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Organ growth requires the coordinated invasion and expansion of
blood vessel networks directed by tissue-resident cells and morpho-
genetic cues. A striking example of this intercellular communication
is the vascularization of the central nervous system (CNS), which is
driven by neuronal progenitors, including neuroepithelial cells and
radial glia. Although the importance of neuronal progenitors in
vascular development within the CNS is well recognized, how these
progenitors regulate the vasculature outside the CNS remains
largely unknown. Here we show that CNS-resident radial glia direct
the vascularization of neighboring tissues during development. We
find that genetic ablation of radial glia in zebrafish larvae leads to
a complete loss of the bilateral vertebral arteries (VTAs) that
extend along the ventrolateral sides of the spinal cord. Impor-
tantly, VTA formation is not affected by ablation of other CNS cell
types, and radial glia ablation also compromises the subsequent
formation of the peri-neural vascular plexus (PNVP), a vascular
network that surrounds the CNS and is critical for CNS angiogen-
esis. Mechanistically, we find that radial glia control these pro-
cesses via Vegfab/Vegfr2 signaling: vegfab is expressed by radial
glia, and genetic or pharmacological inhibition of Vegfab/Vegfr2
signaling blocks the formation of the VTAs and subsequently of
the PNVP. Moreover, mosaic overexpression of Vegfab in radial glia
is sufficient to partially rescue the VTA formation defect in vegfab
mutants. Thus, our findings identify a critical function for CNS-
resident progenitors in the regulation of vascularization outside
the CNS, serving as a paradigm for cross-tissue coordination of
vascular morphogenesis and growth.

angiogenesis | spinal cord | zebrafish | radial glia | Vegf signaling

he vascular system functions in the delivery of oxygen, nu-
trients, and hormones, thereby providing fundamental support

for tissue growth, homeostasis, and function. During development,
the vascularization of the central nervous system (CNS) initiates
by angiogenic sprouting from the peri-neural vascular plexus
(PNVP) into neural tissues (1-4). This angiogenic sprouting
event is directed primarily by morphogenetic cues that derive
from CNS-resident cells. Neuronal progenitors, including neu-
roepithelial cells and radial glia, secrete factors, including Wnts
and Vegfs, which promote the ingression of blood vessels into
neural tissues (5-9). The metabolic state of neurons (10, 11) as
well as signals from specialized CNS glia (12, 13) also play in-
structive roles in vascular patterning in the developing CNS. In
contrast to these recent advances in our understanding of CNS
vascularization, however, the cellular and molecular bases of
vascular assembly around the CNS remain poorly understood.
We have recently begun to investigate the role of different
CNS cell types in vascular development around the CNS by
optimizing genetic ablation conditions for these cell types in
zebrafish (14). This ablation method uses the bacterial enzyme
Nitroreductase (NTR), which triggers cell apoptosis upon ad-
ministration of a prodrug substrate, metronidazole (Mtz) (15,
16). Using cell type-specific promoters to drive NTR expression,
different CNS cell types can be ablated in a spatially and tem-
porally controlled manner. By using this ablation technology, we
previously identified a requirement for radial glia during em-
bryonic stages in limiting the oversprouting of the vasculature
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around the spinal cord, thereby ensuring the formation of a
precisely patterned network (14). Prior work has suggested that
the developing neural tube provides signals to recruit the en-
dothelial cells (ECs) that form the PNVP (4, 17). However, the
angiogenic events leading to PNVP formation as well as the
cellular and molecular bases of this process remain largely un-
known. By using unique attributes of the zebrafish model, we
address these questions and identify a specific CNS cell type that
is required to drive the formation of the PNVP around the
spinal cord.

Results

Specific Cell-Type Ablation Using Genetic and Pharmacological Tools.
The developing zebrafish CNS is known to comprise different
glial and neuronal cell types. The major cell types include radial
glia neuronal progenitors, neurons, oligodendrocytes, and micro-
glia. Unlike in the mammalian CNS, radial glia neuronal pro-
genitors persist in many regions of the adult zebrafish CNS (18,
19), and to date, there is no clear evidence for bona fide astrocytes
in the developing zebrafish spinal cord at the stages we analyzed in
this study [3-30 days post fertilization (dpf)].

