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Abstract 

Background Tissue stem cells are confined within a special microenvironment called niche. Stem cells in such a 
niche are supplied with nutrients and contacted by other cells to maintain their characters and also to keep or expand 
their population size. Besides, oxygen concentration is a key factor for stem cell niche. Adult neural stem/progenitor 
cells (NSPCs) are known to reside in a hypoxic niche. Oxygen concentration levels are lower in fetal organs including 
brain than maternal organs. However, how fetal NSPCs adapt to the hypoxic environment during brain development, 
particularly before pial and periventricular vessels start to invade the telencephalon, has not fully been elucidated.

Methods NSPCs were prepared from cerebral cortices of embryonic day (E) 11.5 or E14.5 mouse embryos and were 
enriched by 4-day incubation with FGF2. To evaluate NSPC numbers, neurosphere formation assay was performed. 
Sparsely plated NSPCs were cultured to form neurospheres under the hypoxic (1%  O2) or normoxic condition. VEGF-A 
secreted from NSPCs in the culture medium was measured by ELISA. VEGF-A expression and Hif-1a in the developing 
brain was investigated by in situ hybridization and immunohistochemistry.

Results Here we show that neurosphere formation of embryonic NSPCs is dramatically increased under hypoxia 
compared to normoxia. Vegf-A gene expression and its protein secretion were both up-regulated in the NSPCs under 
hypoxia. Either recombinant VEGF-A or conditioned medium of the hypoxic NSPC culture enhanced the neurosphere 
forming ability of normoxic NSPCs, which was attenuated by a VEGF-A signaling inhibitor. Furthermore, in the devel-
oping brain, VEGF-A was strongly expressed in the VZ where NSPCs are confined.

Conclusions We show that NSPCs secret VEGF-A in an autocrine fashion to efficiently maintain themselves under 
hypoxic developmental environment. Our results suggest that NSPCs have adaptive potential to respond to hypoxia 
to organize self-advantageous niche involving VEGF-A when the vascular system is immature.
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Background
Tissue stem cells are located in special microenviron-
ment called niche [1]. Stem cell niche is known to provide 
optimal conditions to tissue stem cells for maintenance of 
multipotency and proliferative capacity, for instance via 
secretion of soluble factors and through cell-cell contact. 
Oxygen concentration is one of the key factors for stem 
cell niche. It is often the case that oxygen concentration 
is lower in niche than surrounding tissues, but in some 
cases, such as mesenchymal stem cells (MSCs), MSCs 
reside near endothelial cells and their environment is 
relatively high in oxygen concentration, largely attribut-
able to blood vessels [2]. In the hematopoietic stem cell 
(HSC) niche, bone marrow is more hypoxic compared 
to other tissues and oxygen concentration is assessed 
to be less than 1% [3, 4]. In cancer tissues, cancer stem 
cell (CSC) niche provides appropriate microenviron-
ment for quiescence, self-renewal and differentiation of 
CSCs. CSC niche is formed apart from blood vessels and 
cancer cells around CSCs rapidly proliferate, consum-
ing  O2, and consequently CSCs are under hypoxic con-
ditions [2]. In glioma, peri-vascular and peri-arteriolar 
niches are reported, but due to vascular dysfunction and 
inconsistent oxygen delivery, these niches are thought to 
be hypoxic [5, 6]. Thus, hypoxic niches are considered to 
harbor stem cells. Under hypoxic conditions, stem cells 
can avoid from toxicity of reactive oxygen species that 
are generated near the end of the metabolic series of 
reactions in the electron transport chain. Furthermore, 
hypoxic conditions up-regulate expression of stem cell 
maintenance proteins such as Oct4 and those involved 
in the Notch signaling pathway via hypoxia-inducible 
factors (HIFs) [7, 8]. Indeed, low oxygen concentration 
prevents differentiation of embryonic stem (ES) cells [9], 
and induced pluripotent stem cells (iPSCs) are more effi-
ciently generated under hypoxic conditions [10]. During 
embryogenesis, oxygen partial pressure  (pO2) in placenta 
is lower than maternal tissues even oxygenated blood is 
supplied from mother [11]. In mammals, the surface of 
the brain is higher in oxygen concentration than inside 
[12]. Neural stem cells (NSCs) are confined to the ven-
tricular zone (VZ) of the brain at the embryonic stage 
and migrate to pial surface as NSCs differentiate to neu-
rons [13]. Furthermore, vascular network is incomplete 
during brain development. Therefore, it is speculated that 
neural stem/progenitor cells (NSPCs) in the developing 
brain are located in the more hypoxic niche to maintain 
their population with stem cell properties. In the sub-
ventricular zone (SVZ) of lateral ventricle (LV) and sub-
granular zone (SGZ) of hippocampal dentate gyrus (DG), 
where neurogenesis occurs even in adult brain, NSPCs 
contact or are located near various cell types and struc-
tures, such as endothelial cells and pericytes of blood 

vessels, astrocytes, neurons, microglia, ependymal cells 
and choroid plexus that form NSPC niche and contrib-
ute to NSPC maintenance [14]. Since cell differentiation 
and diversity are poor in the developing brain, embry-
onic NSPCs are not able to receive sufficient assistance 
from these cells and structures. In addition, the VZ 
where NSPCs are confined is under hypoxic conditions 
partly because vascular network is incomplete. Until 
now, NSPC niche components, particularly those under 
hypoxia, are not fully elucidated in the developing brain. 
We used the enriched NSPC culture and the neurosphere 
formation assay which reflects the presence of NSPCs to 
elucidate contribution of hypoxic conditions to NSPC 
maintenance [15, 16]. Our current study strongly suggest 
the organization of self-advantageous niche by NSPCs via 
autocrinely produced vascular endothelial growth factor-
A (VEGF-A) in response to hypoxia.

Methods
Animals
Pregnant ICR mice were purchased from Japan SLC, Inc. 
All animal experiments were approved by the institu-
tional Animal Care and Use Committee of Tokyo Medi-
cal and Dental University (approval number; 0110267C, 
0110299C).

