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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 developing 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.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s41232-022-00254-2.
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Background
Tissue stem cells are located in special microenvironment 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 attributable 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 microenvironment for quiescence, self-renewal and differentiation of CSCs. CSC niche is formed apart from blood vessels and cancer cells around CSCs rapidly proliferate, consuming O2, and consequently CSCs are under hypoxic conditions [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 efficiently 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 ventricular zone (VZ) of the brain at the embryonic stage and migrate to pial surface as NSCs differentiate to neurons [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 subventricular zone (SVZ) of lateral ventricle (LV) and subgranular zone (SGZ) of hippocampal dentate gyrus (DG), where neurogenesis occurs even in adult brain, NSPCs contact or are located near various cell types and structures, such as endothelial cells and pericytes of blood vessels, astrocytes, neurons, microglia, ependymal cells and choroid plexus that form NSPC niche and contribute to NSPC maintenance [14]. Since cell differentiation and diversity are poor in the developing brain, embryonic 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 institutional Animal Care and Use Committee of Tokyo Medical 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 telencephalons were triturated in Hank’s balanced salt solution (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 supplement, 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 harvested 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 cultured for 4 days before fixation. For BrdU incorporation assay, 10 μM of BrdU (Sigma) and VEGF-A (10 ng/ml, R & D systems) was administrated into culture medium 12 hrs before fixation.

Preparation of conditioned medium (CM)
The dissociated cortical cells or the enriched NSPCs isolated 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 normoxia or hypoxia for 2 days. The supernatant was harvested 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 containing FGF2 (10 ng/ml, PeproTech). FGF2 was administrated 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 administrated 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 independent dishes were counted. The neurosphere numbers tend to fluctuate even under the same culture condition. Thus, for the benefit of the readers, the actual neurosphere number in each dish is provided in Figure S1, S7, S9 and S14. This probably arose from individual difference 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 (ThermoFisher). 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’- catacacatgcacggaggtg -3', Vegfr2 sense primer, 5’- ggtctttcggtgtgttgctc -3'; antisense primer, 5’- tctgtctggctgtcatctgg -3', ß-actin sense primer, 5’- ccagggtgtgatggtgggaa -3'; antisense 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 % paraformaldehyde for 20 minutes at room temperature. For immunostaining and immunohistochemistry, cells or tissues were blocked with phosphate-buffered saline (PBS) containing 10 % serum and 0.1 % Triton X-100 for over 30 minutes and were incubated overnight at 4 °C with primary 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 secondary 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 confocal laser scanning microscope (Carl Zeiss). The following primary antibodies were used: rat anti-BrdU (1:500, abcam, ab6326), rabbit anti-ß-tublin III (1:1000, BioLegend, PRB-435P), mouse anti-nestin (1:1000, BD Bioscience, 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 (1:1000, ThermoFisher), Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:1000, ThermoFisher), Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:1000, ThermoFisher), 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, ThermoFisher), 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 neurosphere formation, in the context of previous studies reporting contribution of VEGF-A to NSC proliferation and survival [18]. The asterisks indicate statistically significant (*, 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 isolated 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 neurospheres under the normal condition (20% O2) or the hypoxic condition (1% O2) (Fig. 1A). The hypoxic condition increased neurosphere formation of cortical cells isolated from E14.5 brain. Representative photographs of neurospheres are shown in Figure 1B. Quantitative analysis showed that 2.90-fold increase in neurosphere formation 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 formation 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 compared 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 Figure 1F, nestin-positive NSPCs as well as neurons were observed. To exclude the possibility that factors secreted from neurons might contribute to NSPC stemness maintenance, 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 cells were observed after the 4-day enrichment culture and the replating (Fig. 1F, S2). In addition, GFAP-positive astrocytes were hardly observed in the conditions unless GFAP-expression was induced by LIF and BMP2 administration [21] (Fig. S3). These results suggest dramatic 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 performed under the normal or hypoxic condition (Fig. 1G). Hypoxia increased neurosphere formation of enriched NSPCs isolated from both stages (Fig. 1H for representative 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 number 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), suggesting 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 subjected to primary neurosphere culture under normoxia and hypoxia, and then to secondary neurosphere culture 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 equivalent 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 compared to the normoxic condition (Fig. S5). These results support the idea that hypoxic condition contributes to maintenance of undifferentiated status of NSPCs.[image: ]
Fig. 1Neurosphere 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)



