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Abstract

Blood vessels are part of the stem cell niche in the developing cere-
bral cortex, but their in vivo role in controlling the expansion and
differentiation of neural stem cells (NSCs) in development has not
been studied. Here, we report that relief of hypoxia in the developing
cerebral cortex by ingrowth of blood vessels temporo-spatially coin-
cided with NSC differentiation. Selective perturbation of brain angio-
genesis in vessel-specific Gpr124 null embryos, which prevented the
relief from hypoxia, increased NSC expansion at the expense of dif-
ferentiation. Conversely, exposure to increased oxygen levels rescued
NSC differentiation in Gpr124 null embryos and increased it further
in WT embryos, suggesting that niche blood vessels regulate NSC dif-
ferentiation at least in part by providing oxygen. Consistent here-
with, hypoxia-inducible factor (HIF)-1a levels controlled the switch
of NSC expansion to differentiation. Finally, we provide evidence
that high glycolytic activity of NSCs is required to prevent their
precocious differentiation in vivo. Thus, blood vessel function is
required for efficient NSC differentiation in the developing cerebral
cortex by providing oxygen and possibly regulating NSC metabolism.
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Introduction

Radial glia (RGs) in the ventricular zone (VZ) of the developing

cerebral cortex (simply referred to as “cortex”) are neural stem

cells (NSCs) that generate neurons and glia in the cortex during

development. RGs switch from expansion to generation of neurons

by traversing from a symmetric division (producing two RGs) to

an asymmetric division, mostly generating one RG plus one basal

progenitor (BP; also termed intermediate progenitor cell, IPC), a

committed neurogenic progenitor (Gotz & Huttner, 2005; Kriegstein

& Alvarez-Buylla, 2009). The timing and extent of the switch from

RG expansion to BP generation and, thus, neurogenesis determines

the number of neurons in the cortex and their cellular identity in

the cortical layers (Franco & Muller, 2013). Thus, proper regula-

tion of RG expansion versus differentiation safeguards cortical

development and prevents developmental disorders, associated

with epilepsy, autism, and schizophrenia (Sun & Hevner, 2014),

but the underlying signals and mechanisms are incompletely

understood.

Radial glia differentiation is regulated by signals from the cortical

stem cell niche (Johansson et al, 2010; Bjornsson et al, 2015). In

various developing organs, blood vessels are an essential compo-

nent of stem cell niches that regulate the balance between precursor

expansion and differentiation (Cleaver & Dor, 2012; Ramasamy

et al, 2015). For the brain, co-culturing embryonic NSCs with

immortalized endothelial cells in vitro increases NSC expansion and

directs their fate toward neurons (Shen et al, 2004). In vivo, the

pattern of angiogenesis in the cortex seems to correlate with the

initiation of neurogenesis (Miyama et al, 1997; Shen et al, 2004),

but conclusive evidence for an interrelation is lacking. Further,

vessels attract newborn BPs in the VZ and induce their division in

the vicinity of vessels (Javaherian & Kriegstein, 2009; Stubbs et al,

2009) and impaired vessel formation by deletion of VEGF reduces

neural precursor cell (NPC) proliferation and survival, but direct

effects of VEGF on NPCs were not excluded (Haigh et al, 2003; Raab

et al, 2004). Importantly, for all observations, the molecular

mechanisms are elusive.
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Signals from niche vessels have been implicated in the regulation

of NSC quiescence in the adult brain (Goldman & Chen, 2011;

Delgado et al, 2014; Ottone et al, 2014), and hypoxia and the

hypoxia-inducible transcription factor HIF-1a have been involved in

NSC proliferation and differentiation, and neuronal maturation in

the adult brain (Mazumdar et al, 2010; Li et al, 2014). In contrast,

the functional role of vessels and a possible function of HIF-1a in

developmental neurogenesis in the embryonic brain are unclear. As

the molecular mechanisms governing embryonic versus adult NSC

expansion and differentiation differ (Urban & Guillemot, 2014), and

embryonic NSCs rely on rapid proliferation for expansion, while

adult NSCs rely on long periods of quiescence for self-renewal

(Kippin et al, 2005; Lange et al, 2009), it is unknown whether

vessels and HIF-1a in the embryonic NSC niche exert a similar or

distinct function as in the adult niches. Mediators of HIF-1a in NSC

regulation also remain to be identified.

HIF-1a regulates glycolytic metabolism (Iyer et al, 1998), but

only circumstantial evidence suggests a role of metabolism in NSC

fate regulation. Drosophila neuroblasts switch from anaerobic meta-

bolism to oxidative phosphorylation during development, and

induction of oxidative phosphorylation is required for cell cycle exit

and differentiation of neuroblasts (Homem et al, 2014). Similarly,

adult mammalian NSCs in vitro increase oxygen consumption upon

differentiation and inhibition of the electron transport chain

increases proliferation (Wang et al, 2010; Bartesaghi et al, 2015).

However, it is unknown whether NPC metabolism is altered in the

in vivo niche during mammalian brain development, and whether

alteration of metabolism alone functionally regulates NSC

differentiation.

Thus, it remains unclear whether and how niche vessels influ-

ence NPC proliferation and cell fate during prenatal brain develop-

ment in vivo, and whether they regulate this process by supplying

oxygen. We therefore characterized the role of blood vessels in regu-

lating neurogenesis in the developing cerebral cortex.

Results

Angiogenesis is linked to neurogenesis during
cortical development

Previous studies documented the onset of angiogenesis and neuro-

genesis during cortical development (Miyama et al, 1997; Shen

et al, 2004), but their temporo-spatial relationship has never been

established side-by-side in the same study. Thus, we stained the

developing mouse cerebral cortex for the endothelial marker

isolectin B4 (IB4), the neurogenic marker Ngn1 (Kim et al, 2011),

specific for both differentiating RGs and newborn BPs, and the BP

marker Tbr2 (Englund et al, 2005) during cortical development (see

Appendix Fig S1 for scheme). We found a striking temporo-spatial

congruence of intraparenchymal vessel formation and induction of

RG differentiation. At E10.5, vessels were absent and only single,

scattered Ngn1+ and Tbr2+ NPCs were present in the cortex

(Fig EV1A and B). In contrast, by E11.5, vessels had formed in the

lateral but not the dorsal cortex, accompanied by an increase in

Ngn1+ and Tbr2+ NPCs in the lateral but not the avascular dorsal

cortex (Fig EV1C and D). One day later at E12.5, vessels had now

also formed in the dorsal cortex, together with a higher number of

Ngn1+ and Tbr2+ NPCs at this location as compared to E11.5

(Fig EV1F and G). Similar results were obtained when using the

Tis21-GFP mouse model, which labels all neurogenic NPCs

(Haubensak et al, 2004) (Fig EV1E and H). The pattern of angiogen-

esis was confirmed using CD31 as endothelial marker (Fig EV1I–K).

These data reveal a close temporo-spatial correlation between blood

vessel formation and the switch to neurogenesis in vivo.

We also studied neuron formation from proliferating precursors

in the context of vessel ingrowth in the cortex. EdU was injected in

pregnant mice at E10.5 or E11.5 and 24 h later, the EdU+ progeny

of the proliferating precursors that initially incorporated the label

was identified as proliferating precursors by the presence of the

proliferation marker Ki67, while postmitotic neurons were Ki67-

negative. When EdU was injected at E10.5 and the EdU+ progeny

was analyzed at E11.5 (over a time window when vessels form in

the lateral cortex), formation of EdU+/Ki67� neurons was lower in

the avascular dorsal than vascularized lateral cortex (Fig EV1L–Q).

When EdU was injected at E11.5 and the analysis was performed at

E12.5, the rate of neurogenesis was not changed in the lateral cortex

but threefold more EdU+/Ki67� neurons were detected in the newly

vascularized dorsal cortex, when compared to E11.5 (Fig EV1N–Q).