NSPC Culture
Cortical cells were isolated from embryonic day (E) 11.5 
and E14.5 ICR mouse cerebral cortex. In brief, the telen-
cephalons were triturated in Hank’s balanced salt solu-
tion (HBSS, Sigma) by mild pipetting. Dissociated cells 
were cultured in Dulbecco’s modified Eagle medium-
F12 (DMEM/F12, ThermoFisher) containing fibroblast 
growth factor 2 (FGF2, 10 ng/ml, PeproTech), N2 supple-
ment, Antibiotics-Antimycotics solution (100 units/ml 
of penicillin, 100 μg/ml of streptomycin, and 0.25 μg/ml 
of Amphotericin B, ThermoFisher) on dishes pre-coated 
with poly-L-ornithine (Sigma) and fibronectin (O/F-
coated dish) (ThermoFisher). N2 supplement contains 
insulin (25 μg/ml, Sigma), apo-transferrin (100 μg/ml, 
Sigma), putrescine (16 μg/ml, Sigma), progesterone (20 
nM, Sigma), selenite (30 nM, Sigma). To enrich NSPCs, 
the cells were incubated for 2 or 4 days in the presence 
of FGF2, then the cells were treated with HBSS and har-
vested by pipetting [17]. After re-plating, over 90 % of the 
cells were positive for the NSPCs marker nestin. Cells 
were cultured at 37 °C under normoxic (95% air, 5%  CO2 
(approximately 20%  O2)) or hypoxic (1%  O2, 94%  N2, 5% 
 CO2) conditions. For detection of apoptotic cells, the 
enriched NSPCs were cultured for one day in the N2 and 
FGF2 supplemented medium. Then the cells were cul-
tured for 4 days before fixation. For BrdU incorporation 
assay, 10 μM of BrdU (Sigma) and VEGF-A (10 ng/ml, R 
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& D systems) was administrated into culture medium 12 
hrs before fixation.

Preparation of conditioned medium (CM)
The dissociated cortical cells or the enriched NSPCs iso-
lated from E11.5 or E14.5 cerebral cortex were plated 
on O/F-coated 60 mm dishes (2 x  106 cells/ml in 5 ml 
medium). The attached cells were cultured under nor-
moxia or hypoxia for 2 days. The supernatant was har-
vested and filtered through 0.45 μm pore-size PVDF 
filter (Millipore) to remove cells and debris. The CM was 
stored under 4 °C before use.

Neurosphere assay
To form neurospheres, the cortical cells or enriched 
NSPCs were cultured at low density (1 x  104 cells/ml in 
4 ml medium) for 7 days on 60 mm dishes pre-coated 
with poly 2-hydroxyethyl methacrylate (poly-HEMA, 
Sigma) in N2-supplemented DMEM/F12 medium con-
taining FGF2 (10 ng/ml, PeproTech). FGF2 was admin-
istrated into culture medium every 2 days in the period 
of primary neurosphere formation. To investigate the 
VEGF-A effect on neurosphere formation, VEGF-A (10 
ng/ml) and/or SU1498 (700 nM, Merck-Millipore) was 
administrated in addition to FGF2. To form secondary 
neurospheres, primary neurospheres were harvested and 
dissociated by 0.25 % trypsin/PBS with 0.5 % glucose. 
The dissociated cells were plated in 60 mm dishes and 
cultured at low density (5 x  103 cells/ml in 4 ml medium) 
with FGF2 and epidermal growth factor (EGF, 10 ng/ml 
each, PeproTech) for 7 days. FGF2 and EGF were admin-
istrated into culture medium every 2 days in the period 
of secondary neurosphere formation. Neurospheres of 50 
μm diameter or larger were counted. At least three inde-
pendent dishes were counted. The neurosphere numbers 
tend to fluctuate even under the same culture condition. 
Thus, for the benefit of the readers, the actual neuro-
sphere number in each dish is provided in Figure S1, S7, 
S9 and S14. This probably arose from individual differ-
ence in each embryo in each set up experiment. However, 
the hypoxic effects were consistent in the identical lots. 
Thus, the ratio of neurosphere numbers to the control 
was calculated.

Reverse transcription‑PCR
Total RNA was prepared from enriched NSPCs derived 
from E14 cortices by using Isogen (Nippon gene). First-
strand cDNA was synthesized from total RNA by using 
Superscript III First-Strand Synthesis System (Ther-
moFisher). The PCR was performed using GoTaq Green 
Master Mix (Promega) with 21 (ß-actin), 24 (Vegf-A) and 
28 (Vegfr-1, Vegfr-2) cycles of denaturation at 94 °C for 
20 sec, annealing at 60 °C for 30 sec, and extension at 72 

°C for 45 sec. Specific primers were the following; Vegf-
A sense primer, 5’- caggctgctgtaacgatgaagc -3’; antisense 
primer, 5’- caccgccttggcttgtcaca -3’; Vegfr1 sense primer, 
5’- cggaaggaagacagctcatc -3’; antisense primer, 5’- cataca-
catgcacggaggtg -3’, Vegfr2 sense primer, 5’- ggtctttcggtgt-
gttgctc -3’; antisense primer, 5’- tctgtctggctgtcatctgg -3’, 
ß-actin sense primer, 5’- ccagggtgtgatggtgggaa -3’; anti-
sense primer, 5’- cagcctggatggctacgtaca -3’.

In situ hybridization
RNA probes were synthesized from 0.5 kbp of Vegf-A 
cDNAs (sequence was referred to NM_001025250.3). 
Briefly, Vegf-A cDNAs were amplified by PCR from 
mouse cDNAs by using the identical primer set used for 
reverse transcription-PCR. Vegf-A cDNAs were cloned 
into pBluescript II KS(+). Digoxigenin (DIG)-labeled 
antisense RNA probes of Vegf-A were synthesized by 
DIG RNA labeling kit (Roche). For in situ hybridization, 
RNA probes were hybridized at 65 °C for 16 hrs, and then 
brain sections were incubated with alkaline phosphatase-
conjugated anti-DIG antibody (Roche) overnight at 4 °C 
after blocking with Brocking Reagent (Roche). Probes 
were colored by 50 μg/ml of p-nitroblue tetrazolium 
chloride (NBT, Roche) and 175 μg/ml of 5-bromo-4-
chloro-3-indolyl phosphate (BCIP, Roche).

Immunostaining
Embryonic brains were fixed with 4 % paraformaldehyde 
overnight at 4 °C. The cells were fixed with 4 % paraform-
aldehyde for 20 minutes at room temperature. For immu-
nostaining and immunohistochemistry, cells or tissues 
were blocked with phosphate-buffered saline (PBS) con-
taining 10 % serum and 0.1 % Triton X-100 for over 30 
minutes and were incubated overnight at 4 °C with pri-
mary antibodies. For staining with anti-BrdU antibody, 
samples were treated with 2N HCl for 30 min at 37 °C to 
denature DNA after fixation. The samples were examined 
by epifluorescence after 60 min incubation with second-
ary antibodies at room temperature and washing. Cell 
nuclei were counterstained with Hoechst 33258 (Nacalai 
Tesque). Fluorescent images were obtained using IX70 
fluorescence microscope (Olympus) and 700 confo-
cal laser scanning microscope (Carl Zeiss). The follow-
ing primary antibodies were used: rat anti-BrdU (1:500, 
abcam, ab6326), rabbit anti-ß-tublin III (1:1000, BioLe-
gend, PRB-435P), mouse anti-nestin (1:1000, BD Biosci-
ence, 556309), rabbit anti-active Caspase-3 (1:1000, BD 
Bioscience, 559565), rabbit anti-Hif-1a (1:500, Nobus 
Biologicals, NB100-479), rabbit anti-GFAP (1:1000, 
DAKO Z0334), goat anti-Sox2 (1:500, R&D Systems, 
AF2018), mouse anti-NeuN clone A60 (1:500, Merck, 
MAB377). The following secondary antibodies were 
used: Alexa Fluor 488-conjugated goat anti-mouse IgG 
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(1:1000, ThermoFisher), Alexa Fluor 488-conjugated 
goat anti-rabbit IgG (1:1000, ThermoFisher), Alexa Fluor 
488-conjugated donkey anti-mouse IgG (1:1000, Ther-
moFisher), Alexa Fluor 546-conjugated goat anti-rabbit 
IgG (1:1000, ThermoFisher), Alexa Fluor 546-conjugated 
goat anti-rat IgG (1:1000, ThermoFisher), Alexa Fluor 
555-conjugated donkey anti-rabbit IgG (1:1000, Ther-
moFisher), Alexa Fluor 647-conjugated donkey anti-goat 
IgG (1:1000, ThermoFisher).