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 Figure 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 different 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 normoxic control. Of note, a 1.50-fold increase in the neurosphere 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 approximate 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) neurosphere formation is mainly secreted from NSPCs. Taken together, NSPCs under hypoxia adapt by secreting effective factor(s) to maintain themselves.[image: ]
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).



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 target 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) tyrosine kinase efficiently diminished the increase in the neurosphere number by VEGF-A (Fig. 3B, S9B, S11). SU1498 did not affect neurosphere number under the normoxic condition (Fig. 3C, S9C), suggesting that increase in neurosphere formation is due to up-regulation of VEGF-A signaling by VEGF-A secretion from NSPCs.[image: ]
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)


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 upregulated in the CM from E14.5 NSPC culture (Fig. 3G; Normoxic 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 medium under the hypoxic condition, although statistical difference was not observed (p = 0.07434, Fig. 3E, G, S13). In contrast, the increase rate of neurosphere formation 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, responsiveness to VEGF-A may depend on the developmental stages, or factor(s) in addition to VEGF-A may also contribute 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 neurospheres 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.[image: ]
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).



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-apoptotic effect and encouragement of NSPC proliferation.[image: ]
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.



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. 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 regulates 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 suggest that the hypoxic condition in the VZ makes NSPCs execute self-maintenance strategies involving VEGF-A expression by stabilized Hif-1a.[image: ]
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.




Discussion
NSPC maintenance and fate determination are governed by cell-intrinsic programs like epigenetic regulation 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 differentiation 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 signaling by cell-cell contact are crucial factors to regulate NSPC maintenance and fate determination in the developing 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 mechanism 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 embryonic 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 various 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 hippocampus, 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 neurospheres 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 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 minority 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 differentiation from NSPCs to neurons or astrocytes (see Fig. 1F, S2 for their purity). In addition, astrocyte differentiation 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 maintenance 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 neurspheres 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 factors may possibly include chondroitin sulfate proteoglycans secreted from NSPCs [36, 37], and might also 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 ventricular 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, therefore, further studies are necessary to discover secretory factors regulating NSPC self-maintenance under hypoxic conditions.
In this study, we used SU1498 to suppress VEGF signaling. Among VEGFs, VEGF-A mainly plays a role in nervous systems, and VEGFR-1 and VEGFR-2 are receptor for VEGF-A [42]. SU1498 is a specific and potent inhibitor 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 promotes 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 condition, but VEGF-A-VEGFR-2 signaling is mainly considered to contribute to maintenance of NSPCs under hypoxic conditions primarily.
Our current in vitro findings provide important concept in understanding development of the brain in consideration 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. Arterial blood vessels are thought to be originated from subventricular vascular plexus [46, 47], and vasculature of germinal zone is sprouted from it. However, only fine filopodia from subventricular vascular plexus vasculature extended to germinal zone in hindbrain and cortex at embryonic stages [26, 48]. Furthermore, oxygen consumption of actively dividing NSPCs is thought to be greater than that of postmitotic cells. In agreement with these notions, Hif-1a, stabilized under hypoxic conditions, 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 Hypoxyprobe (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 conditions 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 apical 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 including vasculature after neonate [53], suggesting that neuronal VEGF-A contributes to cortical and hippocampal development. Considering that VEGF-A derived from NSPCs is secreted to the vicinity of themselves as targets, it is reasonable to think that such VEGF-A predominantly 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 developing brain and such VEGF-A directly acts on NSPC maintenance in an autocrine fashion, thus constructing the 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 current 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 themselves 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 vasculature development.