The neocortex has undergone substantial evolutionary expansion

in mammals, implicating changes in the regulation of neural precur-

sor expansion and differentiation between lissencephalic (mouse)

and gyrencephalic (ferret) species. We thus investigated whether

vessel formation and RG differentiation were also congruent in the

ferret cortex at developmental stages corresponding to E10.5, E11.5,

and E12.5 of mouse development, that is, E20, E24, and E28 in the

ferret (Noctor et al, 1997). Staining of vessels with IB4 and BPs with

Tbr2 revealed a similar pattern of angiogenesis and BP generation

as seen in the mouse cortex, that is, the congruence of increased

generation of BPs in the VZ from RGs and cortex vascularization at

E20 (Fig EV2A–C,), E24 (Fig EV2D–F), and E28 (Fig EV2H–I).

These results identified a conserved correlation between

angiogenesis and the induction of RG differentiation in the cortex in

lissencephalic and gyrencephalic brains. Together, these data

revealed a tight temporo-spatial link between blood vessel forma-

tion and the switch from NPC expansion to neurogenesis in the

developing cortex.

Perturbing periventricular vessel ingrowth causes cortical
hypoxia and impairs neurogenesis

To investigate a possible requirement of angiogenesis for the switch

of NPCs from expansion to neurogenesis, we studied cortical devel-

opment in homozygous Gpr124 LacZ knock-in null (Gpr124KO)

embryos, which show central nervous system (CNS)-restricted

impairment and perturbation of angiogenesis in the forebrain and

ventral spinal cord, but not in peripheral organs (Kuhnert et al,

2010; Anderson et al, 2011; Cullen et al, 2011). Gpr124 is an

Wnt7a/b-specific co-activator of Wnt signaling in CNS endothelial

cells (Zhou & Nathans, 2014). Since Gpr124 expression in the devel-

oping CNS is restricted to endothelial cells and pericytes (Kuhnert

et al, 2010; Anderson et al, 2011; Cullen et al, 2011), the effect of

global Gpr124 deficiency is blood vessel specific in the brain. Since

Gpr124KO embryos are embryonic lethal from E15.5 on (Kuhnert

et al, 2010), we used these embryos until E13.5 to exclude general

effects of embryonic morbidity.
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Consistent with previous reports (Kuhnert et al, 2010; Anderson

et al, 2011; Cullen et al, 2011), the normal periventricular vascular

plexus was nearly completely absent, and only disorganized vascu-

lar tufts were formed in the ventral forebrain and neocortex, but not

in the cortical hem (Fig 1A and B, asterisk) of Gpr124KO embryos at

E13.5. Wild-type (WT) and heterozygous-deficient littermates were

indistinguishable (together referred to as controls). Staining for the

hypoxia marker pimonidazole revealed increased levels of hypoxia,

and neuroepithelial expression of the hypoxia-inducible gene Glut1

was elevated in the cortex of E13.5 Gpr124KO embryos

(Appendix Fig S2A–D).

Suppression of periventricular vessel ingrowth inhibits the
switch from RG expansion to neurogenesis

Gpr124KO brains showed notably wider and thinner cortices, a hall-

mark of increased RG expansion (Farkas et al, 2008; Siegenthaler

et al, 2009). We thus measured the lateral extension of the neocor-

tex marked by Pax6 expression, between its border with the cortical

hem (Fig 1C and D, arrowhead) and the border between the neocor-

tex and lateral ganglionic eminence (Fig 1C and D, arrow). Notably,

lateral extension of the cortex was increased in Gpr124KO embryos,

indicative of increased RG expansion (Fig 1E).

To assess whether inhibition of brain angiogenesis in Gpr124KO

embryos affected neurogenesis, we injected EdU at E12.5 and

analyzed the cellular identity of EdU+ cells at E13.5. The proportion

of EdU+/Ki67� newborn neurons was lower in Gpr124KO than WT

embryos, while correspondingly the proportion of EdU+/Ki67+

precursors in the VZ was increased (Fig 1F–H). Thus, suppression

of vessel formation inhibits neurogenesis and increases NSC

expansion.

To explore whether changes in the RG or BP population were

underlying the reduced neurogenesis in Gpr124KO as compared to

WT embryos, we stained for the cortical RG marker Pax6 and the

BP marker Tbr2. The total proportion of newborn RG-derived BPs,

migrating through the VZ at E13.5, was decreased in Gpr124KO

embryos (Fig 1I–K). Importantly, all Tbr2� cells in the VZ expressed

Pax6, identifying them as RGs (Fig 1I and J). In addition, we

performed birthdating of newborn BPs by EdU injection at E13.5,

and after an 8-h chase to allow division of the labeled cells, we

counted only newly generated EdU+ BPs in the VZ (Appendix Fig

S2E–J). EdU+ BPs in the VZ were approaching but had not reached

the subventricular zone (SVZ) in WT and Gpr124KO embryos,

enabling us to distinguish them from the EdU+ progeny of preexist-

ing BPs in the SVZ. Strikingly, the fraction of EdU+ VZ cells that

were newborn RG-derived BPs was reduced in Gpr124KO brains

(Appendix Fig S2K), confirming that RGs generate fewer BPs upon

perturbation of brain angiogenesis.

To further investigate whether the switch of RGs, BPs, or both

NPCs from expansion to neurogenesis was impaired in Gpr124KO

embryos, we quantified the proportion of neurogenic RGs (Ngn1+/

Tbr2�) and newborn neurogenic BPs (Ngn1+/Tbr2+) in the cortical

VZ at E13.5. While the proportion of neurogenic Ngn1+/Tbr2+ BPs

was only insignificantly reduced, the neurogenic Ngn1+/Tbr2� RG

population was strikingly reduced in Gpr124KO embryos (Fig 1L–N).

Consequently, the proportion of expanding RGs that are Ngn1�/
Tbr2� was increased (Fig 1L–O). Since Ngn1 is only present during

the G1 phase of the cell cycle (Britz et al, 2006), we confirmed our

findings in Gpr124KO and control embryos expressing Tis21-GFP,

which is present in all neurogenic NPCs. The proportions of both

neurogenic Tis21-GFP+ BPs and RGs were reduced in Gpr124KO

embryos compared to controls, while that of expanding RGs

(Tbr2�Tis21-GFP�) was enlarged (Fig 1P–S). In addition, we con-

firmed that apoptosis in the cortex was low and not altered by

Gpr124 deletion (Appendix Fig S2L). Together, suppression of vessel

formation in Gpr124KO embryos reduced neurogenesis and RG

differentiation.

Inhibition of brain angiogenesis does not change BP fate

We then investigated whether the fate of BPs was changed upon

perturbation of brain angiogenesis by quantifying the expression of

the neurogenic markers Ngn1 and Tis21-GFP in the BP population.

The proportion of Ngn1+/Tbr2+ as well as Tis21-GFP+/Tbr2+ BPs

in the VZ was similar in control and Gpr124KO BPs (Appendix Fig

S2M and N), suggesting that cell fate of the BPs was not altered after

Figure 1. Suppression of brain angiogenesis expands radial glia cells.