To investigate whether and how these CNS cell types control
vascular development around the CNS, we ablated each of these
cell types during development. To ablate radial glia, we used the
TgBAC (gfap:gal4ff) line, in which Gal4ff is driven by the gfap
regulatory elements contained in a BAC (14, 19). By crossing the
TgBAC(gfap:gal4ff) line with the Tg(UAS-E1b:Eco.NfsB-mCherry)
line, which contains an NTR-mCherry fusion cassette under
the control of the upstream activator sequence (UAS), we
generated TgBAC (gfap:gal4ff); Tg(UAS-E1b:Eco.NfsB-mCherry)
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fish, abbreviated Tg(gfap:NTR). To ablate neurons, we used
Tg(elavi3:gal4-vp16);Tg(UAS-E1b:Eco.NfsB-mCherry) fish, ab-
breviated Tg(elavi3:NTR). To ablate oligodendrocytes, we used
Tg(mbpa:gal4-vp16);Tg(UAS-E1b:Eco.NfsB-mCherry) fish, ab-
breviated Tg(mbpa:NTR). For microglia depletion, we used irf8
mutants, which were shown to lack microglia throughout de-
velopment (20). Moreover, we treated embryos with a Sonic
Hedgehog signaling inhibitor, cyclopamine, from 34 to 52 hours
post fertilization (hpf), which was previously shown to result in
a dramatic loss of spinal cord oligodendrocytes and their pre-
cursors (21).

We first confirmed that the 7g(gfap:NTR) line we used spe-
cifically labels GFAP-positive radial glia at the larval stage when
we induced cell ablation (Fig. S1 A-B”), and we tested whether
these transgenic (Tg) lines, as well as the cyclopamine treatment,
could ablate the target cells effectively (Figs. S1 C-J” and S2 A—
D). We further observed that ablation of radial glia and neurons
is specific for each of these cell types (Fig. S2 G-K").

Genetic Ablation of CNS Radial Glia, but Not of Other CNS Cell Types,
Leads to a Complete Loss of the Vertebral Arteries. To determine
whether and how these CNS cell types regulate vascular devel-
opment, each Tg line was crossed with the EC reporter Tg line,
Tg(kdrl:EGFP). We treated larvae with 2 mM Mtz starting from
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Fig. 1. Genetic ablation of CNS radial glia in early larval stages leads to a
complete loss of the VTAs. (A) Experimental time course for B-E, G-J, L, and
M. (B-E) 178 hpf Tg(gfap:NTR) (B and C) and Tg(elavi3:NTR) (D and E) trunk
vasculature visualized by Tg(kdrl:EGFP) expression after treatment with
DMSO (B and D) or Mtz (C and E). Genetic ablation of radial glia, but not of
neurons, leads to the loss of the VTAs (yellow arrows, C). (F) Percentage of
larvae without VTAs, as judged by Tg(kdrl:EGFP) expression (10 somites ex-
amined per animal). (G-J) 178 hpf Tg(gfap:NTR) (G and H), control (/), and
Tg(elavi3:NTR) (J) animals carrying the kdrl:nls-EGFP transgene, which were
injected with Q-dot 655 nanocrystals after treatment with DMSO (G) or Mtz
(H-J). Radial glia-ablated fish lack ECs in the position of the VTAs (yellow
arrows, H). High-magnification images of ECs in the position of the VTAs are
shown in G’-J'. (K) Quantification of nls-EGFP* EC number in the position of
the VTAs within 10 somites per animal. Values represent means + SEM,
**%P < 0.001. (L and M) 178 hpf Tg(gfap:NTR) trunk vasculature visualized by
FITC-dextran microangiography after treatment with DMSO (L) or Mtz (M).
Radial glia ablation leads to a loss of lumenized VTAs (yellow arrows, M).
(Scale bar, 100 um.)
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78 hpf and assessed vascular development at 178 hpf (Fig. 14).
Interestingly, we observed that radial glia-ablated fish exhibited
largely comparable patterns of the trunk vasculature to controls.
However, we found that the vertebral arteries (VTAs), which
develop along the ventrolateral sides of the spinal cord, were
completely absent in 178 hpf radial glia-ablated fish (Fig. 1 B and
C). This phenotype is fully penetrant and was observed in all of
the radial glia-ablated animals analyzed (Fig. 1F and Table S1;
n =20). VT As were present in all of the 178 hpf DMSO or 2 mM
Mtz-treated control fish examined (Fig. 1 B and F; n = 20). In-
triguingly, neuronal ablation did not lead to VTA formation
defects (Fig. 1 D-F; n = 20). Importantly, fish depleted for oli-
godendrocytes, oligodendrocyte precursor cells, or microglia also
did not exhibit this defect (Fig. S2 A-F), suggesting a specific
role for radial glia in regulating VTA formation.