Acknowledgements
We thank Ikuo Nobuhisa for advice on performing experiments and Rie Taguchi for the technical assistance.

Authors’ contributions
T. Kashiwagi conceived the project, designed and performed the experiments, analyzed and discussed the data, and wrote the manuscript. Y. Takazawa mainly performed the experiments and analyzed the data. T. Kagawa designed the experiments and gave advice on performing experiments. T. Taga supervised the research and arranged the manuscript. All authors have read and agreed to the final version of the manuscript.

Funding
This work was supported by JSPS KAKENHI Grant Number 24300119 (TT) and 22K06234 (TT) and Nanken-Kyoten, TMDU.

Availability of data and materials
The datasets are available from the corresponding author upon reasonable request.

Declarations
Consent to participate
Not applicable

Ethics approval
All animal experiments were approved by the institutional Animal Care and Use Committee of Tokyo Medical and Dental University. All recombinant DNA experiments were approved by the Recombinant DNA Experiment Safety Committee of Tokyo Medical and Dental University (TMDU).

Consent for publication
Not applicable

Competing interests
The authors declare no conflicts of interest.


[image: Creative Commons]Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​.

References
	1.
Schofield R. The relationship between the spleen colony-forming cell and the haemopoietic stem cell. Blood Cells. 1978;4:7–25.

	2.
Mohyeldin A, Garzón-Muvdi T, Quiñones-Hinojosa A. Oxygen in stem cell biology: a critical component of the stem cell niche. Cell Stem Cell. 2010;7:150–61.

	3.
Chow DC, Wenning LA, Miller WM, Papoutsakis ET. Modeling pO(2) distributions in the bone marrow hematopoietic compartment. II. Modified Kroghian models. Biophys J. 2001;81:685–96.

	4.
Eliasson P, Jönsson JI. The hematopoietic stem cell niche: low in oxygen but a nice place to be. J Cell Physiol. 2010;222:17–22.

	5.
Hambardzumyan D, Becher OJ, Holland EC. Cancer stem cells and survival pathways. Cell Cycle. 2008;7:1371–8.

	6.
Aderetti DA, Hira VVV, Molenaar RJ, van Noorden CJF. The hypoxic peri-arteriolar glioma stem cell niche, an integrated concept of five types of niches in human glioblastoma. Biochim Biophys Acta Rev Cancer. 2018;1869:346–54.

	7.
Gustafsson MV, Zheng X, Pereira T, Gradin K, Jin S, Lundkvist J, et al. Hypoxia requires notch signaling to maintain the undifferentiated cell state. Dev Cell. 2005;9:617–28.

	8.
Covello KL, Kehler J, Yu H, Gordan JD, Arsham AM, Hu CJ, et al. HIF-2alpha regulates Oct-4: effects of hypoxia on stem cell function, embryonic development, and tumor growth. Genes Dev. 2006;20:557–70.

	9.
Ezashi T, Das P, Roberts RM. Low O2 tensions and the prevention of differentiation of hES cells. Proc Natl Acad Sci USA. 2005;102:4783–8.

	10.
Yoshida Y, Takahashi K, Okita K, Ichisaka T, Yamanaka S. Hypoxia enhances the generation of induced pluripotent stem cells. Cell Stem Cell. 2009;5:237–41.

	11.
Dunwoodie SL. The role of hypoxia in development of the Mammalian embryo. Dev Cell. 2009;17:755–73.

	12.
Erecińska M, Silver IA. Tissue oxygen tension and brain sensitivity to hypoxia. Respir Physiol. 2001;128:263–76.

	13.
Kriegstein A, Alvarez-Buylla A. The glial nature of embryonic and adult neural stem cells. Annu Rev Neurosci. 2009;32:149–84.

	14.
Urbán N, Blomfield IM, Guillemot F. Quiescence of Adult Mammalian Neural Stem Cells: A Highly Regulated Rest. Neuron. 2019;104:834–48.

	15.
Ladiwala U, Basu H, Mathur D. Assembling neurospheres: dynamics of neural progenitor/stem cell aggregation probed using an optical trap. PLoS One. 2012;7:e38613.