A, B Immunostaining for CD31+ blood vessels in control (ctrl, A) and Gpr124KO (B) forebrains. Note the normal vasculature in the cortical hem (asterisk) of Gpr124KO

mice.
C, D Immunostaining for Pax6 in control (C) and Gpr124KO (D) forebrains to reveal the lateral extension of the neocortex (dashed line) between the cortical hem

(arrowhead) and the lateral ganglionic eminence (arrow).
E Quantification of the lateral extension of the cortex in control and Gpr124KO brains (mean � SEM; N = 10; ***P < 0.001).
F, G Staining for EdU (red) and Ki67 (green) in control (F) and Gpr124KO (G) cortices at E13.5, 24 h after EdU injection.
H Quantification of Ki67+ NPCs in the VZ (blue), SVZ/CP (gray) and of Ki67� neurons (cyan) generated from EdU-labeled NPCs in control and Gpr124KO embryos

(mean � SEM; N = 4 (control) and N = 3 (Gpr124KO); *P < 0.05, **P < 0.01).
I, J Immunostaining for Tbr2 (red) and Pax6 (green) in control (I) and Gpr124KO (J) cortices.
K Quantification of newborn BPs in the VZ of control and Gpr124KO cortices (mean � SEM; N = 4; *P < 0.05).
L, M Immunostaining for Tbr2 (red) and Ngn1 (green) in control (L) and Gpr124KO (M) cortices.
N, O Quantification of neurogenic (Ngn1+) RGs and BPs (N) or expanding (Tbr2� Ngn1�) RGs (O) in control and Gpr124KO cortices (mean � SEM; N = 4; *P < 0.05,

***P < 0.001). Note that the fraction of total BPs is significantly reduced (see K), while the fraction of Ngn1+ BPs is insignificantly reduced (Fig 1N), because the
proportion of Ngn1+ Tbr2+ cells within all BPs is slightly, though statistically insignificantly higher in the Gpr124KO brains (see Appendix Fig S2M).

P, Q Stainings for Tbr2 (red) and for Tis21-GFP expression (green) in control (P) and Gpr124KO (Q) cortices.
R, S Quantification of neurogenic (Tis21-GFP+) RGs and BPs (R) or expanding (Tbr2� Tis21-GFP�) RGs (S) in control and Gpr124KO cortices (mean � SEM; N = 4;

***P < 0.001).

Data information: Full, dotted, and dashed lines indicate basal and apical boundaries of the cortex or the basal boundary of the VZ, respectively. CP, cortical plate; IZ,
intermediate zone; SVZ, subventricular zone; and VZ, ventricular zone. Scale bars: 250 lm (B, D) or 50 lm (G, J, M, Q), respectively.
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inhibition of brain angiogenesis and that the regulation of the switch

to neurogenesis by angiogenesis occurred most likely at the level of

RGs rather than BPs.

Vascular deletion of Gpr124 is sufficient for increased
RG expansion

To exclude the possibility that non-vascular changes were responsi-

ble for the increased RG expansion in Gpr124KO brains, we

generated embryos with an endothelial-specific deletion of Gpr124

(Gpr124ECcKO), by intercrossing the endothelial cell-selective

PDGFB-CreERT2 line with Gpr124KO/lox mice and injecting tamoxifen

at E10.5. The vascular phenotype of the conditional deletion was

milder than that of the germ line deletion (Fig 2A and B), likely due

to delayed onset of the loss of Gpr124 function after tamoxifen injec-

tion. However, the vascular defects were sufficient to cause hypoxia

in the cortical VZ, as evidenced by pimonidazole staining (Fig 2C

and D). Similar to Gpr124KO brains, the lateral extension of the

cortex was also increased in Gpr124ECcKO brains (Fig 2E–G) and we

also found a decrease in the generation of neurons, but more EdU+/

Ki67+ cells were maintained in the VZ (Fig 2H–J). Moreover, the

abundance of neurogenic Ngn1+ RGs and newborn BPs was

decreased in the VZ in Gpr124ECcKO brains as compared to Cre-nega-

tive controls (Fig 2K–N), while the proportion of expanding (Tbr2�/
Ngn1�) RGs was increased (Fig 2K–O). Thus, suppression of

brain angiogenesis alone by selective deletion of Gpr124 in endo-

thelial cells was sufficient to impair the switch from RG expansion

to differentiation, the generation of BPs and ultimately neuro-

genesis.

HIF-1a regulates the differential gene expression in
Gpr124KO NPCs

To obtain insight into the molecular mechanisms underlying the

increased RG expansion in the absence of functional vessels in the

cortex, we performed transcriptional profiling via RNA-Seq of

freshly sorted VZ cells from Gpr124KO or control embryos.

Prominin1-positive (Prom1+) cells from the VZ (Weigmann et al,

1997) and Prominin1-negative (Prom1�) cells from the SVZ and

neuronal layers were MACS-sorted from dissociated WT cortices at

E14.5, and expression of cell differentiation markers was analyzed

by qRT–PCR. RG-specific transcripts Fabp7 and Hes5 were highly

enriched in the Prom1+ fraction (12.4- and 23.1-fold, respectively),

while the neuronal transcripts Dcx and Tubb3 were depleted

(threefold), indicating that sorting for Prom1 enriched VZ cells

(Fig 3A).

We then sequenced mRNA of Prom1+ sorted VZ cells from

Gpr124KO or control embryos. Gene expression profiling revealed

that transcript levels of 252 genes were upregulated and 253 genes

were downregulated by more than 1.5-fold in the avascular

Gpr124KO VZ with a false discovery rate < 0.05 (Appendix Fig S3A).

Analysis of gene ontology terms using DAVID software revealed a

strong enrichment of genes involved in glucose metabolism (glycol-

ysis), angiogenesis, and cell proliferation among the upregulated

genes in NSCs from Gpr124KO cortices, while importantly genes

functioning in neurogenesis were most enriched among the down-

regulated genes (Fig 3B and C). Further, we used Ingenuity pathway

analysis (www.ingenuity.com) to identify transcription factors,

whose targets were enriched among the regulated genes, therefore

likely being candidate gene regulators in NSCs from the Gpr124KO

cortex. This analysis identified several targets of the transcriptional

mediators of hypoxia HIF-1a and HIF-2a as the most significantly

enriched among the genes with increased expression, while targets

of Tbr2 and the oncogene Bmi1 were most enriched among the

genes with decreased expression, consistent with decreased

differentiation (Fig 3D and E).

To confirm HIF activation in the Gpr124KO cortex, we

performed immunoblotting for HIF-1a and HIF-2a in control and

Gpr124KO brains, and found a strong induction of HIF-1a abun-

dance in Gpr124KO as compared to control brains, while HIF-2a
was undetectable (Fig 3F and G). Immunostaining for HIF-1a
revealed the presence of HIF-1a in extranuclear speckles in the

control, but strongly increased abundance and nuclear localization

in the Gpr124KO cortex (Fig 3H–I’’). Moreover, increased expres-

sion of prototypical HIF target genes in the Gpr124KO cortex was

confirmed by qRT–PCR (Fig 3J). Importantly, classical target genes

of the Wnt pathway and the Notch pathway, the two master regu-

lators of RG expansion (Johansson et al, 2010; Pierfelice et al,

2011), were not changed (Appendix Fig S3B–E). Other target genes

of the Wnt-mediator b-catenin were even enriched among the

genes downregulated in Gpr124KO NPCs (Fig 3E). Thus, the

increased RG expansion in the Gpr124KO cortex was associated

with activation of the HIF pathway, independently of the Wnt and

Notch pathways.

Figure 2. Blood vessels intrinsically control radial glia expansion.

