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SUMMARY

The nervous system regulates peripheral immune responses under physiological and pathological condi-
tions, but the brain’s impact on immune system development remains unknown. Meningeal mural lymphatic
endothelial cells (muLECs), embedded in the leptomeninges, form an immune niche surrounding the brain
that contributes to brain immunosurveillance. Here, we report that the brain controls the development of mu-
LECs via a specialized glial subpopulation, sic6a11b + radial astrocytes (RAs), a process modulated by neural
activity in zebrafish. slic6a11b+ RAs, with processes extending to the meninges, govern muLEC formation by
expressing vascular endothelial growth factor C (vegfc). Moreover, neural activity regulates muLEC develop-
ment, and this regulation requires Vegfc in sic6a11b+ RAs. Intriguingly, sic6a11b+ RAs cooperate with cal-
cium-binding EGF domain 1 (ccbe1)+ fibroblasts to restrict muLEC growth on the brain surface via controlling
mature Vegfc distribution. Thus, our study uncovers a glia-mediated and neural-activity-regulated control of
brain lymphatic development and highlights the importance of inter-tissue cellular cooperation in
development.

INTRODUCTION

The nervous and immune systems are two principal systems
essential for organismal survival. Increasing evidence indicates
that the nervous system can regulate immune responses at
both physiological and pathological conditions to help maintain
body homeostasis.'™'® This suggests the presence of anatom-
ical mechanisms that may evolve during development to facili-
tate this regulation. However, our understanding of the interac-
tion between the nervous and immune systems during
development remains limited. In particular, it is unknown
whether and how the brain can impact the development of im-
mune systems.

Brain meningeal mural lymphatic endothelial cells (muLECs),
initially discovered in zebrafish, are a group of loosely connected
LECs residing within the leptomeningeal layer.'*'® Recently,
Prox1+/Lyvel+ LECs in the leptomeninges have also been re-
ported in mice and humans, though more direct evidence is

needed to confirm their analog to muLECs.'”'® Unlike LEC-
sealed and -lumenized lymphatic vessels found in the dura mater
of vertebrate brains,’®?' muLECs do not form tubes. Instead,
they constitute a single-cell and loosely connected layer mesh-
work that covers the brain surface.’'%?? muLECs are derived
from venous endothelial cells (ECs), just like lymphatic vessels
in the trunk,'*'2% and their development is dependent on the
vascular endothelial growth factor C (VEGFC)-VEGF receptor 3
(VEGFR3) signaling pathway.'* %1922 The absorption and
drainage of intracisternal injected dyes was found to be through
both muLECs and lymphatic vessels but not adjacent blood ves-
sels.'®?! Furthermore, muLECs in zebrafish can readily endocy-
tose extracellular waste products, including amyloid §, from the
brain parenchyma, serving a clearance role in homeostasis and
immune functions of the brain,'®'822:24

To address whether the brain can affect the development of
muLECs, we took advantage of the optical transparency and ge-
netic manipulation of larval zebrafish, in which the cellular
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Figure 1. Neural activity regulates muLEC development in zebrafish
(A and B) Developmental dynamics of muLECs in larval zebrafish. In vivo time-lapse confocal imaging was performed on a Tg(lyve1b:DsRed-P2A-nGFP) larva
during 4-20 dpf.
(A) Dorsal view of a projected image merged with bright field at 4 dpf.
(B) mMuLECs on the left OT shown in the dashed box in (A), at different developmental stages.
(C-G) Effects of tricaine-treatment-based blockade of whole-brain neural activity on muLEC development. Tricaine was bath-applied during 2-4 dpf (D and E) or
4-7 dpf (F and G).
(legend continued on next page)
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compositions and structural organization of the brain are
conserved with mammals,?>~28 and performed in vivo time-lapse
imaging to explore the regulatory mechanism underlying
muLEC development. Through whole-brain single-cell RNA
sequencing (scRNA-seq), a subpopulation of glial cells,
named as s/c6a11b+ radial astrocytes (RAs), was identified
as the primary source of Vegfc, which is essential for lymphan-
giogenesis.**"*° Combining genetic manipulation and in vivo im-
aging, we demonstrated that s/c6a77b+ RAs and their vegfc
expression are indispensable for muLEC development. Interest-
ingly, neural activities were found to positively regulate the devel-
opment of muLECs, and this neural regulation is mediated by
sic6a11b+ RAs and their vegfc expression. To further uncover
how slc6a11b+ RAs located inside the brain control the develop-
ment of muLEC distribution outside the brain via Vegfc signaling,
we found that calcium-binding EGF domain 1 (ccbe?)+ fibro-
blasts situated on the brain surface cooperate with sic6al1b+
RAs to restrict the mature form of Vegfc (mVegfc) on the brain
surface. These findings elucidate a control mechanism of brain
lymphatic system development via specialized glia and reveal
an intriguing role of neural activities in regulating immune system
development.