	16.
Singec I, Knoth R, Meyer RP, Maciaczyk J, Volk B, Nikkhah G, et al. Defining the actual sensitivity and specificity of the neurosphere assay in stem cell biology. Nat Methods. 2006;10:801–6.

	17.
Johe KK, Hazel TG, Muller T, Dugich-Djordjevic MM, McKay RD. Single factors direct the differentiation of stem cells from the fetal and adult central nervous system. Genes Dev. 1996;10:3129–40.

	18.
Schänzer A, Wachs FP, Wilhelm D, Acker T, Cooper-Kuhn C, Beck H, et al. T Direct stimulation of adult neural stem cells in vitro and neurogenesis in vivo by vascular endothelial growth factor. Brain Pathol. 2004;14:237–48.

	19.
Hulspas R, Tiarks C, Reilly J, Hsieh CC, Recht L, Quesenberry PJ. In vitro cell density-dependent clonal growth of EGF-responsive murine neural progenitor cells under serum-free conditions. Exp. Neurol. 1997;148:147–56.

	20.
Inoue T, Kagawa T, Fukushima M, Shimizu T, Yoshinaga Y, Takada S, et al. Activation of canonical Wnt pathway promotes proliferation of retinal stem cells derived from adult mouse ciliary margin. Stem Cells. 2006;24:95–104.

	21.
Nakashima K, Yanagisawa M, Arakawa H, Kimura N, Hisatsune T, Kawabata M, et al. Synergistic signaling in fetal brain by STAT3-Smad1 complex bridged by p300. Science. 1999;284:479–82.

	22.
Reynolds BA, Weiss S. Clonal and population analyses demonstrate that an EGF-responsive mammalian embryonic CNS precursor is a stem cell. Dev Biol. 1996;175:1–13.

	23.
Maes C, Carmeliet G, Schipani E. Hypoxia-driven pathways in bone development, regeneration and disease. Nat Rev Rheumatol. 2012;8:358–66.

	24.
Strawn LM, McMahon G, App H, Schreck R, Kuchler WR, Longhi MP, Hui TH, Tang C, Levitzki A, Gazit A, Chen I, Keri G, Orfi L, Risau W, Flamme I, Ullrich A, Hirth K.P, Shawver LK. Flk-1 as a target for tumor growth inhibition. Cancer Res. 1996; 56: 3540-3545.

	25.
Wagenführ L, Meyer AK, Braunschweig L, Marrone L, Storch A. Brain oxygen tension controls the expansion of outer subventricular zone-like basal progenitors in the developing mouse brain. Development. 2015;142:2904–15.

	26.
Komabayashi-Suzuki M, Yamanishi E, Watanabe C, Okamura M, Tabata H, Iwai R, et al. Spatiotemporally Dependent Vascularization Is Differently Utilized among Neural Progenitor Subtypes during Neocortical Development. Cell Rep. 2019;29:1113–29.

	27.
Kokovay E, Goderie S, Wang Y, Lotz S, Lin G, Sun Y, et al. Adult SVZ lineage cells home to and leave the vascular niche via differential responses to SDF1/CXCR4 signaling. Cell Stem Cell. 2010;7:163–73.

	28.
Lu Z, Elliott M.R, Chen Y, Walsh JT, Klibanov AL, Ravichandran KS, Kipnis J. Phagocytic activity of neuronal progenitors regulates adult neurogenesis. Nat Cell Biol. 2011; 13: 1076-1083.

	29.
Song J, Zhong C, Bonaguidi MA, Sun GJ, Hsu D, Gu Y, et al. Neuronal circuitry mechanism regulating adult quiescent neural stem-cell fate decision. Nature. 2012;489:150–4.

	30.
Lehtinen MK, Zappaterra MW, Chen X, Yang YJ, Hill AD, Lun M, et al. The cerebrospinal fluid provides a proliferative niche for neural progenitor cells. Neuron. 2011;69:893–905.