ELISA
VEGF-A content of culture medium was quantitated by 
using Mouse VEGF-A ELISA kit (R&D Systems). 450 
nm wavelength of the reaction solution was measured by 
iMARK microplate leader (BioRad).

Statistical analysis
Statistical differences were determined by Welch’s two-
sided t-test unless specifically indicated. In Figure  3A 
and Figure S10, one-sided test was also performed, since 
VEGF-A is supposed to exhibit unidirectional effect, 
which is enhancement but not suppression of neuro-
sphere formation, in the context of previous studies 
reporting contribution of VEGF-A to NSC proliferation 
and survival [18]. The asterisks indicate statistically sig-
nificant (*, p < 0.05; **, p < 0.01; ***, p < 0.001)

Results
Neurosphere formation of embryonic NSPCs is increased 
under the hypoxic condition.
To investigate the effect of hypoxia on embryonic 
NSPC characteristics, neurpsphere formation assay 
which reflects the presence of NSCs was performed 
under normoxia and hypoxia. Cortical cells were iso-
lated from E11.5 or E14.5 mouse forebrain and plated in 
non-adhesive dishes at a clonal density (< 10000 cells/
ml) [19, 20] to form neurospheres derived from single 

NSPCs. The cells were cultured for 7 days to form neu-
rospheres under the normal condition (20%  O2) or the 
hypoxic condition (1%  O2) (Fig.  1A). The hypoxic con-
dition increased neurosphere formation of cortical cells 
isolated from E14.5 brain. Representative photographs of 
neurospheres are shown in Figure 1B. Quantitative analy-
sis showed that 2.90-fold increase in neurosphere forma-
tion was observed under the hypoxia, compared with the 
normoxia (Fig.  1C, S1A), suggesting that more NSPCs 
are maintained in hypoxia than normoxia. To confirm 
this notion, embryonic cortical cells were exposed under 
the hypoxic condition for 2 days before neurosphere for-
mation period, then neurospheres were formed under 
the conventional normal condition (Fig.  1D). As shown 
in Figure  1E and S1B the 2-day hypoxia-exposed cells 
formed 1.80-fold larger number of neurospheres com-
pared to the control, suggesting that hypoxia exposed 
NSPCs had been already expanded more at the start 
point of the neurosphere formation culture compared 
to the normoxia control. To determine whether this 
phenomenon is NSPC-autonomous or is dependent 
on the surrounding cells, cortical cells isolated from 
E14.5 brains were stained for NSPC marker nestin and 
neuronal marker Tuj1 after 2-day culture under the 
normoxia or hypoxia. As shown in upper panels of Fig-
ure  1F, nestin-positive NSPCs as well as neurons were 
observed. To exclude the possibility that factors secreted 
from neurons might contribute to NSPC stemness main-
tenance, we enriched NSPCs for 4 days in the presence 
of FGF2 and then the NSPCs were replated by pipetting 
to remove neurons before neurosphere assay. Four days 
after enrichment, the cells were replated, then the cells 
were further cultured for 2 days under the normoxia or 
hypoxia. Approximately 30 % each of nestin-positive 
cells and Tuj1-positive cells were observed after the 
2-day culture of cortical cells, while approximately 80 % 
nestin-positive cells and approximate 3 % Tuj1-positive 

Fig. 1 Neurosphere formation is enhanced under hypoxic condition compared to normoxic condition. A Experimental procedure of (B)-(C). 
B Microphotographs of neurospheres formed from E14.5 cortical cells under the normoxic or the hypoxic condition. Scale bar = 200 μm. C 
Quantification of neurosphere formation in E14.5 cortical cells under the normoxic or the hypoxic condition. The data is shown relative value of 
neurosphere numbers of hypoxic condition based on control value 100. The neurosphere number under the hypoxic condition was increased five 
times compared to under the normoxic condition (mean ± SEM, n = 5, *** p = 0.0000642). D Experimental procedure of (E). Cortical cells isolated 
from E14.5 brain were pre-incubated for 2 days under the normoxic or the hypoxic condition before the neurosphere formation period of the 
normal conventional condition. E Quantification of neurospheres after pretreatment of hypoxia in the first 2 div (mean ± SEM, n = 3, * p = 0.044). 
F Immunofluorescence staining of E14.5 mouse cortical cells (upper panels) and enriched NSPCs (lower panels). The cortical cells were cultured for 
2 days in the presence of FGF2 under the normoxic or the hypoxic condition after the cells were isolated from E14.5 cortex (see the CM preparation 
in Fig. 2A). The enriched NSPCs were obtained by 2-day culture in the presence of FGF2 under the normoxic and the hypoxic conditions after 4-day 
culture of cortical cells under the conventional normal condition and replating (see the CM preparation in Fig. 2C). Not only nestin-positive NSPCs 
but also Tuj1-positive neurons were observed in the cortical cell culture, while most of the cells were NSPCs after the enrichment. Scale bar = 100 
μm. G Experimental procedure of (H). H Neurospheres were formed from enriched E11.5 brain derived and E14.5 brain derived NSPCs. Scale bar = 
200 μm. I, J Quantification of E11.5 NSPCs derived (I, mean ± SEM, n = 3, * p = 0.0120) and E14.5 NSPCs derived neurospheres (J, mean ± SEM, n = 
4, * p = 0.0432). K Experimental procedure of (L). E14.5 enriched NSPCs were cultured for 7 days to form primary neurospheres under the normoxic 
or the hypoxic condition. Then, the primary neurospheres were scattered and re-plated to form secondary neurospheres under the normoxic 
condition. L Quantification of the secondary neurospheres (mean ± SEM, n = 3)