RESULTS

Neural activity regulates zebrafish muLEC development
To investigate the developmental dynamics of muLECs, we
generated a transgenic zebrafish line, Tg(lyve1b:DsRed-P2A-
nGFP) in which the red fluorescent protein dsRed and the nu-
clear-localized green fluorescent protein (nGFP) are expressed
in the cytoplasm and nucleus of LECs, respectively, under the
control of the lyvelb promoter.>’ We observed that muLECs
form a loop at the surface of the boundary between the soma
and fiber regions of the optic tectum (OT) in the midbrain from
4 days post-fertilization (dpf) and gradually cover the surface of
the OT neuropil (Figures 1A and 1B; see also Bower et al."").
To investigate how the development of muLECs is regulated,
we first compared the localizations of muLEC with major
types of brain cells, including ECs, fibroblasts, and neurons

¢? CellPress

(Figure S1A). Co-imaging of muLECs and blood vessels in
6-dpf double transgenic Tg(lyve1b:DsRed); Tg(kdrl:EGFP) larvae,
in which dsRed and enhanced GFP (EGFP) respectively label
muLECs and ECs, showed that a significant portion of the mu-
LEC loop did not co-localize with meningeal vessels at this
developmental stage (Figure S1B). We then generated a Ki
(pdgfra-GFF); Tg(uas:EGFP) reporter line to visualize fibroblasts
(Figures S1E and S1F), which distributed across the entire brain
surface and did not exhibit the distinctive loop-like pattern char-
acteristic of muLECs (Figure S1C). As pdgfra is also a marker for
oligodendrocyte (OL) precursor cells (OPCs), the reporter line
may also label OPCs in the brain.®® Utilizing the double trans-
genic Tg(lyve1b:DsRed); Tg(elavi3:GCaMP6s) line, in which mu-
LECs and neurons express dsRed and the genetically encoded
calcium indicator GCaMP6s, respectively, we observed that
the distribution pattern of muLECs mirrors the arrangement of
neural fibers terminating on the brain surface (Figure S1D;
Video S1). Remarkably, muLECs exhibited a distinctive
coverage on the surface of the OT neuropil region (Figures 1B
and S1D). The neuropil is composed of the fibers of neurons
and glial cells, where neural activity and synaptic transmissions
are extensively processed.”®*® These observations suggest
that the central nervous system (CNS) may play a role in regu-
lating muLEC development.

To explore whether the CNS affects muLEC development, we
then tested the influences of neural activity. We conducted phar-
macological inhibition of neural activity in the entire brain by bath
application of the reversible sodium channel blocker tricaine
(Figure 1C). Tricaine is known to effectively inhibit action
potentials by binding to voltage-gated sodium channels and
was used to completely block action potentials in larval zebrafish
during development.®**® Interestingly, tricaine treatment effi-
ciently suppressed the formation of the muLEC loop and mark-
edly reduced the number of muLECs on the OT surface
(Figures 1D-1G; p < 0.0001).

As the OT is a hub for visual processing, we then performed
unilateral eye removal on larvae to impair neural activities in
the contralateral OT (Figures S1G-S1J; p < 0.05; see Zhang
et al.*®). Eye removal procedure was operated at 4.5 dpf, and

(C) Experimental design for the tricaine treatment and imaging.

(D-G) Representative images (D and F) and the mean number (E and G) of muLECs on each side of the OT. In vivo imaging was performed immediately after
tricaine treatment at 4 dpf (D and E) and 7 dpf (F and G). Control group, larvae raised under normal conditions. For each group, muLECs at bilateral OT were
examined in 7 larvae in three independent experiments. Each data point indicates the muLEC number in one side of the OT.

(H-N) Effects of unilateral eye removal on muLEC development. Eye removal was performed at 4.5 dpf, and imaging was performed at 7 dpf (I and J), 9 dpf (K and
L), or 16 dpf (M and N).

(H) Experimental design for unilateral eye removal and imaging. con., contralateral side; ips., ipsilateral side; red cross, eye removal.

(I, K, and M) Representative images of the eye-removed larvae at 7 (l), 9 (K), and 16 dpf (M).