	31.
Kageyama R, Shimojo H, Imayoshi I. Dynamic expression and roles of Hes factors in neural development. Cell Tissue Res. 2015;359:125–33.

	32.
Marignol L, Rivera-Figueroa K, Lynch T, Hollywood D. Hypoxia, notch signalling, and prostate cancer. Nat Rev Urol. 2013;10:405–13.

	33.
Kirby ED, Kuwahara AA, Messer RL, Wyss-Coray T. Adult hippocampal neural stem and progenitor cells regulate the neurogenic niche by secreting VEGF. Proc Natl Acad Sci USA. 2015;112:4128–33.

	34.
Reynolds BA, Rietze RL. Neural stem cells and neurospheres--re-evaluating the relationship. Nat Methods. 2005;2:333–6.

	35.
Ahmed S. The culture of neural stem cells. J Cell Biochem. 2009;106:1–6.

	36.
Tham M, Ramasamy S, Gan HT, Ramachandran A, Poonepalli A, Yu YH, et al. CSPG is a secreted factor that stimulates neural stem cell survival possibly by enhanced EGFR signaling. PLoS One. 2010;5:e15341.

	37.
Kabos P, Matundan H, Zandian M, Bertolotto C, Robinson ML, Davy BE, et al. Neural precursors express multiple chondroitin sulfate proteoglycans, including the lectican family. Biochem Biophys Res Commun. 2004;318:955–63.

	38.
Dono R, Texido G, Dussel R, Ehmke H, Zeller R. Impaired cerebral cortex development and blood pressure regulation in FGF-2-deficient mice. EMBO J. 1998;17:4213–25.

	39.
Black SM, DeVol JM, Wedgwood S. Regulation of fibroblast growth factor-2 expression in pulmonary arterial smooth muscle cells involves increased reactive oxygen species generation. Am J Physiol Cell Physiol. 2008;294:C345–54.

	40.
Jin K, Mao XO, Sun Y, Xie L, Jin L, Nishi E, et al. Heparin-binding epidermal growth factor-like growth factor: hypoxia-inducible expression in vitro and stimulation of neurogenesis in vitro and in vivo. J Neurosci. 2002;22:5365–73.

	41.
Moreno M, Fernández V, Monllau JM, Borrell V, Lerin C, de la Iglesia N. Transcriptional Profiling of Hypoxic Neural Stem Cells Identifies Calcineurin-NFATc4 Signaling as a Major Regulator of Neural Stem Cell Biology. Stem Cell Reports. 2015;5:157–65.

	42.
Shibuya M. Vascular endothelial growth factor and its receptor system: physiological functions in angiogenesis and pathological roles in various diseases. J Biochem. 2013;153:13–9.

	43.
Cebulla CM, Jockovich ME, Boutrid H, Piña Y, Ruggeri M, Jiao S, et al. Lack of effect of SU1498, an inhibitor of vascular endothelial growth factor receptor-2, in a transgenic murine model of retinoblastoma. Open Ophthalmol J. 2008;2:62–7.

	44.
Xu C, Wu X, Zhu J. VEGF promotes proliferation of human glioblastoma multiforme stem-like cells through VEGF receptor 2. ScientificWorldJournal 2013. 2013:417413.

	45.
Maurer MH, Tripps WK, Feldmann RE Jr, Kuschinsky W. Expression of vascular endothelial growth factor and its receptors in rat neural stem cells. Neurosci Lett. 2003;344:165–8.

	46.
Vasudevan A, Bhide PG. Angiogenesis in the embryonic CNS: a new twist on an old tale. Cell Adh Migr. 2008;2:167–9.

	47.
Vasudevan A, Long JE, Crandall JE, Rubenstein JL, Bhide PG. Compartment-specific transcription factors orchestrate angiogenesis gradients in the embryonic brain. Nat Neurosci. 2008;11:429–39.