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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cells were observed after the 4-day enrichment culture 
and the replating (Fig.  1F, S2). In addition, GFAP-posi-
tive astrocytes were hardly observed in the conditions 
unless GFAP-expression was induced by LIF and BMP2 
administration [21] (Fig. S3). These results suggest dra-
matic enrichment of NSPCs by the 4-day culture and the 
replating as compared with the cortical cell culture. We 
also used NSPCs isolated from brains at E11.5 that is a 
stage when the vascular network is more immature than 
at E14.5. Using enriched NSPCs from E11.5 and E14.5 
cortical cells, neurosphere formation assay was per-
formed under the normal or hypoxic condition (Fig. 1G). 
Hypoxia increased neurosphere formation of enriched 
NSPCs isolated from both stages (Fig. 1H for representa-
tive photographs, 1I, S1C; 1J, S1D for quantification). The 
distribution of neurosphere size appears to be not much 
different between normoxia and hypoxia (Fig. S4A). Of 
note, the hypoxic condition strongly increased the num-
ber of neurospheres of diameters of both smaller and 
larger than 50 μm (Fig. S4B). In this assay, we set the cut 
off value of the neurosphere diameter at 50 μm to exclude 
spheres and clusters derived probably from non-NSPCs 
[20] so that the assay appropriately detects the effect of 
the hypoxic condition on NSPCs. These data suggest that 
hypoxia most likely acts to enhance stemness of NSPC 
in a cell-autonomous manner either by a cell-intrinsic 
mechanism or through an autocrine fashion. Of note, 
increase rate of E11.5 neurosphere formation (8.22-fold) 
was higher than that of the E14.5 one (2.09-fold), suggest-
ing that younger NSPCs are accommodated to hypoxic 
condition, possibly due to immature vascular network. 
With the enriched NSPCs, secondary neurosphere 
assay was performed, in which the NSPCs were sub-
jected to primary neurosphere culture under normoxia 
and hypoxia, and then to secondary neurosphere cul-
ture under the conventional normal condition (Fig. 1K). 
Statistically equivalent numbers of neurospheres were 
observed in the secondary assay (Fig.  1L, S1E). Since 
NSPCs can maintain undifferentiated status for long term 
in neurosphere state [22], the secondary neurosphere 
assay is ordinary performed to evaluate the presence of 
NSPCs, or in other words, the self-renewal capacity of 
the cultured NSPCs. Therefore, since the almost equiva-
lent numbers of secondary neurospheres were detected 
in Figure 1L, it is indicated that the dramatic increase in 
the neurosphere numbers under hypoxia in Figure  1C, 
E, I, and J highly probably reflects the enhancing effect 
of hypoxia on NSPC stemness. In agreement with this 
notion, the hypoxic condition significantly hindered 
NSPCs to differentiate into NeuN-positive neurons com-
pared to the normoxic condition (Fig. S5). These results 
support the idea that hypoxic condition contributes to 
maintenance of undifferentiated status of NSPCs.

NSPCs secret autocrine factor(s) for their maintenance 
under hypoxia.
Next, to examine whether the NSPC-autonomous 
increase in neurosphere formation under the hypoxic 
condition is mediated by a cell-intrinsic mechanism or 
through an autocrine fashion, we first tested CM of E14.5 
cortical cell culture under hypoxia. As illustrated in Fig-
ure 2A, enriched E14.5 NSPCs were subjected to 7-day-
neurosphere cultures with the normoxic- or the hypoxic 
CM. The hypoxic CM led to the 1.50-fold increase in the 
neurosphere number (Fig.  2B, S6, S7A). This effect was 
not observed by the medium treated by hypoxia for 2 days 
in the absence of cells (Fig. S8), excluding the possibility 
that hypoxia-treated medium component(s) enhanced 
neurosphere formation. Because not only NSPCs but also 
neurons are present in the cortical cell culture (Fig.  1F, 
S2A), we then prepared CM of enriched NSPCs that were 
cultured under the normoxia or the hypoxia for 2 days 
(Fig. 2C, S2B). The ratio of NSPCs and that of neurons to 
the total cells were comparable and not statistically dif-
ferent between the normoxic and the hypoxic cultures. 
As shown in Figure  2D, E, and S7B the CM prepared 
from the enriched NSPC hypoxic culture increased the 
neurosphere number by 2.07-fold compared to the nor-
moxic control. Of note, a 1.50-fold increase in the neu-
rosphere number by the CM prepared from the cortical 
cell culture that included approximate 70 % of the cells 
other than NSPCs were observed, while the CM prepared 
from the enriched NSPC culture that included approxi-
mate 80 % of the NSPCs led to the 2.07-fold increase. 
Therefore, these results strongly suggest that, under the 
hypoxic condition, factor(s) which enhance(s) neuro-
sphere formation is mainly secreted from NSPCs. Taken 
together, NSPCs under hypoxia adapt by secreting effec-
tive factor(s) to maintain themselves.

VEGF‑A secreted from NSPCs in hypoxia contributes 
to their maintenance.
We focused on VEGF as a candidate to maintain NSPCs 
since the Vegf gene is an important transcriptional tar-
get of HIF-1 (hypoxia inducible factor 1) alpha (Hif-1a) 
that is stabilized under hypoxic conditions [23]. Thus, 
various concentrations of VEGF-A were added to the 
enriched E14.5 NSPC neurosphere formation culture. 
Neurosphere formation was increased by VEGF-A in a 
dose dependent manner, which reached a plateau at 2.5 
ng/ml (Fig.  3A, S9A). Increase in neurosphere number 
by administration of VEGF-A was also observed with 
enriched E11.5 NSPCs (Fig. S10). 0.7 μM of SU1498, a 
selective inhibitor of VEGF receptor 2 (VEGFR2) tyros-
ine kinase efficiently diminished the increase in the neu-
rosphere number by VEGF-A (Fig. 3B, S9B, S11). SU1498 
did not affect neurosphere number under the normoxic 
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condition (Fig. 3C, S9C), suggesting that increase in neu-
rosphere formation is due to up-regulation of VEGF-A 
signaling by VEGF-A secretion from NSPCs.

Next, to investigate whether Vegf-A expression is up-
regulated under the hypoxic condition, 4-day enriched 
NSPCs were incubated under the hypoxic condition for 
6 hrs and Vegf-A mRNA expression was analyzed by RT-
PCR. Vegf-A expression was considerably up-regulated 
under the hypoxic condition in both NSPCs isolated 
from E11.5 and 14.5 cortex (Fig. 3D. F). Vegfr1 expression 
was also up-regulated under the hypoxic condition, but 
Vegfr2 was not (Fig. 3D, F). To confirm these results at the 

protein level, VEGF-A protein secreted from NSPCs into 
the culture medium was determined by enzyme linked 
immunosorbent assay (ELISA). After 2-day incubation, 
the VEGF-A protein level was 6.65-fold upregulated in 
the CM of the hypoxic culture of enriched NSPCs from 
E11.5 cortex (Fig. 3E; Normoxic CM, 165 ± 3.65 pg/ml; 
Hypoxic CM, 1098 ± 127 pg/ml) and 9.12-fold upregu-
lated in the CM from E14.5 NSPC culture (Fig. 3G; Nor-
moxic CM, 184 ± 32.6 pg/ml; Hypoxic CM, 1678 ± 194 
pg/ml). Of note, the VEGF-A protein level in the E14.5 
NSPC culture medium under the hypoxic condition 
tended to be higher than that in the E11.5 NSPC culture 