Next, we quantified the number of ECs that form the VTAs
using the Tg(kdrl:NLS-EGFP) reporter line after radial glia ab-
lation. Consistent with the observations with Tg(kdrl:EGFP)
expression, the number of ECs in the position of VTAs dra-
matically decreased in radial glia-ablated fish compared with
control or neuron-ablated fish (Fig. 1 G-K and Table S1; n = 8-
9 for each group). We also found the absence of lumenized
VTAs by FITC-dextran microangiography (Fig. 1 L and M; n =
17). In control fish, FITC-dextran nanocrystals that were injected
into the common cardinal vein circulated and labeled the trunk
vasculature, including the VT As (Fig. 1L). However, VTAs were
not labeled by FITC-dextran nanocrystals in radial glia-ablated
fish (Fig. 1M). These results indicate that radial glia ablation
leads to a loss of the ECs that form the VTAs, resulting in the
absence of these vessels. Thus, radial glia act as positive regu-
lators of VTA formation.

VTAs Are Important for Subsequent Vascularization Around and
Within the Spinal Cord. We next examined a developmental time
course of VTA formation and observed that VTAs are formed
later than other major trunk vessels such as the intersegmental
vessels (ISVs) (Fig. 2. A-D). The cells that form the VTAs begin
sprouting from the ISVs between 76 and 102 hpf, and VTA
formation appears to be mostly complete by around 7-8 dpf (Fig.
2 A-D and Movie S1). We also observed that VT As show strong
expression of the Tg(-0.8flt]:tdTomato) arterial marker, but not
the Tg(lyvel:DsRed) venous and lymphatic marker, at 8 dpf (Fig.
S3 A-B"), suggesting that these vessels are of arterial identity
(Fig. S3C; 132 VTAs quantified, » = 12 fish). Importantly, we
found that cellular processes extending from radial glia, marked
by TgBAC (gfap:Gfap-EGFP) expression, lie in close proximity to
VTAs throughout development (Fig. 2 B-F").

At later developmental stages (11 dpf), we found that VTAs,
as well as ISVs, initiate a secondary angiogenic program that
vascularizes the peri-neural tissue between the dorsal ISVs and
subsequently forms the PNVP, a vascular network that surrounds
the spinal cord (Fig. 2 G and H, Fig. S3 D and E, and Movie S2).
By 15 dpf, the sprouting vessels that derive from VTAs and ISVs
further extend and connect with neighboring VTAs and ISVs
(Fig. 2I). Importantly, we found that VTAs serve as critical
scaffolds for PNVP formation (Fig. 2/ and Fig. S3F). At around
17-18 dpf, when the PNVP becomes established, EC invasion
into the spinal cord begins in its dorsolateral sides (Movie S3).
These spinal cord-invading ECs originate from the PNVP (Fig. 2
K and L and Movie S3), and vessel growth is maintained through
later stages (Fig. 2 M-O and Movies S4 and S5). These obser-
vations show that the VTAs serve as important vascular scaffolds
for the subsequent vascularization in and around the spinal cord.

Vegfab/Vegfr2 Signaling Is Necessary for VTA Formation. We next
investigated how radial glia positively regulate VTA formation
in vivo. To determine which angiogenic stimuli regulate VTA
formation, we treated Tg(kdrl:ras-mcherry) fish with small mol-
ecules that inhibit distinct angiogenic signaling pathways. Spe-
cifically, we treated the larvae with the following compounds
from 80 to 152 hpf: 2 pM sunitinib, a broad receptor tyrosine
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Fig.2. VTAs serve as critical scaffolds for subsequent vascularization around
and within the spinal cord. (A-D) TgBAC(gfap:gfap-EGFP);Tg(kdrl:ras-
mcherry) trunks at 76 (A), 102 (B), 124 (C), and 154 (D) hpf show a de-
velopmental time course of VTA formation. (E and F-F’) A 154 hpf

TgBAC(gfap:gfap-EGFP);Tg(kdrl:ras-mcherry) trunk (E) and its sections
counterstained with DAPI (F—F"). Radial glia endfeet and VTAs are physically
adjacent (white arrows). High-magnification image of the region inside the
dashed line (F) is shown in F". (G-I) Tg(kdrl:EGFP) trunk vasculature at dif-
ferent developmental stages. At 7 dpf, most VTAs are formed (G, yellow
arrows). At 11 dpf, sprouting vessels emerge between dorsal ISVs (H, yellow
arrows), and these vessels have established connections with neighboring
VTAs or ISVs by 15 dpf (/). () High-magnification image of Tg(kdrl:EGFP)
trunk vasculature at 18 dpf. Vessels around the spinal cord are connected to
VTAs (yellow arrows). (K and L) z-stack projection images of 25 dpf Tg(kdr!:
EGFP) trunk vasculature. Blood vessels inside the spinal cord are shown in
magenta. Pink arrows point to the sites where angiogenic sprouting into the
spinal cord takes place. It mostly occurs from the dorsolateral sides of the
PNVP. (M-O) Tg(gfap:NTR),Tg(kdrl:EGFP) trunk sections at different de-
velopmental stages. At 15 dpf, blood vessels are not observed inside the
spinal cord (M). Blood vessel invasion into the spinal cord is observed by
20 dpf (N). Increased number and density of spinal cord vessels are observed
at 30 dpf (O). (Scale bars, 100 pm in D and G-K, 50 um in E and M-O, and
20 pm in F and F'.)