	48.
Tata M, Wall I, Joyce A, Vieira JM, Kessaris N, Ruhrberg C. Regulation of embryonic neurogenesis by germinal zone vasculature. Proc Natl Acad Sci USA. 2016;113:13414–9.

	49.
Pogue BW, Paulsen KD, O'Hara JA, Wilmot CM, Swartz HM. Estimation of oxygen distribution in RIF-1 tumors by diffusion model-based interpretation of pimonidazole hypoxia and eppendorf measurements. Radiat Res. 2001;155:15–25.

	50.
Sentilhes L, Michel C, Lecourtois M, Catteau J, Bourgeois P, Laudenbach V, et al. Vascular endothelial growth factor and its high-affinity receptor (VEGFR-2) are highly expressed in the human forebrain and cerebellum during development. J Neuropathol Exp Neurol. 2010;69:111–28.

	51.
Virgintino D, Errede M, Robertson D, Girolamo F, Masciandaro A, Bertossi M. VEGF expression is developmentally regulated during human brain angiogenesis. Histochem Cell Biol. 2003;119:27–32.

	52.
Haigh JJ, Morelli PI, Gerhardt H, Haigh K, Tsien J, Damert A, et al. Cortical and retinal defects caused by dosage-dependent reductions in VEGF-A paracrine signaling. Dev Biol. 2003;262:225–41.

	53.
Okabe K, Fukada H, Tai-Nagara I, Ando T, Honda T, Nakajima K, et al. Neuron-derived VEGF contributes to cortical and hippocampal development independently of VEGFR1/2-mediated neurotrophism. Dev Biol. 2020;459:65–71.



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Organization of self-advantageous niche by neural stem/progenitor cells during development via autocrine VEGF-A under hypoxia


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/41232_2022_254_Fig2_HTML.png
A o — & B
Normoma

Dissociated

c
cortical cells or Sg 200 -
Hypoxia EU 150 fud
Normoxic or Hypoxic S '%
CM g £ 100 -
]
enrich é_z £0
foradiv @ O 7 div 85
O —»o00 . 2= o ——
Dissociated (o] NO""OX'a Normoxic Hypoxic
cortical cells NSPCs CM CcM
C D
enrich
foradiv © o 2 div : .
— o fo X o] | Normoxic CM | | Hypoxic CM |
Normoxua — E—
Dissociated ° °sd .. e | ’-'x:.}- ° ", »
i . @ 28 " &
sortoal cel NSFCs HypOXIa . . W e o e . l: ot ‘o .'Q' ‘¢ ©
Normoxic or Hypoxic i ( . 8o
cM B! 4 S8 U IR IR &
e o 0 o ® .o..‘ooﬁo.‘.‘ .‘..' "
enrich o o e % ° %o ° o, o... .‘ o
foradiv © 7 div 5 ; o ke |90, h‘ ..‘
sl 5 @ cge e s EEE
(o] NormOX|a . . & NP .-.... oe s Wy
Dissociated
cortical cells NSPCs
E c
Ss 250 ::_
£S 200
o % i
© g 150
[T J
s § 100
8% 50 -
a X
2= o0

Normoxic Hypoxic
CM CM





OEBPS/css/cc-by.png
() _®





OEBPS/images/41232_2022_254_Fig5_HTML.png
N O 1 O v O
N N «~

(%) 1syoe0H / gdses-joy

@)