A, B Staining for isolectin B4+ blood vessels in control (A) and Gpr124ECcKO (B) forebrains. Asterisks mark the lateral ventricles.
C, D Staining for pimonidazole (PIMO, green) and isolectin B4+ blood vessels (red) in control (C) and Gpr124ECcKO (D) cortices.
E, F Immunostaining for Pax6 in control (E) and Gpr124ECcKO (F) forebrain sections to reveal the lateral extension of the neocortex (dashed line) between the cortical

hem (arrowhead) and the lateral ganglionic eminence (arrow).
G Quantification the lateral extension of the cortex in control and Gpr124ECcKO brains (mean � SEM; N = 6 for ctrl and N = 8 for Gpr124ECcKO; *P < 0.05).
H, I Staining for EdU (red) and Ki67 (green) in control (H) and Gpr124ECcKO (I) cortices at E13.5, 24 h after EdU injection.
J Quantification of Ki67+ NPCs in the in VZ (blue), SVZ/CP (gray), and of Ki67� neurons (cyan) generated from EdU-labeled NPCs in control and Gpr124ECcKO embryos

(mean � SEM; N = 4; *P < 0.05, **P < 0.01).
K, L Immunostaining for Tbr2 (red) and Ngn1 (green) in control (K) and Gpr124KO (L) cortices.
M–O Quantification of neurogenic (Ngn1+) RGs and BPs (M), newborn BPs (N), or expanding (Tbr2� Ngn1�) RGs (O) in control and Gpr124ECcKO cortices (mean � SEM;

N = 4; *P < 0.05, **P < 0.01). Note that the fraction of total BPs is significantly reduced (N), while the fraction of Ngn1+ BPs is insignificantly reduced (M),
because the proportion of Ngn1+ Tbr2+ cells within all BPs is slightly, though statistically insignificantly higher in the Gpr124KO brains (not shown).

Data information: Full, dotted, and dashed lines indicate basal and apical boundaries of the cortex or the basal boundary of the VZ, respectively. CP, cortical plate; IZ,
intermediate zone; SVZ, subventricular zone; and VZ, ventricular zone. Scale bars: 100 lm (B, D, F) or 50 lm (I, L).
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Angiogenesis quenches HIF signaling during cortical development

Hypoxia and high HIF levels maintain stem cells in vitro and

regulate somatic stem cells in vivo (Mohyeldin et al, 2010), but their

role in RG differentiation during brain development is unclear.

Considering that RG differentiation was low during cortical develop-

ment when vessels were not yet formed (Fig EV1A and B’), we

explored whether vessel formation in the cortex decreased HIF-

dependent gene transcription by supplying oxygen. We therefore

determined tissue oxygenation in the developing cortex by staining

A

D

H I I′

I′′

H′

H′′

E F

J

G

B C

Figure 3. HIF-1a is the main regulator of the differential gene expression pattern in Gpr124KO NPCs.

A qRT–PCR analysis of NSC-specific markers (Fabp7, Hes5) and neuronal markers (Dcx, Tubb3) in the Prom1+ fraction, presented as fold change compared to the
Prom1� fraction) from WT cortices at E14.5 (mean � SEM; N = 3 for Dcx; N = 6 for all other genes).

B, C Enrichment analysis for biological process gene ontology terms associated with the genes upregulated (B) or downregulated (C) in VZ cells from Gpr124KO embryos.
D, E Enrichment analysis showing the P-value of the target enrichment for upstream transcriptional regulators known to control the expression of the genes that were

upregulated (D) or downregulated (E) in Prom1+ VZ cells from Gpr124KO as compared to control cortex.
F Western blot for HIF-1a (top), HIF-2a (middle) and a-tubulin as loading control (bottom) using forebrain lysates from E13.5 control (left) or Gpr124KO embryos

(middle). HIF-1/2a-transfected HEK293 cells served as positive control (right).
G Quantification of HIF-1a band intensities shown in (F) (mean � SEM; N = 3; **P < 0.01).
H, I Immunostaining for HIF-1a (red) and DAPI (blue) in control (H, H’, H’’) and Gpr124KO (I,I’,I’’) cortices. Panels (H’, H’’, I’, I’’) are magnifications of the boxed areas in

panels (H) and (I), showing HIF-1a signal alone (H’, I’) or together with DAPI (H’’, I’’). Asterisks indicate autofluorescent blood cells. The dashed line indicates the
basal boundary of the VZ. Scale bar: 100 lm. CP, cortical plate; IZ, intermediate zone; SVZ, subventricular zone; and VZ, ventricular zone.

J qRT–PCR analysis of HIF-1a target gene expression in VZ cells from the cortex of control and Gpr124KO E13.5 embryos (mean � SEM; N = 4; ***P < 0.001).

Source data are available online for this figure.
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for oxidized thiols, the predominant form of cellular cysteines in

well-oxygenated tissues, using an established protocol (Shah et al,

2011). Staining revealed lower levels of oxidized thiols in the

hypoxic Gpr124KO cortex than in controls, indicating that this tech-

nique indeed identified tissue hypoxia (Fig EV3A–D). During normal

brain development, oxygenation was lower in the non-vascularized

cortex at E10.5 than in the already vascularized ventral forebrain

(Fig 4A and D), and increased in the cortex when it became

vascularized (Fig 4B, C, E and F).

Moreover, we performed immunostaining for HIF-1a and the HIF

target gene Glut1, in the developing forebrain at E10.5, E11.5, and

E12.5. This analysis showed for both genes an expression pattern

reciprocal to that of angiogenesis and tissue oxygenation. HIF-1a
was strongly expressed and present in the nucleus of many cells in

the whole E10.5 cortex and in the dorsal cortex at E11.5, but overall

reduced and excluded from the nucleus concomitant with the

progression of vessel formation throughout the cortex (Figs 4G–I’’

and EV1I–K). Parenchymal Glut1 expression mirrored that of HIF-1a
(Fig 4J–L), but Glut1 became prominently expressed in brain

vessels, consistent with earlier reports (Dermietzel et al, 1992).

Moreover, angiogenesis correlated with downregulation of the HIF

target gene Glut1 in the ferret brain parenchyma (Fig EV3E–G).

In situ hybridization for the HIF target genes Pdk1, Bnip3, and Mct4

(Slc16a3) confirmed their regulation reciprocal to the pattern of

angiogenesis and HIF-1a destabilization (Appendix Fig S4).

Together, vascularization increased oxygenation of the developing

forebrain and reduced HIF-1a abundance and HIF target gene

expression, thus linking elevated HIF transcriptional activity with

suppression of RG differentiation and neurogenesis. Interestingly,

tissue oxygenation was lower at E13.5 in the Gpr124KO cortex than

in controls (Appendix Fig S2C and D; Fig EV3A–D), and parenchy-

mal Glut1 expression was not downregulated at E11.5 and E12.5

(Fig EV3H–K), suggesting that perturbation of brain angiogenesis

counteracts the relief from initially low tissue oxygenation and high

HIF activity, seen during normal brain development.

HIF-1a controls radial glia differentiation: loss-of-function

We then investigated whether HIF-1a plays a functional role in the

control of RG differentiation and neurogenesis, as its role in these

processes is unclear. We therefore generated embryos with

conditional deletion of HIF-1a in the cerebral cortex (CC) by cross-

ing HIF-1alox/lox mice (Ryan et al, 2000) with Emx1-Cre mice,

which induces recombination restrictedly in dorsal forebrain RGs

(Gorski et al, 2002). Homozygous deletion of HIF-1a (HIF-1aCC�/�)
did not affect survival and fertility, but severely impaired

A B C G G′ G′′

H H′ H′′

I I′ I′′

D E F

J K L

Figure 4. Angiogenesis quenches HIF activity in the developing cortex.

A–F Staining for isolectin B4 (A–C) and oxidized thiols (D–F) in WT cortices at E10.5 (A, D), E11.5 (B, E), and E12.5 (C, F). Panels (D–F) are pseudocolor conversions of
staining intensity (from low [purple] to high [red]). Arrowheads denote the position of the vascular front.

G–I Immunostaining for HIF-1a (red) and DAPI (blue) in WT cortices at E10.5 (G–G’’), E11.5 (H–H’’), and E12.5 (I–I’’). Panels (G’, G’’, H’, H’’, I’, I’’) are magnifications of the
boxed areas in their respective original panels. Arrows point to the border of lateral and dorsal cortex.

J–L Immunostaining for Glut1 of WT cortices at E10.0 (J), E11.5 (K), and E12.5 (L).