kinase inhibitor; 2.5 pM SKLB1002, a selective Vegfr2 inhibitor;
10 pM LY294002, a selective PI3 kinase inhibitor; 5 pM DMHI,
a selective Bmp receptor inhibitor; and 3 pM PD158780, a se-
lective ErbB receptor tyrosine kinase inhibitor. Among the
chemicals tested, DMHI or PD158780 treatment did not affect
VTA formation (Fig. 3[; n = 16 for each treatment group),
suggesting that VTA formation is not regulated by BmpR or ErbB
signaling. In contrast, VT A formation was dramatically inhibited in
larvae treated with sunitinib, SKLB1002, or LY294002 (Fig. 3 A-D;
quantification shown in Fig. 3/ and Table S1; n = 16), suggesting
that the Vegfr2 signaling pathway regulates this process. To in-
vestigate Vegfr2 effector pathways involved in VTA formation,
we tested the following chemicals: 50 pM SB203580, a p38-MAPK
inhibitor; 100 pM PF573228, a FAK inhibitor; 500 nM U73122,
a PLC inhibitor; 10 pM SL327, a MEK1/2 inhibitor; 100 pM
SU6656, a SRC kinase inhibitor; 50 pM SH-6, an AKT inhibitor;
and 50 nM wortmannin, a PI3 kinase inhibitor. Interestingly, only
when larvae were treated with SH-6 or wortmannin was VTA
formation significantly inhibited (Fig. S4; n = 12). Similar results
were obtained by treating the larvae with another PI3K inhibitor,
LY294002 (Fig. 3D). Altogether, these data indicate that the
PI3K-AKT pathway is a major Vegfr2 effector pathway required
for VTA formation.
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We further tested these observations by using genetic tools
that block Vegfr2 or Vegfr3 signaling in a temporally controlled
manner. To this aim, we used two Tg lines: the Tg(hsp70I:sfit])
line, which upon heat shock overexpresses a soluble form of
Vegfrl (sFltl), a decoy receptor for Vegfa, Vegfb, and PIGF
(22), and the Tg(hsp70I:sfit4) line, which upon heat shock over-
expresses a soluble form of Vegfr3 (sFlt4), a decoy receptor
for Vegfc and Vegfd (22). We crossed the Tg(hsp70L:sflt]) and
Tg(hsp70l:sfit4) lines with the Tg(kdrl:NLS-EGFP) line and heat
shocked larvae every 12 h starting at 74 hpf until 7 dpf. We found
that overexpression of sFlt1, but not sFlt4, significantly reduced
the number of ECs that form VTAs (Fig. 3 E-H’; quantification
shown in Fig. 3/ and Table S1; n = 10). Altogether, these
pharmacological and genetic data are consistent with a role for
Vegfr2 signaling in VTA formation.