OEBPS/images/41232_2022_254_Fig3_HTML.png
>
W
®

c 250 s 140 = c 120
2 — 2 120 1 a s 2 T
T __ 200 g — © 100 A
ED *s b TC 52 100 - ES
S & — 1, d S £ 52 80
> & 150 A ©8 80 - =
3o 25 60 58 601
S% 100 55 25
g2 88 40 F 401
3 50 3 20 - g 207
z z z
0 0 0
VEGFA 0 125 25 5 10 VEGF-A - + + VEGE-A  — -
o SU1498 +
SU1498 - - +
Normoxia Hypoxia Normoxia Hypoxia
VEGF-A n __ 1400 D VEGF-A 2500
= 1200 A = *
S 3 ]
S 1000 1 S 2000 T
VEGFR1 2 800 4 - VEGFRH1 8 1500 - .
$ 600 1 < 1000 -
VEGFR2 @ 400 1 VEGFR2 o] i
4 200 4 w 500
> 0 I_*—l > ||
B-actin : Normoxic Hypoxic B-actin Normoxic Hypoxic
CM CM CM CM
5§ 120 § 120
T _ . ®_ ]
£ 5 100 . g 5 100 .
o € 80 A T 2 “g 80 A -
28 60 - £38 60
£ | £ ]
%a\° 40 %e\° 40
g =~ 20 1 g < 9204
z 0 2 0

SU1498 - + SU1498 - +

Hypoxia Hypoxic CM





OEBPS/images/41232_2022_254_Fig6_HTML.png
E14.5

VEGF-A (antisense)

VEGF-A (sense)

| E11.5

E14.5

E14.5, Hif-1a, Hoechst






OEBPS/css/envelope.png





OEBPS/images/41232_2022_254_Fig1_HTML.png
[ Normoxia Hypoxia I

Tie g e®

7 div
» O >
Dissociated ~Normoxia 9
E14.5 cortical cells or Neurospheres
cortex Hypoxia (NSs) A U T o
‘.' * 0% 1
i 2e® ® 3
c D m—
[
2 350 P replate E
8 . 3001 § 0 "
é% 2501 2 div 1 7 div gr_« 200
Eg fgg —_— O _>_>O f}% 150
2‘5 100 E145 DissociatedNom:ox'a Normoxia NSs E ; 100
|~ E - i Q
é 53 | | cortex cortical cells Hypoxia 5 £ 504 | |
Normoxia Hypoxia E 0
Normoxia Hypoxia
E14.5 cortical cells in the
first 2 div
F Nestin, Tuj1 Hoechst G
enrich
Normoxia Hypoxia foradv @ © 7 div
Dissociated Nor;nroma NS
neocortical cells S
NSPCs Hypoxia

2-day culture of
E14.5 ocortical cells

(derived from E11.5 or
14.5 cortex)

H

Neurospheres formed from 4-day enriched NSPCs

5 @ | Normoxia " Hypoxia |
A4 ] '
1-X7)
oZ
So
E=}
35 2
>
T5 ]
M
§ 1000 ,, § 300 -
T _ T _ 250 0
E5 800 1 ES kS
s £ 600 8§ 2001 Y
28 2 8 150 1
£5 400 1 55 100
8E 200 - 8 5 | | L]
g 0 3 0
4 z
Normoxia Hypoxia Normoxia Hypoxia
4-day enriched NSPCs 4-day enriched NSPCs
derived from E11.5 cortex derived from E14.5 cortex L
K § 120
. - g = 100
rimal n £
enrich primary L ‘E 80
foradv - © o 7 div 7 div 28 60
n n Sy
»” O (o] L » e 40
N (o} Normoxia Normoxia e 20
Dissociated or NS NS 3 0
i S S
(z:f:\(’;:éi‘::; NSPCs  Hypoxia = Normoxia Hypoxia
E14.5 cortex) to o

Normoxia Normoxia





OEBPS/css/sidebar.gif





OEBPS/images/41232_2022_254_Fig4_HTML.png
A Enriched E11.5 NSPCs
C
350
"% 300 - ﬂ'_b'**
ES =
© g 200 -
O 150 -
B 1004
g 50 - |
2 0
-, (,OQ‘ OOQ B OOQ. OOQ
K& K&
R QNCRNS
CM from CM from

E11 5 NSPCs E14 5 NSPCs

B Enriched E14.5 NSPCs
T _ 300 -

ES 250 b+
- C bl
o g 200 A

8« 150 A

§°\° 100

% 50 -

2 0

~00®~ OOQ ‘OOQ'OOQ
&o‘f‘ Qo‘f‘ &\o*‘ Qo'P
CM from CM from

E11.5 NSPCs E14.5 NSPCs