Data information: Dashed lines indicate the apical border of the cortex. Scale bars: 100 lm (D, F, G, H, I, J–L) or 50 lm (I’’), respectively.
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angiogenesis in the cerebral cortex (where Cre is expressed) and

caused cortical hypoplasia together with apoptosis in the cortical

parenchyma (Fig EV4A–D’), suggesting that parenchymal HIF-1a
expression is required for vessel formation in the cortex. We there-

fore analyzed NPC differentiation in embryos, lacking a single

HIF-1a allele in the cerebral cortex (HIF-1aCC+/�), which had a

normal vessel density (Fig EV4E and F). qRT–PCR analysis of

microdissected cortex revealed reduced expression of HIF-1a and

its target genes (Egln3, Pdk1, Glut1) in HIF-1aCC+/� embryos at

E13.5 (Fig 5A).

Interestingly, more neurons were generated at the expense of

EdU+/Ki67+ VZ cells in HIF-1aCC+/� cortices at E13.5 (N = 4;

P < 0.05; Fig 5B–D). We also found increased numbers of Ngn1+

RGs (by 40%) and neurogenic BPs (by 20%), as well as an

increased proportion of total newborn BPs (by 18%) in the VZ of

HIF-1aCC+/� (Fig 5E–H). In consequence, expanding RGs (Tbr2�/
Ngn1�) were decreased (Fig 5E–I) and apoptosis was not altered in

HIF-1aCC+/� cortices (Fig EV4G).

Next, we investigated whether precocious RG differentiation in

HIF-1aCC+/� brains altered cerebral cortex size in postnatal animals.

Analysis of cortex size at postnatal day (P) 5 revealed a small but

consistent reduction in cortex area, due to decreased cortical thick-

ness (N = 8 (WT) or 6 (HIF-1aCC+/�); P < 0.01; Fig 5J–N);

however, the abundance of deep layer versus upper layer neurons

was not changed (Fig EV4H–N). Together, reduction of HIF-1a
expression and transcriptional activity causes precocious neurogenic

differentiation of RGs and increased neurogenesis, at the expense of

RG expansion, leading to mild microcephaly at postnatal stages.

HIF-1a controls radial glia differentiation: gain-of-function

We further probed the role of HIF-1a in RG differentiation by

studying the effects of HIF-1a overexpression in RGs on their

differentiation in vivo. We therefore electroporated E13.5 embryos

in utero to selectively transfect RGs in vivo (Pilaz et al, 2009).

Transfection of RGs with plasmids encoding EGFP alone (control) or

together with full-length HIF-1a revealed that a larger proportion

of HIF-1a-transfected RGs was maintained as NPCs in the VZ/SVZ

at E16.5 compared to control-transfected cells. Moreover, the

HIF-1a-transfected RGs generated fewer early-born neurons that had

already reached the cortical plate, but instead more recently born

neurons that were still migrating through the IZ as compared to

controls (Fig 5O–P’ and R), suggesting a delayed switch to differen-

tiation by transient HIF-1a overexpression.

To distinguish a transcription dependent from a structural role of

HIF-1a (e.g., by sequestering its dimerization partners Arnt and

Arnt2), we used HIF-1a-DC (Jiang et al, 1997), a deletion mutant

with impaired transcriptional activity (Fig EV4O). In contrast to wt

HIF-1a, transfection of HIF-1a-DC did not significantly change RG

differentiation (Fig 5Q and R). Thus, HIF-1a stabilization is critical

and sufficient to maintain NPCs in an undifferentiated state and to

reduce their differentiation, thereby delaying neurogenesis.

Downregulation of HIF-1a target genes during RG differentiation

To obtain more insight into the molecular mechanism of the HIF-1a-
mediated prevention of precocious RG differentiation, we

investigated whether the switch from RG expansion to neurogenic

commitment was associated with a regulation of HIF-1a target

genes. We therefore used Tis21-GFP mice that express GFP in neuro-

genic NPCs, and FACS sorted neurogenic GFP+ NPCs (nNPCs) and

expanding NPCs (eNPCs) as Prom1+/GFP� cells. Analysis by qRT–

PCR revealed higher levels of the RG marker gene Fabp7 in expand-

ing GFP� NPCs (Fig 5S), while neurogenic GFP+ NPCs expressed

higher levels of the neurogenic markers NeuroD6, Dcx, and Tubb3,

confirming our sorting criteria (Fig 5T). Strikingly, expression of the

HIF target genes Egln3, Pdk1, Mct4, and Glut1 was reduced more

than twofold in nNPCs compared to eNPCs, suggesting that the

switch to neurogenesis in the cortex is linked to a downregulation

of HIF target genes (Fig 5U).

Increased tissue oxygenation inhibits RG expansion in
Gpr124KO mice

Next, we explored whether tissue hypoxia was required for the

increased RG expansion after inhibition of brain angiogenesis in

Gpr124KO mice. We increased tissue oxygenation in Gpr124KO

embryos by exposing pregnant dams to hyperoxia (80% O2) for

Figure 5. HIF-1a maintains radial glia during cortical development.

A qRT–PCR analysis of HIF-1a and HIF-1a target gene expression in cortices from E13.5 WT and HIF-1aCC+/� embryos (mean � SEM; N = 8 for WT and N = 5 for
HIF-1aCC+/�; *P < 0.05, **P < 0.01, ***P < 0.001).

B, C Staining for EdU (red) and Ki67 (green) in WT (B) and HIF-1aCC+/� (C) cortices at E13.5, 24 h after EdU injection.
D Quantification of Ki67+ NPCs in the VZ (blue), SVZ/CP (gray), and of Ki67� neurons (cyan) generated from EdU-labeled NPCs in control and HIF-1aCC+/� brains

(mean � SEM; N = 4; *P < 0.05).
E, F Immunostaining for Tbr2 (red) and Ngn1 (green) in WT (E) or HIF-1aCC+/� (F) cortices at E13.5.
G–I Quantification of neurogenic (Ngn1+) RGs and BPs (G), newborn BPs (H), or expanding (Tbr2� Ngn1�) RGs (I) in control and HIF-1aCC+/� cortices at E13.5

(mean � SEM; N = 5; *P < 0.05, **P < 0.01, ***P < 0.001).
J Whole mount image of brains from WT or HIF-1aCC+/� mice at P5.
K Quantification of cortex area in brain sections from P5 WT or HIF-1aCC+/� mice (mean � SEM; N = 8 (WT) or N = 6 (HIF-1aCC+/�); *P < 0.05).
L, M Staining with Hoechst 33248 in P5 WT (L) or HIF-1aCC+/� (M) cortices. The double arrow denotes the measured thickness of the cortex.
N Quantification of cortical thickness of WT and HIF-1aCC+/� cortices (mean � SEM; N = 8 (WT) or N = 6 (HIF-1aCC+/�); ***P < 0.001).
O–Q Epifluorescent images of the E16.5 cortex, 3 days after in utero electroporation (IUE) with EGFP alone (ctrl, O), wild-type HIF-1a+EGFP (P) or mutant HIF-

1aDC+EGFP (Q). Panels (O’, P’, Q’) are magnifications of the boxed area in their respective original panel.
R Quantification of EGFP+ cells in the cortical zones VZ/SVZ, IZ, and CP shown in (O–Q) (mean � SEM; N = 5; *P < 0.05).
S–U qRT–PCR analysis of NSC marker (S; mean � SEM; N = 5; *P < 0.05), neurogenic markers (T; mean � SEM; N = 5; *P < 0.05, ***P < 0.001), and HIF target genes

(U; mean � SEM; N = 5; *P < 0.05, **P < 0.01) in expanding NPCs (eNPCs) and neurogenic NPCs (nNPCs). Gene expression was normalized to the levels in eNPCs.