To identify the Vegfr2 ligand(s) regulating VTA formationi) we
analyzed different Vegfr2 ligand mutants, including vegfaa™?,
vegfab®™??, and vegfc"**!’ (23) mutant animals. We recently
generated and characterized vegfaa®! mutants that exhibit se-
vere vasculogenesis and angiogenesis defects, leading to a lack of
blood circulation, pericardial edema, and early larval death (24,
25). In addition, we generated a vegfab”°? mutant allele by
targeted genome editing using the CRISPR/Cas9 system (25). In
this mutant, the cysteine residues critical for the knot motif are
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Fig. 3. Vegfab/Vegfr2 signaling is required for VTA formation. (A-D) 152 hpf
Tg(kdrl:ras-mcherry) trunk vasculature after treatment with DMSO (A), Suni-
tinib (B), SKLB1002 (C), or LY294002 (D) starting at 80 hpf. Sunitinib, SKLB1002,
and LY294002 treatments significantly inhibit VTA formation (yellow arrows).
(E-H) 178 hpf Tg(hsp70l:sflt1) (E and F), control (G), and Tg(hsp70I:sflt4) (H)
trunk ECs visualized by Tg(kdrl:nls-EGFP) expression. Larvae were subjected to
no heat shock (HS) (E) or multiple heat shocks (F-H). High-magnification im-
ages of ECs in the position of the VTAs are shown in E'~H’. Overexpression of
sFIt-1 leads to a significantly reduced number of ECs in the position of the VTAs
(yellow arrows, F). (/) Quantification of the average number of somites with
VTAs for the experiments A-D (20 somites examined per animal). (J) Quan-
tification of nls-EGFP* EC number in the position of the VTAs within 10 so-
mites per animal for the experiments E-H. (K and L) 8 dpf TgBAC(etv2:EGFP)
vegfab*’* (K) and vegfab™~ (L) trunk vasculature. All vegfab™~ larvae ex-
amined (n = 20) lacked VTAs (yellow arrows). (M) Percentage of larvae
without VTAs, as judged by TgBAC(etv2:EGFP) expression. Values represent
means + SEM (/ and J), **P < 0.01 and ***P < 0.001. (Scale bar, 100 pm.)
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lost, thus affecting Ve%f dimerization and function (25) (Fig.
S54). Therefore, vegfub® % is likely to be a severe or even a null
allele (25). By carefully analyzing VTA formation in vegfaa™"’,
vegfabb”sg , and veg‘ch”“w mutant animals, we found that the
vegfab”*?? mutants show a fully penetrant loss of VTA pheno-
type, as observed in radial glia-ablated fish (Fig. 3 K-M and
Table S1; n = 20 for vegfab™™ and vegfab™"). We observed that
VTAs never fully form in vegfab®™** mutants examined up to
15 dpf (Fig. 3L). In contrast, vegfc"“**!? or vegfaa”" (a hsp70l:
vegfaass transgene was used to rescue the early vasculogenesis
and angiogenesis phenotypes of vegfaa”! mutants by heat
shock-induced overexpression of Vegfaa;es at 10 and 24 hpf)
mutant animals do not exhibit a VTA formation defect [Fig. S5 B
and C; n = 11 for Tg(hsp70l:vegfaa,ss) vegfaa™ and n = 10 for
vegfc™ larvae]. We also documented the absence of lumenized
VTAs in vegfab”°? mutants by FITC-dextran microangiography
(Fig. S5 D and E; n = 10). Thus, these analyses reveal that
Vegfab signaling through Vegfr2 is essential for VT A formation.

We next tested whether the depletion of sFlt1, a Vegf decoy
receptor, rescues the lack of VTAs observed in vegfab*? mu-
tants since a loss of sFltl causes ectopic vascular sprouting from
dorsal ISVs (14, 26) and leads to increased Vegf bioavailability
(22). To this aim, we analyzed flt1”"*’;vegfab”*? double mutants and
observed that VTA formation was not rescued by increasing the
bioavailability of other Vegfs (Fig. S6 A-D and F), providing
further evidence that Vegfab is specifically required for VTA
formation. We also observed that the ectopic ISV sprouting pre-
sent in fIt1°*% mutants was also present in fIt1”*%;vegfab®**? double
mutants (Fig. S6 A-E), suggesting that this ectopic sprouting
process is regulated by Vegfs other than Vegfab. Furthermore, we
found similar ISV oversprouting and/or a lack of VTA phenotypes
when we performed radial glia ablation in 7g(gfap:NTR) animals
by Mtz treatments starting at developmental stages earlier than
78 hpf (Figs. S6 G-M and S7), supporting a role for radial glia in
the regulation of these two distinct processes. These phenotypes
were not observed in larvae in which neurons were ablated by Mtz
treatment starting at different developmental stages (14) (Fig. 1E
and Fig. S6 N-P).

vegfab Is Expressed by Radial Glia, and Radial Glia Ablation Leads to
Greatly Reduced vegfab Expression Within the Spinal Cord. To ex-
amine the expression pattern of vegfab, we performed whole-
mount in situ hybridization at 80 hpf when VTA formation
takes place. We found that vegfab is strongly expressed in the
head, spinal cord, and endoderm-derived organs at 80 hpf (Fig. 4
A-A") and that vegfab expression in the brain and spinal cord,
but not in endoderm-derived organs, is markedly reduced in
radial glia-ablated fish (Fig. 4 A-B”). These data indicate that
radial glia serve as a source of vegfab and/or regulate its ex-
pression within the spinal cord to promote VTA formation. To
investigate whether vegfab is expressed in radial glia, we gener-
ated a BAC construct containing the vegfab regulatory elements
and driving expression of Gal4ff and injected it into Tg(gfap:
GFP);Tg(14XUAS:mCherry-MA) one-cell stage embryos (Fig.
4C). We found that mCherry-positive spinal cord cells were
colabeled by Tg(gfap:GFP) expression at the stages when VTA
formation occurs (3-7 dpf) as well as at later stages including
10 and 13 dpf (Fig. 4 D-D"). These data indicate that vegfab is
expressed by spinal cord radial glia. Taken together, these
findings suggest that radial glia serve as a source of Vegfab for
VTA formation, which is dependent on Vegfab/Vegfr2 signaling.