(J, L, and N) Mean number of muLECs on each side of the OT in the larvae with eye removal (left) and no eye removal (right) at 7 (J), 9 (L), and 16 dpf (N). L, left OT; R,
right OT. 8 larvae were examined for each group.

(O and P) Effects of visual experience deprivation and enrichment on muLEC development.

(O) Experimental design for manipulating visual experiences from 2 to 7 dpf and imaging at 7 dpf.

(P) Mean number of muLECs on each side of the OT. Control, 14 h light/10 h dark cycle; full dark, complete darkness; moving bar, 14 h moving bar stimuli/10 h
dark cycle. 8 larvae were examined in each group.

(Q and R) Effect of ES on muLEC development.

(Q) Experimental design for ES application from 2 to 7 dpf and imaging at 7 dpf.

(R) Mean number of muLECs on each side of the OT. 10 larvae were examined in each group.

Scale bars: 100 pm in all images. Error bars represent standard deviation (SD). The p values were determined using the parametric two-tailed unpaired t test (E, G,
and R), the parametric two-tailed paired t test (J, L, and N), and the parametric one-way ANOVA with Tukey’s post hoc test (P). Data are represented as mean + SD.
See also Figure S1.
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muLECs were subsequently imaged at 7, 9, and 16 dpf
(Figure 1H). We found a significant decrease in the number of
muLECs on the surface of the contralateral OT (o < 0.0001),
but not the ipsilateral OT, in the eye removal groups compared
with the control larvae without eye removal (Figures 11-1N and
S1K). When eye removal was operated at 2.5 dpf, a similar
decrease in the muLECs number was observed on the contralat-
eral OT (Figures ST1L-S1N; p < 0.0001). To moderately reduce vi-
sual inputs, we removed the lens of the unilateral eye without de-
stroying the entire eye. Lens removal also resulted in fewer
muLECs on the contralateral OT (Figures S10-S1Q; p < 0.01).

We also reduced visual inputs by raising embryos in complete
darkness to deprive them of visual experience and observed a
significant decrease in the number of muLECs (Figures 10 and
1P; p < 0.0001). Conversely, introducing visual stimuli with white
moving bars under the dark background led to an increase in the
muLECs number (Figures 10 and 1P; p < 0.001). We also per-
formed electrical stimulation (ES) on zebrafish larvae to elevate
whole-brain neural activities®® and observed that treated animals
exhibited an increase in the number of muLECs (Figures 1Q and
1R; p < 0.05). Taken together, these results indicate that neural
activities can regulate the development of muLECs.

sic6a11b+RAs are the major source of Vegfc in the brain
The intriguing regulation of muLEC development by neural activ-
ity inspired us to explore its underlying mechanisms. Vegfc and
Vegfd are two secreted proteins that play important roles in
lymphatic development in vertebrates, including brain lym-
phatics and trunk LECs."**"~*° To identify the candidate cell
types with the expression of vegfc and vegfd in the zebrafish
brain, we conducted a comprehensive screening using scRNA-
seq data obtained from the entire brain of zebrafish
(Figure S2A). In our scRNA-seq study, we performed quality con-
trol and obtained transcriptome data from a total of 50,168 single
cells at the stages of 6 dpf, 1.5 months post fertilization (mpf),
and 3.5 mpf (Figures 2A and S2A). By analyzing the expression
of marker genes in combination with cluster analysis, we
successfully identified 12 major cell types, including neurons,
neural progenitor cells (NPCs), RAs, ECs, mural cells (includes
pericytes and smooth muscle cells), LECs, fibroblasts, microglia,
OPCs/OLs, erythrocytes, chondrocytes, and ciliated cells
(Figures 2A and S2B-S2D). Utilizing the expression of vegfc
and vegfd as indicators, our analysis revealed that RAs are the
primary cell type displaying distinctive expressions of vegfc
and vegfd at both developmental and adult stages (Figures 2B,
S2E, and S2F).