Data information: Full, dotted, and dashed lines indicate basal and apical boundaries of the cortex or the boundaries of the cortical zones, respectively. CP, cortical plate;
IZ, intermediate zone; SVZ, subventricular zone; and VZ, ventricular zone. Scale bars: 50 lm (C, F, Q’), 200 lm (M, Q), or 4 mm (J), respectively.
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3 days from E10.5 to E13.5 (Fig 6A). Hyperoxia treatment strongly

reduced pimonidazole staining in the cortex of Gpr124KO embryos as

compared with normoxia (21% O2) to a level comparable with

control embryos, while the vascular phenotype was not changed

(Fig 6B and C). Hyperoxia treatment of control embryos completely

abrogated pimonidazole staining (Fig 6D and E). Similar results were
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Figure 6.
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obtained when staining oxidized thiols to evaluate tissue oxygena-

tion (Appendix Fig S5). Also, hyperoxia treatment reduced HIF-1a
immunostaining in the Gpr124KO cortex (Fig 6F and G). These data

show that exposing pregnant dams to 80% O2 increases brain tissue

oxygenation in the developing embryo and normalizes brain oxygen

levels after inhibition of brain angiogenesis. Importantly, normaliza-

tion of brain tissue oxygenation rescued RG differentiation in the

Gpr124KO cortex by increasing the proportion of neurogenic Ngn1+/

Tbr2� RGs (Fig 6H–J), elevating the proportion of newborn BPs in

the VZ (Fig 6H–K) and reducing expanding Ngn1�/Tbr2� RGs

(Fig 6H–L), thus normalizing the Gpr124KO phenotype. Moreover,

exposure of control embryos to 80% O2 phenocopied the effect of

heterozygous HIF-1a deletion by further increasing the proportion of

neurogenic Ngn1+/Tbr2� RGs (Fig 6M–O) and the proportion of

newborn BPs in the VZ (Fig 6M–P), while decreasing expanding

Ngn1�/Tbr2� RGs (Fig 6M–Q). Thus, tissue O2 levels regulate RG

expansion and normalizing oxygenation suffices to restore RG

differentiation in the absence of functional brain vessels.

Glycolysis is required for RG expansion

Considering that expression of glycolytic genes was consistently

increased in VZ cells of Gpr124KO brains coinciding with increased

RG expansion, while their expression was reduced in neurogenic as

compared to expanding NPCs, we probed for a functional role of

glycolysis in the regulation of RG differentiation. First, the expres-

sion of the glycolytic genes Hk2, Gapdh, Eno1, and Ldha was higher

in Prom1+ VZ cells than in their differentiated Prom1� progeny

isolated from the E 14.5 cortex (Fig 7A).

We then measured glycolytic activity in cultured NPCs from the

E13.5 cortex under expansion conditions in the presence of growth

factors and upon differentiation induced by removal of growth

factors. This analysis revealed that proliferating NPCs secreted large

amounts of lactate (end product of glycolysis) in the conditioned

medium, but lactate production was strikingly reduced already at

the onset of neurogenesis after 3 days of differentiation and further

decreased after 7 days of differentiation, when extensive neurogene-

sis and astrogliogenesis had taken place (Figs 7B and EV5A–F).

These data show that glycolysis is functionally downregulated

already at the switch from NSC expansion to neurogenesis in vitro.

To assess the functional importance of glycolysis on RG differen-

tiation, we silenced the expression of Pfkfb3, a hypoxia-inducible

activator of the rate-limiting glycolytic enzyme phosphofructoki-

nase-1 (Pfk1). Pfkfb3 is the most abundant Pfkfb isoform in E13.5

cortical VZ cells and is upregulated in the Gpr124KO VZ (Fig EV5G).

Lentivirus-mediated knockdown using a scramble (scr) or Pfkfb3-

specific shRNA in proliferating NPCs in vitro (Fig 7C) reduced

lactate production (Fig 7D), but did not significantly alter total mito-

chondrial oxygen consumption rate (OCR) as a readout of oxidative

phosphorylation (Fig 7E) or OCR dedicated to ATP production

Figure 6. Restoring tissue oxygenation rescues radial glia differentiation after suppression of periventricular brain angiogenesis.

A Scheme of the experimental approach.
B–E Staining for pimonidazole (PIMO, green) and isolectin B4 (IB4, red) in Gpr124KO (B, C) and control (D, E) cortices after exposure of the pregnant dams to 21% O2 (B,

D) or 80% O2 (C, E). Compared to the pimonidazole staining in panels (B, C), the intensity of this staining is much weaker in panels (D, E). For reasons of clarity,
the pimonidazole staining in panels (D, E) was therefore enhanced, equally in both panels.

F, G Immunostaining for HIF-1a (red) and DAPI (blue) in Gpr124KO cortices after exposure of the pregnant dams to 21% O2 (F) or 80% O2 (G).
H, I Immunostaining for Tbr2 (red) and Ngn1 (green) in Gpr124KO cortices after exposure of the pregnant dams to 21% O2 (H) or 80% O2 (I).
J–L Quantification of neurogenic (Ngn1+) RGs and BPs (J), newborn BPs (K), or expanding (Tbr2� Ngn1�) RGs (L) in Gpr124KO cortices after exposure of the pregnant

dams to 21% or 80% O2 (mean � SEM; N = 4 for 21% O2 and N = 5 for 80% O2; *P < 0.05, **P < 0.01).
M, N Immunostaining for Tbr2 (red) and Ngn1 (green) in control cortices after exposure of the pregnant dams to 21% O2 (M) or 80% O2 (N).
O–Q Quantification of neurogenic (Ngn1+) RGs and BPs (O), newborn BPs (P), or expanding (Tbr2� Ngn1�) RGs (Q) in control cortices after exposure of the pregnant

dams to 21% or 80% O2 (mean � SEM; N = 5; *P < 0.05, **P < 0.01).

Data information: Dotted and dashed lines indicate the basal and apical boundaries of the VZ. SVZ, subventricular zone; and VZ, ventricular zone. Scale bars: 50 lm.

▸Figure 7. High-level expression of the glycolytic regulator Pfkfb3 is required for radial glia maintenance.

A qRT–PCR analysis of glycolytic enzymes in Prom1+ VZ cells and their Prom1� differentiated progeny (BPs and neurons) in WT cortices at E14.5 (mean � SEM;
N = 3 (Hk2, Gapdh); N = 6 (Eno1; Ldha); **P < 0.01).

B Measurement of lactate secretion from proliferating NSCs, and of NSCs differentiating for 3 days (switch to neurogenesis) or for 7 days (fully differentiated),
normalized to cellular protein content (mean � SEM; N = 6; ***P < 0.001).

C qRT–PCR analysis of Pfkfb3 expression in proliferating NSCs, transduced with scr or Pfkfb3 shRNA#1 (mean � SEM; N = 4; *P < 0.05).
D Measurement of lactate secretion from proliferating NSCs transduced with scr or Pfkfb3 shRNA#1, normalized to cellular protein content (mean � SEM; N = 3;

*P < 0.05).
E Measurement of mitochondrial respiration rate (oxygen consumption rate, OCRMITO; see Appendix Supplementary Methods) in proliferating NSCs, transduced with

scr or Pfkfb3 shRNA#1, normalized to cellular protein content (mean � SEM; N = 3; N.S., not significant).
F–H Epifluorescent images of the E15.5 cortex, 3 days after in utero electroporation with EGFP + scr shRNA (F), EGFP + Pfkfb3 shRNA#1 (G), or EGFP + Pfkfb3 shRNA#2

(H).
I Quantification of EGFP+ cells in the cortical zones VZ/SVZ, IZ, and CP shown in (F–H) (mean � SEM; N = 4 for scr and N = 5 for Pfkfb3 shRNAs; *P < 0.05,

**P < 0.01, ***P < 0.001).
J–L Epifluorescent images of the mouse cortex after in utero electroporation with HIF-1a and scr shRNA (J) or with HIF-1a and two different Pfkfb3 shRNAs (K, L) at

E16.5, 3 days after transfection.
M Quantification of EGFP+ cells in the cortical zones VZ/SVZ, IZ, and CP shown in (J–L) (mean � SEM; N = 5; *P < 0.05, **P < 0.01, ***P < 0.001).