Radial Glia Ablation at Later Stages Leads to Compromised PNVP
Formation. We next asked whether PNVP formation was regu-
lated by radial glia. To this aim, we treated Tg(gfap:NTR) larvae
with DMSO or 2 mM Mtz from 9 to 11 dpf. Interestingly, we
found that DMSO-treated larvae exhibited robust sprouting of
vessels between the dorsal ISVs at 11 dpf (Fig. 4E; n = 14);
however, radial glia-ablated fish showed a dramatically reduced
number of these sprouting vessels (Fig. 4F; n = 15). In contrast,
we did not observe a significant reduction in the number of these
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Fig. 4. vegfab is expressed by radial glia, and radial glia-ablated fish as well
as vegfab mutants fail to develop a PNVP around the spinal cord. (A and B)
Whole-mount in situ hybridization for vegfab expression in 80 hpf Tg(gfap:
NTR) larvae treated with DMSO (A) or Mtz (B) starting at 30 hpf. High-
magnification images of the trunk regions and their cryosections are shown
in (A" and B’) and (A” and B’"), respectively. Mtz-treated fish show decreased
vegfab transcripts in the spinal cord compared with DMSO-treated fish.
(C) Schematic diagram of the plasmid injection experiments (D-D"). (D-D")
105 hpf Tg(UAS:mcherry-MA), Tg(gfap:GFP) trunk of fish injected with the
vegfab BAC plasmid that drives Gal4ff. Injection of the plasmid drives
mCherry expression in cells within the spinal cord (D’), which are also positive
for Tg(gfap:GFP) expression (D). Most mCherry* cells are also GFP* (D”, yellow
arrows). (E-) 11 dpf Tg(gfap:NTR) trunk vasculature after treatment with
DMSO (E) or Mtz (F) starting at 9 dpf; 11 dpf TgBAC(etv2:EGFP) vegfab™"
(G), Tg(kdrl:EGFP); Tg(hsp70I:sflt1) (H), and Tg(kdrl:EGFP); Tg(hsp70I:sflt4) (I) trunk
vasculature after heat shocks (H and /). DMSO-treated control fish display vessels
that emerge between dorsal I1SVs around the spinal cord; however, vessel for-
mation is severely impaired in radial glia-ablated larvae as well as in vegfab™"
animals. Overexpression of sFlt1 also blocked PNVP formation. (J) Quantification
of the average number of somites with peri-neural blood vessels (10 somites
examined per animal). Values represent means + SEM, ***P < 0.001. (Scale bars,
200 pm in B-B”, 100 um in E, and 20 pm in D".)

sprouting vessels in larvae in which neurons, oligodendrocytes, or
microglia were ablated (Fig. S8 A-E; n = 16-20). These findings
suggest that radial glia also direct PNVP formation. Mechanis-
tically, we observed that vegfab”**? mutants exhibited both VTA
and PNVP formation defects (Fig. 4G; n = 14) and that genetic
inhibition of Vegfr2, but not Vegfr3, signaling after VTA for-
mation by overexpression of sFlt1 or sFlt4, respectively, blocked
PNVP formation (Fig. 4 H-J and Table S1; n = 14-17). Taken
together, these findings suggest that radial glia control the for-
mation of both VTAs and PNVP in the mesodermal tissues
around the spinal cord through Vegfab/Vegfr2 signaling and
before the vascularization of the spinal cord.

Mosaic Overexpression of Vegfab in Radial Glia Is Sufficient to Partially
Rescue the Loss of VTAs in vegfab Mutants and Induce Ectopic Blood
Vessels Directed Toward Their Endfeet. To test whether forced
Vegfab expression in spinal cord radial glia was sufficient to rescue
the lack of VTAs observed in vegfab”™*? mutants, we generated

Matsuoka et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619300114/-/DCSupplemental/pnas.201619300SI.pdf?targetid=nameddest=ST1
www.pnas.org/cgi/doi/10.1073/pnas.1619300114

g

-

A gfap:mCherry

plasmid
5’ -|7.4 kb gfap regulatory eIementsH

injection

mCherry |— 3’

gfap:mCherry-P2A-vegfab

, , one-cell stage embryos
5 -|7.4 kb gfap regulatory elementsH mCherry-P2A-vegfab |— 3 TgBAC(etv2:EGFP) vegfab‘/'

