurodegeneration (59). These findings therefore open
a previously unexplored avenue for investigation of how VEGF
from endogenous adult NSPCs may shape hippocampal func-
tion in both physiological and pathological conditions.

Methods

Animals. Male and female mice were used at the age of 8-9 wk. Genotyping
primers are detailed in Table S1. All animal use was in accordance with in-
stitutional guidelines approved by the Veterans Administration Palo Alto
Committee on Animal Research. More details are available in S/ Methods.

Lentivirus Infection of NSPCs. VEGF"" or WT NSPCs were plated in an ad-
herent monolayer on 96-well plates and then infected with mCherry or
mCherry-Cre lentivirus (S/ Methods). After 48 h, infected cells were passaged
and replated in sphere culture conditions (on uncoated plates) at 3,000 cells
per well. Passaging was performed with Cell Dissociation Buffer (Gibco).

Qualitative and Quantitative Assessment of RNA. RNA was quantified using
standard real-time PCR techniques (S/ Methods). Qualitative assessment of
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RNA was determined by gel electrophoresis of PCR products using isoform-
specific primers (S/ Methods).

VEGFR2 Inhibition in Vitro. SU5416 and SU1498 (Sigma) were dissolved in DMSO
(10 mM) and added to adherent monolayer cultures of isolated NSPCs (5,000
cells per well). Immunostaining was done using standard procedures (S/ Methods).

Immunohistochemical Staining. Antibody staining was performed using
standard procedures (46) (S/ Methods and Table S2).

Quantification of in Vivo Imnmunohistochemical Stains. All in vivo staining was
quantified by one of two blinded observers. EdU, BrdU, and Ki67* cells were
counted throughout the DG, and the area sampled was measured using
LSM700 Zen software (Zeiss). Total GFAP/Sox2* type | stem cells and colabeling
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of BrdU or EdU were assessed in 1-um z-stacks on an LSM700 confocal micro-
scope with a 40x oil objective.

Quantification of Protein. VEGFR2 protein from isolated NSPCs was quantified
using Western blot analysis (S/ Methods and Table S2). A VEGF ELISA (R&D
Systems) was performed as per the manufacturer’s instructions on RIPA Lysis
and Extraction Buffer (Thermo Scientific)-extracted DG lysates and tissue
culture supernatant.
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