Fig. 2. NSPCs secret factor(s) enhancing neurosphere formation in an autocrine manner under hypoxic condition. A Experimental procedure of 
(B). The CM was harvested from E14.5 cortical cell culture for 2 days under the normoxic or the hypoxic condition. Neurosphere formation derived 
from E14.5 enriched NSPCs was performed under the conventional normal condition with CM. B Quantification of the neurospheres formed under 
the CM (mean ± SEM, n = 4, * p = 0.0355). C Experimental procedure of (D)-(E). The CM was harvested from enriched NSPC culture for 2 days 
under the normoxic or the hypoxic condition. Enriched NSPCs was cultured under the CM from the normal  O2 atmosphere. D Microphotographs 
of neurospheres formed under the CM from the normoxic or the hypoxic enriched NSPC culture. Scale bar = 200 μm. E Quantification of the 
neurospheres formed under the normoxic or the hypoxic CM (mean ± SEM, n = 3, * p = 0.0270).
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medium under the hypoxic condition, although statisti-
cal difference was not observed (p = 0.07434, Fig. 3E, G, 
S13). In contrast, the increase rate of neurosphere for-
mation under the hypoxic condition compared to the 
normoxic condition was significantly and much higher 

in E11.5 derived enriched NSPCs compared to E14 
(Increase rate was 8.37 ± 0.667 in E11.5 NSPC culture 
(Fig.  1I) and 2.34 ± 0.344 in E14.5 (Fig.  1J), which was 
statistically significant (p = 0.00734)). Therefore, respon-
siveness to VEGF-A may depend on the developmental 

Fig. 3. VEGF-A is secreted from NSPCs and enhances neurosphere formation under hypoxic condition. A Quantification of neurospheres from 
NSPCs by administration of VEGF-A (mean ± SEM, n = 3, ** p = 0.00754, * p = 0.0436, (a p = 0.00377, b p = 0.0305, c p = 0.0218, d p = 0.0473 to 
the control in the case of one-sided test)). B Quantification of neurospheres from NSPCs by administration of 10 ng/ml of VEGF-A and 700 nM of 
VEGFR2 inhibitor, SU1498 (mean ± SEM, n = 3, a p = 0.00555, b p = 0.00695). The equivalent volume of DMSO which was used as solvent of SU1498 
was administrated in the control. C Neurosphere formation from enriched E14.5 NSPCs in the presence of SU1498 (700 nM) under the normoxic 
condition. D VEGF-A gene expression in NSPCs isolated from E11.5 brain under the hypoxic condition was analyzed by semi-quantitative reverse 
transcription-PCR. The gel images were cropped and the full-length gel images were shown in Fig. S12A. E Measurement of VEGF-A in the E11.5 
NSPC culture under the normoxic or the hypoxic condition by ELISA (mean ± SEM, n = 4, ** p = 0.002858). Each black dot indicates the VEGF-A 
values in each sample. F VEGF-A gene expression in NSPCs isolated from E14.5 brain under the hypoxic condition was analyzed by semi-quantitative 
reverse transcription-PCR. The gel images were cropped and the full-length gel images were shown in Fig. S12B, C. The gel image of VEGF-A was 
inverted horizontally. G Measurement of VEGF-A in the E14.5 NSPC culture under the normoxic or the hypoxic conditions by ELISA (mean ± SEM, 
n = 3, * p = 0.01448). H Quantification of neurospheres of NSPCs formed in the hypoxic neurosphere formation culture supplemented with or 
without SU1498 (mean ± SEM, n = 4, * p = 0.0482). I Quantification of neurospheres of NSPCs formed in the conventional normoxic neurosphere 
formation culture with the hypoxic NSPC CM, supplemented with or without SU1498 (mean ± SEM, n = 4, * p = 0.0107)
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stages, or factor(s) in addition to VEGF-A may also con-
tribute to NSPC maintenance. Next, to examine VEGF-
A protein secreted from NSPCs contributes to NSPC 
maintenance, neurosphere assay was performed under 
the hypoxic condition or the hypoxic CM, supplemented 
with or without the VEGFR-2 inhibitor SU1498 [24]. 
Neurosphere number was decreased by SU1498 under 
the hypoxic sphere-forming culture condition (Fig.  3H 
and S9D) and also under the normoxic sphere-forming 
culture condition with hypoxic CM (Fig.  3I and S9E). 
Together, these results suggest that at least VEGF-A is 
one of the factors that contributes to NSPC maintenance 
in an autocrine manner under the hypoxic condition.

Younger NSPCs secret more effective factors under hypoxic 
condition.
As shown earlier in this article, neurosphere formation 
under the hypoxic condition was increased to a greater 
extent in NSPCs of E11.5 than E14.5 (Fig. 1I, J; 6.75-fold 
and 2.09-fold), suggesting that younger NSPCs secret 
more effective factor(s) and/or have greater ability to 
respond to such factor(s) higher than older NSPCs. To 
investigate this hypothesis, neurospheres were formed 
from E11.5 or E14.5 cortex-derived enriched NSPCs 
under the CM collected from cultures of enriched E11.5 
or E14.5 NSPCs. In the case of neurospheres formed from 
E11.5 cortex-derived enriched NSPCs (Fig.  4A, S14A), 
the CM from hypoxic-culture of E11.5 cortex-derived 
enriched NSPCs more dramatically increased neuro-
spheres than that from enriched E14.5 NSPCs. Likewise, 
in the neurospheres derived from E14.5 enriched NSPCs 
(Fig. 4B, S14B), a similar tendency was observed in which 

the hypoxic CM collected from E11.5 cortex-derived 
enriched NSPCs was more effective than that of E14.5, 
but it was not statistically different. These results suggest 
that younger NSPCs secret more effective factor(s) under 
the hypoxic condition for the maintenance of themselves 
effectively.

VEGF‑A suppresses NSPC apoptosis and induces their 
growth
We next investigated the effect of VEGF-A on apoptosis 
and proliferation of NSPCs. NSPCs derived from E14.5 
cortex were cultured for 4 days in the presence of VEGF-
A (10 ng/ml), and active caspase-3 immunoreactivity 
was analyzed (Fig.  5A). The ratio of the active caspase-
positive apoptotic cells was significantly decreased by 
VEGF-A treatment (Fig. 5B, Caspase-3-positive cell ratio 
to control, 19.5 ± 1.87; VEGF, 11.6 ± 1.42). Since cells 
double positive for active caspase-3 and Sox2 (an NSPC 
marker) were also suppressed by VEGF-A administration 
(Fig. S15), VEGF-A is suggested to protect NSPCs from 
apoptosis in the culture condition. Conversely, BrdU 
uptake was increased after treatment of VEGF-A for 
12 hrs (Fig.  5C, BrdU-positive cell ratio to control, 16.3 
± 1.28; VEGF, 20.3 ± 0.779). These results suggest that 
VEGF-A contributes to NSPC maintenance by anti-apop-
totic effect and encouragement of NSPC proliferation.