TgBAC(etv2:EGFP) vegfab™~, 120 hpf

gfap:mCherry gfap:mCherry-P2A-vegfab

3y \ ectopic
L \essels
. ectopic vessels 1 - ¥
e — - '

- -‘\\\ ‘ ‘end-feet

™

cellular
process

cell body

G WT Radial glia ablation
(vegfab mutants also lack VTAs and the PNVP)
ISV Isv
ISV ISV
RG ablation
1 3-7dpf ~ sC
via| 7def | VTA

Isv Isv
Isv
RG ablation
sC P 9-11dpf
1dpf vra| 11dpf = VTA
/

between SC and adjacent mesodermal tissues

A1)

Cross-tissue vascular coordination

. . VTA and
Radial glia—» Vegfab— * PNVP mmISVs | Radial glia
Anai . formation — \/TA .
Neural tube ng‘logemc Mesodermal e PNVP  °"""% Ablated radial glia
signals tissues

Fig. 5.

Mosaic overexpression of Vegfab in radial glia is sufficient to partially rescue the loss of VTAs in vegfab mutants and induce ectopic blood vessels

directed toward their endfeet. (4) Schematic diagram of the gfap:mCherry and gfap:mCherry-P2A-vegfab plasmid injection experiments (B-F'). (B-F’) 120 hpf
TgBAC(etv2:EGFP) trunks of vegfab™ fish injected with the gfap:mCherry (B) or gfap:mCherry-P2A-vegfab (C—F') plasmid. Partial recovery of VTAs was
observed in the vegfab™~ fish injected with the gfap:mCherry-P2A-vegfab plasmid (yellow arrows, C and D), while VTAs were absent in the vegfab™~ fish
injected with the gfap:mCherry plasmid (B). As observed in the regions inside the dashed lines (C and D), VTAs were absent in the somites where mCherry*
radial glia were not present in close proximity and/or sufficient numbers. Ectopic blood vessel sprouting toward mCherry* radial glia overexpressing Vegfab
(yellow arrows, E) was not observed in somites lacking mCherry* radial glia (e.g., the region inside the dashed white line in E). Ectopic vessels (white arrows)
were directed toward the endfeet of mCherry* radial glia overexpressing Vegfab (F and F’). (Scale bar, 50 pm.) (G) Schematic diagrams showing radial glia
regulation of angiogenesis around the developing spinal cord. During development, radial glia endfeet lie in close proximity to the forming VTAs. Radial glia
ablation in early larval stages leads to the loss of the VTAs. Radial glia ablation at later stages impairs PNVP formation. vegfab mutants phenocopy the
vascular defects observed in radial glia-ablated larvae. Thus, radial glia act as positive angiogenic regulators in mesodermal tissues around the spinal cord,
which in turn allows spinal cord vascularization. Vessels are shown only on one side of the spinal cord. RG, radial glia; SC, spinal cord.

plasmids that drive the expression of mCherry or mCherry-P2A-
Vegfab under the control of the gfap promoter (27) (Fig. 54).
Injection of these plasmids into one-cell stage embryos led to
mosaic overexpression of these transgenes in spinal cord radial
glia as confirmed by mCherry expression in 7g(gfap:GFP)-positive
radial glia (Fig. S§ F-F"). By injecting these plasmids into one-cell
stage vegfab”™*? mutant embryos, we observed that mosaic over-
expression of mCherry-P2A-Vegfab, but not mCherry, in radial
glia was sufficient to rescue the absence of VTAs in vegfab”*??
mutants, leading to a partial recovery of VTAs (Fig. 5 B-D). In-
triguingly, we also observed that Vegfab overexpression in radial
glia led to the appearance of ectopic blood vessels in tissues ad-
jacent to the spinal cord and that these ectopic vessels were di-
rected preferentially toward their endfeet (Fig. 5 E-F"). Collectively,
our data indicate that Vegfab derived from radial glia is presented
to extraneural vessels through their endfeet.

Discussion

In this work, we identify a previously unappreciated role for CNS-
resident progenitors in driving angiogenesis in tissues adjacent to
the CNS (Fig. 5G). Specifically, we show that CNS radial glia ab-
lation impairs the formation of the VTAs and PNVP, that Vegfab/
Vegfr2 signaling mediates these angiogenic processes, that radial
glia express vegfab at the stages when these vascular events occur,
and that overexpression of Ve%)fab in radial glia is sufficient to
rescue the loss of VTASs in vegfab™?? mutants. Importantly, we find
that these radial glia-directed angiogenic events are closely linked
to spinal cord vascularization and provide high-resolution 3D re-
constructions of the vasculature during these processes (Movies S1—
S5). These findings will significantly advance our knowledge of the
angiogenic steps leading to spinal cord vascularization.