Data information: Full, dotted, and dashed lines indicate basal and apical boundaries of the cortex or boundaries of the cortical zones, respectively. CP, cortical plate; IZ,
intermediate zone; SVZ, subventricular zone; and VZ, ventricular zone. Scale bars: 100 lm.
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(Fig EV5H). We silenced Pfkfb3 by in utero electroporation of

vectors encoding EGFP together with a scr or two different non-over-

lapping Pfkfb3 shRNAs (Figs 7C and EV5I) at E12.5 and evaluated

RG differentiation 3 days later. Silencing of Pfkfb3 strikingly reduced

the proportion of transfected cells that were maintained as progeni-

tors in the VZ/SVZ as well as the recently born neurons in the IZ,

while the proportion of early-born neurons in the CP was increased

(Fig 7F–I). These data indicate a critical dependence of RG

expansion and/or maintenance on sufficient Pfkfb3 levels in vivo.

Next, we electroporated vectors encoding HIF-1a and EGFP

together with a scr or Pfkfb3 shRNA in WT embryos at E13.5 and

analyzed RG differentiation after 72 h. Overexpression of HIF-1a
with scr shRNA reproduced the increased RG maintenance and

delayed neurogenesis, seen after of HIF-1a overexpression alone

(Figs 5O–R and 7J and M). However, the delay in neurogenesis was

partially rescued upon Pfkfb3 silencing, as indicated by an increase

of early-born neurons in the CP and a decrease of late-born neurons

in the IZ (Fig 7J–M). Together, these results reveal a critical role of

the hypoxia-inducible glycolytic regulator Pfkfb3 in normal and

induced RG expansion after HIF-1a stabilization.

Discussion

Regulation of RG differentiation by the stem cell niche of the embry-

onic cerebral cortex is essential to safeguard cortical development.

Our study uncovers a critical role for blood vessels as a novel

functional component of this niche and identifies HIF-1a and its

target Pfkfb3 as novel regulators of RG expansion during cortical

development.

Blood vessels regulate radial glia expansion during development

In this study, we describe a congruence of blood vessel ingrowth and

induction of RG differentiation and BP generation in the developing

cerebral cortex, which is spatiotemporally propagated during cortex

development. These results raised the question whether blood vessels

promote RG differentiation and neurogenesis in the stem cell niche,

since virtually all the cortical NSCs expanded before the vessels

reached the cortex and they initiated the switch toward neuron

production upon blood vessel invasion. This phenomenon was

observed in both lissencephalic and gyrencephalic species, implying

that it likely functions also during human brain development.

Our findings indicate that brain-specific and vessel-autonomous

impairment of angiogenesis in Gpr124KO mouse embryos, preventing

the relief of hypoxia in the initially avascular cerebral cortex,

increased RG expansion and NPC proliferation, abrogated the

induction of neurogenic transcription factors in RGs, and reduced the

generation of BPs from these cells, thereby impairing neurogenesis,

without, however, inducing apoptosis. This suggests that formation

of niche blood vessels in the developing cerebral cortex regulates the

switch from RG expansion to RG differentiation and neurogenesis.

These findings differ from earlier reports that deletion of VEGF in

the developing CNS caused severe brain vessel defects and

decreased NPC proliferation (Haigh et al, 2003; Raab et al, 2004).

However, VEGF deletion in all brain cells may reduce proliferation

and cause apoptosis due to severely perturbed angiogenesis,

abrogating oxygen and nutrient supply, or due to lack of direct

stimulation of NSC proliferation by VEGF (Jin et al, 2002; Kirby

et al, 2015).

In contrast, our more refined approach of using Gpr124KO mice

with more selective periventricular vessel defects enabled us to

study the effects of perturbed niche blood vessel formation on

cortical neurogenesis during development and allowed to uncover a

functional dependence of neurogenesis on angiogenesis in

the developing brain. Our findings show that the absence of

functional blood vessels in the embryonic cortical niche does not

generally impair RG function and viability but selectively causes

RGs to expand more rather than less.

Oxygen tension regulates RG expansion

Blood vessels can exert their effect in the stem cell niche via angio-

crine signaling or via delivery of nutrients or oxygen (Cleaver &

Dor, 2012; Ramasamy et al, 2015). Our findings reveal that (i) initial

vessel ingrowth in the cerebral cortex, coinciding with an increase

in tissue oxygenation and reduced levels of HIF-1a, was associated

with a reduction in RG expansion and a switch to RG differentiation;

(ii) conversely, Gpr124KO embryos with impaired brain angiogenesis

failed to increase oxygen levels in the stem cell niche and

maintained RG expansion at the expense of RG differentiation; and

(iii) increasing tissue oxygenation of Gpr124KO embryos did not alter

the vascular defects, but reduced HIF-1a levels, rescued RG

differentiation and normalized their expansion, while the same

treatment in control embryos phenocopied the effect of partial

HIF-1a deletion in the cortex.

Together, these data support a model whereby vessel ingrowth

relieves the low oxygen tension in the developing cortex and

degrades HIF-1a to facilitate differentiation of RGs at the expense of

their expansion. Our studies do not exclude the possibility that

niche blood vessels also affect neurogenesis via the production of

angiocrine factors as suggested by studies in vitro (Shen et al, 2004)

and in the adult NSC niche in vivo (Goldman & Chen, 2011; Delgado

et al, 2014; Ottone et al, 2014; Bjornsson et al, 2015), but they

suggest for a role of blood vessels in supplying oxygen as a key

regulator of this process in vivo. In addition, none of these previous

papers, which documented a role of blood vessels of the embryonic

or adult NSC niche, considered that oxygen can regulate the switch

from NPC expansion to differentiation, despite the fact that certain

stem cells occupy hypoxic niches (Panchision, 2009; Mohyeldin

et al, 2010). Our results therefore provide the first in vivo evidence

that RGs expand more and differentiate less when the low oxygen

levels in the early cortex fail to increase during further brain devel-

opment, thereby uncovering that blood vessels regulate embryonic

cortical neurogenesis at least in part by supplying oxygen.

HIF-1a integrates RG expansion and angiogenesis

Full deletion of HIF-1a in the cortex impaired angiogenesis and

caused widespread apoptosis by E13.5, precluding the use of mice

lacking both HIF-1a alleles. However, heterozygous deletion of HIF-

1a in the cerebral cortex did not impair angiogenesis at E13.5, but

still decreased the expression of HIF target genes and increased RG

differentiation. Conversely, transient overexpression of HIF-1a
maintained RGs and delayed their differentiation in the developing

cortex, even in the presence of blood vessels. These results suggest
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a model, whereby HIF-1a initially favors RG expansion, but at the

same time also triggers brain vascularization [likely by upregulating

angiogenic molecules such as VEGF (Iyer et al, 1998; Ryan et al,

2000)]. The resultant increased oxygenation then lowers HIF-1a
levels, which in turn facilitates RG differentiation in a feedback (see

scheme in Fig EV5J).

Our genetic studies reveal that reduced HIF-1a levels in the

developing cortex promote—not impair—neurogenic differentiation

of RGs, at the expense of their expansion, while increased HIF-1a
levels (specifically in RGs) delayed the switch to RG differentiation

and increased their expansion. These findings could not be inferred

from previous studies as germ line HIF-1a deficiency causes embry-

onic lethality by E10.5, thereby precluding analysis of HIF-1a’s role

in cortical neurogenesis (Iyer et al, 1998). Further, deletion of

HIF-1a in the CNS after the onset of cortical angiogenesis causes

neuronal apoptosis late in gestation and adulthood (Tomita et al,

2003), but cortical neurogenesis in development was not altered

(Wagenfuhr et al, 2015).