VEGF‑A and Hif‑1a are expressed in the VZ where NSPCs 
exist in the developing brain
Next, to investigate whether VEGF-A is localized in the 
VZ where NSPCs reside, Vegf-A gene expression was 
detected in the developing brain by in situ hybridization. 

Fig. 4. Hypoxic CM from younger NSPCs effectively enhance neurosphere formation. A Neurosphere assay of enriched E11.5 NSPCs under 
the normoxic or hypoxic CM prepared from enriched E11.5 or E14.5 NSPCs. (mean ± SEM, n = 3, a p = 0.00537, b p = 0.00983, c p = 0.00653). B 
Neurosphere assay of enriched E14.5 NSPCs under the normoxic or hypoxic CM prepared from enriched E11.5 or E14.5 NSPCs. (mean ± SEM, n = 3, 
a p = 0.0246, b p = 0.0262, c p = 0.0847).
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Vegf-A mRNA was observed in the VZ in both E11.5 and 
14.5 brain (Fig. 6A, B). In addition, Hif-1a protein that is 
stabilized under the hypoxic condition and positively reg-
ulates Vegf-A expression was expressed and localized in 
nucleus of cells in the VZ where NSPCs are confined and 
abundantly present at developmental stages (Fig.  6C). 
Since the VZ is relatively hypoxic [25, 26], these data sug-
gest that the hypoxic condition in the VZ makes NSPCs 
execute self-maintenance strategies involving VEGF-A 
expression by stabilized Hif-1a.

Discussion
NSPC maintenance and fate determination are gov-
erned by cell-intrinsic programs like epigenetic regula-
tion as well as extracellular signaling by cytokines and 
cell-cell contact such as Notch signaling. Adult NSPCs 
in the DG of hippocampus or the SVZ of lateral ventricle 
are surrounded by various cell types such as endothelial 
cells and pericytes of blood vessels, astrocytes, neurons, 
microglia, and ependymal cells. These cells constitute 
stem cell niche to maintain and regulate survival and dif-
ferentiation of NSPCs by direct cell-cell contact or via 
soluble mediators including nutrients [27–29]. While 
in the developing brain, VZ where NSPCs are confined 
is occupied by mostly NSPCs and limited types of cells 
exist in the developing brain compared to adult brain. 
Cytokines from cerebrospinal fluid and Notch-Hes sign-
aling by cell-cell contact are crucial factors to regulate 

NSPC maintenance and fate determination in the devel-
oping brain [30, 31]. Notch signaling is up-regulated and 
collaborates with Hif-1a to promote downstream gene 
expression such as Hes and Hey genes under hypoxia as 
reported in cancer cells [7, 32]. Therefore Notch signaling 
in hypoxia might also contribute to NSPC maintenance 
under hypoxia. Our current study provide a novel mech-
anism of maintenance of NSPCs in the embryonic stages, 
that is NSPCs themselves constitute stem cell niche 
under hypoxic conditions through an autocrine fashion 
by secretion of VEGF-A in the circumstance of embry-
onic NSPCs surrounded by limited cell types.

In the present study, we propose that embryonic brain 
forms stem cell niche, which is mainly consist of NSPCs 
and is different from that of adult brain comprising vari-
ous cell types and hypoxia contributes to maintenance 
of NSPCs via VEGF-A secretion from themselves. In 
two major neurogenic regions of adult brain, i.e., SVZ 
in the lateral ventricular wall and SGZ in the DG of hip-
pocampus, it was reported that VEGF-A contributes to 
maintenance of NSPCs and support adult neurogenesis 
[18, 33]. In this study, CM was from the culture of neu-
rospheres derived from ventricular wall cells of adult 
brain. Neurospheres are formed from single NSPCs but 
grown neurospheres are composed of various cell types, 
not only NSPCs but also neurons and astrocytes. Only 
0.16% of NSCs are estimated in neurospheres [34], and 
another report estimates that 9% of neurosphere forming 

Fig. 5. VEGF-A suppresses NSPC apoptosis while promotes NSPC growth. A Detection of apoptotic (upper panels) and proliferated (lower panels) 
NSPCs derived from E14.5 cortex in the absence or the presence of 10 ng/ml of VEGF-A under the normoxic condition. Scale bar = 100 μm. B 
Quantification of apoptotic NSPCs (mean ± SEM, n = 4, * p = 0.028). Each black dot indicates the ratio of apoptotic NSPCs in each sample. C 
Quantification of proliferated NSPCs (mean ± SEM, n = 3, * p = 0.049). Each black dot indicates the ratio of BrdU incorporated NSPCs in each 
sample.
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cells are capable of forming neurospheres in the culture 
medium with appropriate neurosphere-CM suitable 
for the maintenance of NSCs [35, 36]. Therefore, in the 
reports [18, 33], VEGF-A may be secreted from not only 
adult NSCs but also various cell types, such as neurons 
and glial cells. In addition, since adult NSPCs are minor-
ity population in the SVZ and SGZ, it is uncertain how 
VEGF-A derived from adult NSPCs contributes to their 
maintenance. In agreement with this observation, up to 
two-thirds of VEGF expressed in the DG remains after 
NSPC-specific knockdown [33]. On the other hand, we 
harvested the CM from the enriched nestin-positive 
NSPC culture for short period that is insufficient for dif-
ferentiation from NSPCs to neurons or astrocytes (see 
Fig. 1F, S2 for their purity). In addition, astrocyte differ-
entiation is not observed in our NSPC culture condition 

unless exogenous both BMP2 and LIF are administrated 
[21]. Thus, our data strongly suggest that VEGF-A in the 
CM is mainly derived from NSPCs. Besides, our results 
suggest that an autocrine fashion of VEGF-A secreted 
from NSPCs is a crucial mechanism for NSPC main-
tenance in the hypoxic niche at developmental stages. 
Exogenous VEGF-A induced 1.8-fold increase in the 
neurosphere number at most (Fig.  3A). Of note, 2.09-
fold increase in neurospheres was observed under the 
hypoxic condition (Fig.  1J), but the number of neur-
spheres under the hypoxic condition was decreased only 
by 30% by SU1498 (Fig.  3B). Therefore, it is considered 
that factors other than VEGF-A may also be involved in 
NSPC maintenance under hypoxic conditions. Such fac-
tors may possibly include chondroitin sulfate proteo-
glycans secreted from NSPCs [36, 37], and might also 