How are the vascular networks around the CNS established
during development? Previous work using neural tube and pre-
somitic mesoderm cocultures has suggested that the developing
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neural tube provides VEGF signals to recruit the ECs that form
the PNVP (4). Adding to this prior finding, we showed in vivo
that ablation of radial glia, but not of other differentiated CNS
cell types, leads to a defect in angiogenesis in tissues adjacent to
the spinal cord, a process that is dependent on Vegfab/Vegfi2 sig-
naling. These findings provide clear evidence that CNS-resident
progenitors direct angiogenic processes not only within the CNS
as previously described (5-9) but also in tissues outside the CNS,
significantly adding to our understanding of the function of
CNS progenitors during development. Also, these observations
serve as an important example for a mechanism by which tissue
vascularization is coordinated by interactions between neigh-
boring tissues during development.

How are the angiogenesis events around the spinal cord spa-
tiotemporally regulated? We found that angiogenesis in the
mesodermal tissues around the spinal cord proceeds in a tightly
controlled manner. After ISVs are formed, VT As develop by
angiogenic sprouting from ISVs. After VTA formation is com-
plete, peri-neural vessels emerge from both ISVs and VTAs to
form the PNVP around the spinal cord by connecting with these
vessels. When these angiogenic steps are complete, spinal cord
vascularization begins by angiogenic sprouting from the estab-
lished PNVP into the spinal cord. Our data show that radial glia
initiate this multistep angiogenic process at least in part via
Vegfab. Given the observation that forced Vegfab expression in
radial glia induced ectopic blood vessels directed toward their
endfeet (Fig. 5 E-F’), we speculate that Vegfab secreted from
radial glia may be presented to extraneural vessels through their
endfeet to guide VTA and PNVP formation. VTA formation was
not rescued by other Vegfs, such as Vegfaa, in the absence of
Vegfab (Fig. S6 D and F), possibly because Vegfaa and Vegfab
appear to have different properties (25). The Vegf decoy re-
ceptor sFlt1 was recently shown to limit the oversprouting of the
dorsal ISVs around the spinal cord during early larval stages
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(3-6 dpf) (14, 26). In sflt] mutants, sprouting vessels emerge
from the ISVs around the spinal cord by 6 dpf (14, 26), in con-
trast to WT fish where this sprouting occurs at much later stages
(1015 dpf), indicating that sFlt1 is, at least in part, involved in
the spatiotemporal regulation of these angiogenic processes.

We recently reported that radial glia ablation initiated at
30 hpf leads to selective oversprouting of venous ISVs around
the spinal cord, showing a role for radial glia as negative an-
giogenic regulators (14). In contrast, here we show that inducing
radial glia ablation at later stages leads to impaired formation of
VTAs, indicating a role for radial glia as positive angiogenic
regulators. These two contrasting observations could indicate
that (7) spinal cord radial glia control angiogenesis differentially at
distinct developmental stages, (ii) different ECs (i.e., venous vs.
arterial) respond differently to the loss of radial glia, and/or (i)
distinct populations of radial glia extend their endfeet in close
proximity to ISVs or VTAs and affect these vessels differently.
When Tg(gfap:NTR) animals were treated with Mtz starting at
30 hpf, we occasionally observed vessels emerging in positions
where VTAs form (Figs. S6H and S7); however, these vessels did
not appear when we replaced the Mtz with freshly prepared Mtz at
78 hpf (Fig. S6L), suggesting that a more complete ablation of
radial glia starting at 30 hpf abrogates VT'A formation, an in-
terpretation different from the one which might be drawn from
looking at Fig. 2C in our previous report (14). Notably and con-
sistent with our previous findings (14), radial glia ablation induced
under this stronger Mtz treatment led to ectopic VISV sprouting
(Fig. S6L).
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Altogether, our identification of a critical role for CNS-resident
progenitors in regulating angiogenesis in adjacent mesodermal
tissues will advance our understanding of the mechanisms gov-
erning vascular network formation, in particular how tissue vas-
cularization between adjacent organs is coordinated during
development.

Materials and Methods

Detailed materials and methods are available in SI Materials and Methods.

Zebrafish. Procedures involving animals were approved by the veterinary
department of the Regional Board of Darmstadt.

Mtz Treatment. Mtz treatment was performed as described previously (14).

Heat Shock Treatments. Heat shock treatments were performed as previously
described (14).

Statistical Analysis. Statistical differences for mean values among multiple
groups were determined using a one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test.
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