In adult mice, HIF-1a deletion in the dorsal forebrain, including

in NPCs, impairs neurogenesis by reducing NPC proliferation and

impeding differentiation (Mazumdar et al, 2010) but all previously

used HIF-1a targeting strategies could not exclude effects on other

niche cells (Iyer et al, 1998; Tomita et al, 2003; Mazumdar et al,

2010; Li et al, 2014). Indeed, loss of HIF-1a in adult Nestin+ NPCs

caused depletion of NSCs secondary to destabilization of the vascu-

lar niche (Li et al, 2014). In contrast, our study shows that HIF-1a
haplodeficiency in the dorsal cortex does not affect the niche vascu-

lature, yet alters RG differentiation. This, together with the finding

that overexpression of HIF-1a selectively in a subset of RGs, without

affecting other niche cell types, is capable of controlling RG expan-

sion versus differentiation, indicates that HIF-1a regulates this

process in a cell-autonomous manner in RGs. Moreover, HIF-1a
induces Wnt/b-catenin signaling in adult NSCs (Mazumdar et al,

2010) but not in embryonic NSCs (this study).

Enhanced RG expansion after HIF-1a stabilization relies
on Pfkfb3

Low oxygen levels increase NSC expansion in vitro in a HIF-1a-
dependent manner, but the underlying mechanisms are unknown

(Panchision, 2009; Mohyeldin et al, 2010). HIF-1a is a master regu-

lator of glycolysis, a process used by proliferating cells for ATP

production, but also for the generation of molecular building blocks

to support biomass production for cell proliferation (Vander Heiden

et al, 2009). Here, we show that HIF-1a stabilization in NPCs from

Gpr124KO embryos consistently increases the expression of glyco-

lytic genes in vivo together with an increase in RG expansion. Data

from Drosophila neuroblasts and cultured mammalian NPCs support

a switch from glycolysis toward oxidative phosphorylation upon

terminal differentiation. Moreover, the results in flies suggest that a

transcriptional increase of oxidative phosphorylation genes is

required for neuronal differentiation (Homem et al, 2014). In

contrast, our data show downregulation of glycolytic genes in dif-

ferentiated Prom1� NPC progeny compared to Prom1+ NPCs in the

developing mammalian cortex and reduced production of lactate—

the end product of anaerobic glycolysis—at the onset of neurogene-

sis in vitro. Interestingly, we found that oxidative phosphorylation

in NSCs was high and comparable to that in cortical neurons

(De Bock et al, 2013), suggesting that embryonic NSCs—at least

in vitro—do not increase oxidative phosphorylation, but reduce

glycolysis upon differentiation. Furthermore, we show that Pfkfb3

maintains glycolysis in cortical NPCs in vitro and provide for the

first time genetic evidence in vivo that expression of this glycolytic

activator is critical to prevent precocious RG differentiation in the

normal cortex and that increased RG expansion after HIF-1a stabili-

zation depends on Pfkfb3. Thus, our data strongly suggest that

glycolytic activity levels play an important role for RG differentia-

tion in the mammalian cortex and that Pfkfb3-driven glycolysis is an

important novel functional mediator of increased RG expansion

after HIF-1a stabilization in vivo.

Possible implications

Direct manipulation of tissue oxygen levels specifically in the brain is

currently not feasible, and exposure of pregnant dams to low ambient

oxygen levels to induce tissue hypoxia causes embryonic morbidity

(Ream et al, 2008; Wagenfuhr et al, 2015). We therefore used vessel-

specific deficiency of GPR124 to prevent tissue oxygenation in the

developing cortex by specifically perturbing brain angiogenesis.

However, our findings might be relevant for pathological conditions,

characterized by reduced perfusion of the developing cortex, as

occurs in the hypoplastic left heart syndrome, a congenital heart

disease in humans, which delays cortical gyri formation (Clouchoux

et al, 2013; Sun et al, 2015), a process that directly depends on the

regulation of NPCs and neurogenesis (Reillo et al, 2011).

Materials and Methods

Animals

Experimental animal procedures were approved by the Institutional

Animal Care and Research Advisory Care Committees of the KU

Leuven, Belgium; the Landesdirektion Dresden, Germany; and Stan-

ford University, USA. Gpr124KO (Gpr124tm1Cjku) mice, Gpr124lox/lox

(Gpr124tm2Cjku) mice, PDGFB-CreERT2 (Tg(Pdgfb-icre/ERT2)1Frut)

mice, Tis21-GFP (Tis21+/tm2(Gfp)Wbh) mice, Emx1-Cre (B6.129S2-

Emx1tm1(cre)Krj/J) mice, and HIF-1alox/lox (B6.129-Hif1atm3Rsjo/J) mice

were previously described (Ryan et al, 2000; Gorski et al, 2002;

Haubensak et al, 2004; Claxton et al, 2008; Kuhnert et al, 2010).

For Gpr124KO mice, both WT and heterozygous littermate embryos

were used as control. Timed-pregnant ferrets were obtained from

Marshall BioResources and housed at facilities of BioCrea GmbH

(Radebeul, Dresden). At E20, E24, or E28, pregnant ferrets were

anesthetized by intramuscular injection of ketamine (20 mg/kg of

body weight, Bela-Pharm) and xylazine (1 mg/kg, Pharma-Partner)

and euthanized by intracardiac injection of T-61 (0.3 ml/kg of body

weight, Intervet), followed by the immediate removal of embryos

and dissection of whole heads (E20) or brains (E24, E28) in PBS and

immediate fixation.

Histology and immunohistochemistry

Mouse or ferret embryos were dissected, eventually the brain

removed and fixed with 4% paraformaldehyde (PFA) overnight at

4°C. Coronal sections of the forebrain were cut at 7, 12, 20, 40, or
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50 lm thickness. Immunohistochemical staining was performed as

described (Lange et al, 2009). Sections were subsequently incubated

with fluorophore-conjugated secondary antibodies (Molecular

Probes, Alexa-488 or Alexa-568) or with peroxidase-labeled IgGs

(DAKO), followed by amplification with tyramide signal

amplification system (FITC, PerkinElmer, LifeSciences) for anti-

CD31, anti-HIF-1a, and anti-Glut1. HIF-1a staining required 30 min

pretreatment with 1 M HCl. Blood vessels were also visualized

through binding of Alexafluor 647-coupled isolectin B4 (IB4).

Further details on imaging and image quantification are available in

the Appendix.

qRT–PCR

RNA from cells or microdissected tissue was extracted using the

Pure Link RNA Kit (Invitrogen), and genomic DNA was digested.

Complementary DNA was synthetized by the QuantiTect Retrotran-

scriptase reaction (Qiagen). RNA expression analysis was performed

by TaqMan quantitative RT–PCR on a 7500 Fast Real time PCR

instrument using premade primer sets (IDT or AB Biosciences).

Assay codes are available in the Appendix Table S1.

Data deposition

RNA sequencing raw data are available in the ArrayExpress data-

base under accession number E-MTAB-3941.

Statistics

Data represent mean � SEM of all experiments. Statistical signifi-

cance was calculated by standard t-test or one-way ANOVA with

Bonferroni post hoc test for more than two conditions (GraphPad

Prism v5.0d). P < 0.05 was considered statistically significant. “N”

defines the number of individual embryos analyzed. For the analysis

of gene expression of freshly sorted cells, “N” defines the number

of individual samples, each derived from 2 to 8 pooled littermate

embryos of the same genotype. For quantification of

immunohistochemistry, for each embryo, at least 500 cells in 2–6

non-consecutive sections were counted. Images were acquired and

quantified blinded to the genotype of the embryos or transfected

plasmids, when severity of the phenotype allowed. Otherwise,

quantifications were performed by several investigators, with

coherent results.

Expanded View for this article is available online.
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