Fig. 6. VEGF-A is expressed in the VZ where NSPCs are confined in the developing cortex. A Vegf-A mRNA expression in the E11.5 and 14.5 brain 
was detected by in situ hybridization. Right panels indicate magnification of boxed area. Scale bar = 50 μm. B Sense probe was used as negative 
control. Right panels indicate magnification of boxed area. Scale bar = 50 μm. C Immunohistochemistry by anti-Hif-1a antibody in the E14.5 cortex. 
The center and right panels indicate magnification of boxed area in the left panel. The center panel shows single color image of Hif1-a. Scale bar = 
50 μm. LV, lateral ventricle.
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include factors derived from residual neurons present in 
the enriched NSPCs (Fig. 1I, J). FGF2 can be such a factor 
and partly comprises the hypoxic niche in an autocrine 
manner, since its expression is observed in the ventricu-
lar zone at the developmental stages [38], and a putative 
regulatory region of Hif-1 exists in the FGF2 promoter 
[39]. In this relation, HB-EGF secreted from neurons 
was reported to contribute to the NSPC maintenance 
[40]. In addition, CM from E11 NSPC culture were more 
effective on neurosphere formation than that from E14 
NSPC culture (Fig.  4), suggesting that younger NSPCs 
secrete more kinds or amounts of factors contributing 
to the self-maintenance of NSPCs in addition to VEGF-
A under hypoxic conditions. Moreno et  al. examined 
the gene expression profile in the cultured NSCs derived 
from embryonic mouse cortical cells under the hypoxia 
[41]. In this study, VEGF-A is dominantly upregulated 
by the hypoxia among cytokines, suggesting that VEGF-
A is the most abundantly expressed cytokine in NSPCs 
under hypoxic condition. However, Moreno et al. do not 
mention functional relevance and significance of VEGF-
A for NSPC maintenance. Thus, as a cytokine, VEGF-A 
secreted from NSPCs is most likely involved in NSPC 
maintenance in an autocrine fashion under hypoxia as 
we for the first time propose in the current study. As we 
discussed above, the different effects of CM from E11 
NSPCs and E14 NSPCs on neurosphere formation could 
not be explained in the VEGF-A expression alone, there-
fore, further studies are necessary to discover secretory 
factors regulating NSPC self-maintenance under hypoxic 
conditions.

In this study, we used SU1498 to suppress VEGF signal-
ing. Among VEGFs, VEGF-A mainly plays a role in nerv-
ous systems, and VEGFR-1 and VEGFR-2 are receptor 
for VEGF-A [42]. SU1498 is a specific and potent inhibi-
tor against VEGFR-2 [24, 43]. Based on our results, VEGF 
signaling via VEGFR-2 is considered to play a crucial role 
in the maintenance of NSPCs. Supporting our results, 
VEGF signaling via VEGFR-2 but not via VEGFR-1 pro-
motes growth of glioblastoma cells that possess NSC-like 
character, and VEGFR-1 has a negative feedback effect 
on VEGF signaling via VEGFR-2 [44]. Furthermore, 
VEGFR-1 is not expressed in rat adult NSCs even under 
hypoxic conditions or presence of VEGF [45]. Taken 
together, we could not deny contribution of VEGFR-1 to 
NSPC maintenance because VEGFR-1 expression was 
observed in cultured NSPCs under the hypoxic condi-
tion, but VEGF-A-VEGFR-2 signaling is mainly con-
sidered to contribute to maintenance of NSPCs under 
hypoxic conditions primarily.

Our current in  vitro findings provide important con-
cept in understanding development of the brain in con-
sideration of blood vessels. In the developing brain at 

around E10 pial vessels and periventricular vessels are 
first constructed and invade into dorsal telencephalon 
a little before formation of pial vascular plexus. Arte-
rial blood vessels are thought to be originated from sub-
ventricular vascular plexus [46, 47], and vasculature of 
germinal zone is sprouted from it. However, only fine 
filopodia from subventricular vascular plexus vascula-
ture extended to germinal zone in hindbrain and cortex 
at embryonic stages [26, 48]. Furthermore, oxygen con-
sumption of actively dividing NSPCs is thought to be 
greater than that of postmitotic cells. In agreement with 
these notions, Hif-1a, stabilized under hypoxic condi-
tions, is strongly expressed in the VZ where NSPCs are 
confined at the embryonic stages. We tried to identify 
hypoxic areas of developing cortex by using Hypoxy-
probe (pimonidazole) [49] that can detect hypoxic tissue 
visibly by immunohistochemistry, however the signal of 
Hypoxyprobe was not observed. Since Hypoxyprobe-
protein adducts are formed under 10 mmHg of  pO2, VZ 
might not be under such conditions at E14. Supporting 
this observation, signal of Hypoxyprobe can be detected 
in VZ at E12 or E13.5 but not at E14 [25, 26]. Based on 
Hif-1a expression, hypoxic conditions of VZ at E14 is 
relatively mild and Hypoxyprobe may not recognize 
such conditions, but the hypoxic condition in VZ at E14 
is enough to stabilize Hif-1a. Therefore, hypoxic condi-
tions stabilize Hif-1a and it induces confined expression 
of VEGF-A in the VZ. Consistently, VEGF and VEGFR2 
are highly expressed in the VZ in human embryonic 
brain [50, 51], suggesting that VEGF-A derived from 
NSPCs effectively contribute to maintenance of NSPC 
themselves. Besides, Hif-1a is also stabilized on the api-
cal side of cortex, i.e. VZ, in the midgestation (Fig. 6C). 
Strong expression of Hif-1a in meninges probably reflect 
local hypoxia in the developing cortex [52]. Deficiency of 
neuron-derived VEGF-A impairs brain formation includ-
ing vasculature after neonate [53], suggesting that neu-
ronal VEGF-A contributes to cortical and hippocampal 
development. Considering that VEGF-A derived from 
NSPCs is secreted to the vicinity of themselves as tar-
gets, it is reasonable to think that such VEGF-A predomi-
nantly contributes to NSPC maintenance. Furthermore, 
when VEGF-A was conditionally knocked out by nestin 
promoter-driven Cre recombinase, disruption of VZ was 
observed due to severe defect of vasculature [52]. In that 
study (ref. 52), neuronal degeneration is observed in the 
VEGF-A conditional KO cortex. However it is difficult 
to distinguish direct or indirect (via vascular formation) 
effects on NSPCs and neurons. Our current in vitro study 
strongly indicates that VEGF-A secretion from NSPCs 
is induced by hypoxic conditions in the VZ of develop-
ing brain and such VEGF-A directly acts on NSPC main-
tenance in an autocrine fashion, thus constructing the 
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NSPC niche by themselves. In addition, VEGF-A derived 
from NSPCs as well as neurons possibly contributes to 
formation of vascularization in the VZ at the developing 
stages when vascular network is incomplete.

Conclusions
In the developing cortex, NSPCs are confined to the 
VZ and exposed to hypoxic conditions. In our cur-
rent in  vitro study, the hypoxic conditions dramatically 
increased the formation of neurospheres compared to 
normoxic conditions and it was partly due to secretion of 
VEGF-A from NSPCs. These results suggest that NSPCs 
themselves contribute to NSPC maintenance via VEGF-
A in an autocrine manner under hypoxic conditions at 
the embryonic stages. In other words, NSPCs them-
selves are one of the crucial players in the NSPC niche 
in the developing brain in which hypoxic conditions are 
formed in the VZ owing to insufficient vasculature and 
due to immaturity of vascular and glial cells composing 
NSPC niche. Although unidentified autocrine factors in 
addition to VEGF-A are remained to be revealed, we at 
least in part uncovered the self-organization of hypoxic 
niche by NSPCs. This study will help to elucidate not only 
mechanisms underlying not only NSPC maintenance but 
also vascular formation in the brain at the embryonic 
stages since VEGF-A is an important factor for vascula-
ture development.
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Additional file 1: Figure S1. (related to Fig. 1C, E, I, J and L) The individual 
numbers of neurospheres in each experiment. The vertical axes indicate 
neurosphere number per one dish. The different marks indicate the dif-
ferent individual NSPC lots. The effects of hypoxia are consistent across 
experiments. A, related to Fig. 1C, n = 5. B, related to Fig. 1E, n = 3. C, 
related to Fig. 1I, n = 3. D, related to Fig. 1J, n = 4. E, related to Fig 1L, n = 
3. Mean ± SEM

Additional file 2: Figure S2. (related to Fig. 1F) Ratio of NSPCs and 
neurons to total cells in the 2-day cultures of freshly isolated cortical 
cells and enriched NSPCs. A, Freshly isolated cortical cells were cultured 

for 2 days under the normoxic or the hypoxic condition.  Nestin+ NSPCs 
and  Tuj1+ neurons were observed at approximately the same percent-
age (30%) under either condition. Mean ± SEM, n = 3 (The 651 cells in 
the control and the 655 cells in the hypoxia was counted in total.). B, 
Four-day enriched NSPCs were cultured for 2 days under the normoxic 
or the hypoxic condition. The ratio of  nestin+ NSPCs to the total number 
of cells under each condition was comparable (approximately 80 %). The 
percentage of  Tuj1+ neurons under each condition was also comparable 
(approximately 3 %). Mean ± SEM, n = 3 (The 1080 cells in the control and 
the 955 cells in the hypoxia was counted in total.)

Additional file 3: Figure S3. (related to Fig. 1F) GFAP expression in the 
enriched NSPC culture. The enriched NSPCs were cultured for 2-days in 
the presence of FGF2 under the normoxia or hypoxia. The cells cultured 
with LIF (80 ng/ml, ESGRO LIF, Merck ESG1106) and BMP2 (80 ng/ml, R&D 
Systems, 355-BM) under the normoxia was used as positive control for 
GFAP expression. Scale bar = 100 μm

Additional file 4: Figure S4. Classification of neurosphere diameter 
(related to Figure 1J). The neurospheres were formed from the enriched 
NSPCs derived from E14 cerebral cortex. The 1,489 neurospheres under 
the normoxia and the 4,474 neurospheres under the hypoxia were 
measured. (A) Neurospheres with diameters smaller than 50 μm and 
those with diameters of 50 μm or larger were counted separately. (B) The 
ratio of neurospheres with diameters smaller than 50 μm and those with 
diameters of 50 μm or larger

Additional file 5: Figure S5. Expression of markers for NSPC and neu-
rons in the NSPC culture. The enriched NSPCs derived from E14 cerebral 
cortex were cultured for one day in the N2 and FGF2 supplemented 
medium. Then the cells were cultured for 4 days under normoxia or 
hypoxia.  NeuN+ neurons were significantly decreased by the hypoxic 
condition (Mean ± SEM, n = 4, *** p = 0.00028. The 3,641 cells in nor-
moxia group and the 3,760 cells in hypoxia group were counted in total). 
Scale bar = 100 μm

Additional file 6: Figure S6. (related to Fig. 2B) Representative micropho-
tographs of neurospheres derived from enriched E14.5 NSPCs. NSPCs were 
cultured under the conditioned medium collected from normoxic- or 
hypoxic cortical cell culture. Scale bar = 200 μm

Additional file 7: Figure S7. (related to Fig. 2B and E) Neurosphere num-
ber in each samples. The vertical axes indicate neurosphere number per 
one dish. The different marks indicate the different individual NSPC lots. A, 
related to Fig. 2B, n = 4. B, related to Fig. 2E, n = 3. Mean ± SEM

Additional file 8: Figure S8. (related to Fig. 2B) Neurosphere formation 
from enriched E14.5 NSPCs under the conditioned medium prepared from 
the absence cell culture. The medium component was not affected by 
hypoxic condition regarding neurosphere formation. Mean ± SEM, n = 3

Additional file 9: Figure S9. (related to Fig. 3A, B, C, H and I) The number 
of neurospheres in each samples. The vertical axes indicate neurosphere 
number per one dish. The different marks indicate the different individual 
NSPC lots. A, related to Fig. 3A, n = 3. B, related to Fig. 3B, n = 4. C, related 
to Fig. 3C, n = 3. D, related to Fig. 3H, n = 4. E, related to Fig. 3I, n = 4. 
Mean ± SEM

Additional file 10: Figure S10. (related to Fig. 3A) Quantification of 
neurospheres from E11.5 NSPCs by administration of VEGF-A. Neurosphere 
formation from enriched E11.5 NSPCs was enhanced by exogenous 
VEGF-A like as the case of E14.5 NSPCs. Mean ± SEM, n = 3, * p = 0.017 by 
one-sided test, p = 0.059 by two-sided test

Additional file 11: Figure S11. (related to Fig. 3B) Effect of SU1498 on 
neurosphere formation in the presence of VEGF-A. Mean ± SEM, n = 4 in 
0, 0.35, and 0.7 μM of SU1498; n = 3 in 1.4 and 2.8 μM of SU1498; n = 2 in 
0.175 μM of SU1498; a p = 0.0055, b p = 0.063, c p = 0.0070, d p = 0.0027, e 
p = 0.015, f p = 0.043

Additional file 12: Figure S12. Full-length gel images of Fig. 3D, F. A. 
Full-length gel image of Fig. 3D. B, C. Full-length gel image of Fig. 3F. The 
yellow dotted squares indicate the cropped area. The VEGF-A gel image 
of B was inverted horizontally in Fig. 3F. M, 1 kb Plus DNA Ladder (New 
England BioLabs, N3200); N, normoxia; H, hypoxia
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Additional file 13: Figure S13. (related to Fig. 3E and G) VEGF-A secretion 
in the NSPC culture medium. n = 4 (E11.5, Fig. 3E), n = 3 (E14.5, Fig. 3G), 
mean ± SEM

Additional file 14: Figure S14. (related to Fig. 4A and B) Neurosphere 
number in each samples. The vertical axes indicate neurosphere number 
per one dish. The different marks indicate the different individual NSPC 
lots. A, related to Fig. 4A, n = 3. B, related to Fig. 4B, n = 3. Mean ± SEM

Additional file 15: Figure S15. (related to Fig. 5A and B) NSPC or neu-
ronal marker expression in the apoptotic cells. The active caspase-3+ cells 
were counted in the experiments described in Fig S5. Scale bar = 100 μm. 
Mean ± SEM, n = 4, a p = 0.0091, b p = 0.0034, c p = 0.37, d p = 0.65
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