To corroborate the findings from the scRNA-seq, we gener-
ated a knockin line Ki(vegfc-GFF) with the method we previously
established”'**? and labeled vegfc-expressing cells in zebrafish
(Figures S3A and S3B). In alignment with the scRNA-seq data,
our imaging results confirmed that the cells expressing vegfc in
the brain are predominantly RAs (Figure 2C). We observed that
vegfc+ RAs localizing in the midbrain extend their processes
to directly target the choroidal vascular plexus (CVP)
(Figure S3C), the initial origin site of muLECs.'*'® Furthermore,
to facilitate single-cell visualization of vegfc+ RAs, we introduced
a uas:CoChR-EGFP-P2A-H2B-mScarlet plasmid, in which the
membrane-localized Chloromonas oogama channelrhodopsin
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(CoChR)-EGFP and the nuclear marker H2B-mScarlet are ex-
pressed under the control of the uas promoter, into one-cell-
stage zygotes of Ki(vegfc-GFF) (Figure 2D). With this approach,
we were able to identify an individual vegfc+ RA, with its nucleus
and processes labeled in red and green, respectively. We
observed that the vegfc+ RAs emanate a primary process, with
bushy branches that extended laterally and ventrally toward
the CVP or laterally and dorsally to the pial surface of the OT
(Figures 2E and S3D; Videos S2 and S3). We also noted vegfc
expression in fibroblasts, which cover the surface of the brain
and lack the looped distribution pattern observed in muLECs
(Figures S3E and S3G-S3J). In the trunk, vegfc shows expres-
sion in the dorsal aorta, the intersegmental arteries, and the hor-
izontal myoseptum (Figure S3F). We then performed multiplexed
fluorescent in situ RNA hybridization (FISH) using a customized
hybridization chain reaction (HCR) method™® to co-label vegfc
mRNA with the mRNA of zebrafish s/lc7a2b, an analog of the
classical astrocyte marker gene GLT1 (glial high-affinity gluta-
mate transporter) in mammals,** and observed co-localization
of vegfc mRNA and slc1a2b mRNA (Figure S3K), supporting
the expression of vegfc in the RAs. In addition, we utilized the
knockin method to label vegfd-expressing cells and observed
similar expression patterns in RAs in the brain and fibroblasts
on the brain surface (Figures S3L-S3N).

To further elucidate which RA subclusters are the primary cell
population expressing vegfc and vegfd, we conducted a re-clus-
tering analysis of all the RAs (4,476 cells), resulting in 11 subclus-
ters (Figures 2F and S4A-S4D). Notably, the clusters #2 and #7
emerged as the main sources of vegfc and vegfd expression
(Figure 2G). The metascape Gene Ontology (GO) analysis of
the two clusters revealed the enriched term of lymphatic vessel
development (Figures SAE and S4F). Upon searching for known
marker genes of glial cells, we discovered that s/c6a71b, also
known as gamma-aminobutyric acid (GABA) transporter type
3 (GAT3), a gene encoding a sodium-dependent transporter
responsible for GABA uptake,*® was co-expressed with vegfc
and vegfd in both the #2 and #7 clusters (Figure 2G). To specif-
ically label these sic6a11b+ RAs, we targeted the sic6a11b locus
and generated a Ki(sic6a11b-GFF) knockin line (Figures S4G and
S4H). Crossing it with Tg(uas:EGFP), we observed that the
sic6a11b+ cells exhibited identical morphological characteris-
tics to vegfc+ RAs, displaying the same pattern of processes ex-
tending to the surface of the OT neuropil where muLECs are
localized (Figure 2H; see also Figure 2C). Unlike vegfc expres-
sion, slc6a11b was found to express only inside of the CNS
(including the brain and spinal cord) but not in cells on the brain
surface (Figures S4l and S4J; Video S4). To analyze these
sic6a11b+ RAs at a single-cell resolution, we also performed
the plasmid injection (Figure 21). We observed that these RAs ex-
hibited identical morphology to the vegfc+ RAs, with their pro-
cess endfeet contacting muLECs (Figures 2J and S4K; see
also Figure 2E).

Furthermore, using FISH to simultaneously detect vegfc and
slc6a11lb mRNAs in the brain of Ki(sic6al1b-GFF);Tg(uas:
EGFP) larvae, we observed that vegfc mRNA colocalizes with
slc6a11b mRNA as well as EGFP signals (Figure 2K), indicating
that vegfc is expressed in slc6a11b+ RAs in the brain. As
sic6a11b+ RAs are the major source of Vegfc and Vegfd in the
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Figure 2. slc6a11b+ RAs are the major source of Vegfc/Vegfd in the brain

(A) t-distributed stochastic neighbor embedding (t-SNE) analysis of whole-brain cells of zebrafish at 6 dpf, 1.5 mpf, and 3.5 mpf.

(B) t-SNE expression profiles of vegfc and vegfd in whole-brain cells.

(C) Dorsal view of vegfc+ RAs in a Tg(lyve 1b:DsRed);Ki(vegfc-GFF); Tg(uas:EGFP) (abbreviated as lyve1b:DsRed;vegfc:EGFP) larva at 10 dpf. The left image is a
projected z stacked dorsal-view image showing inside of the brain. The right three images, taken from the dashed box in the left image, are slide images at depths
of 134, 167, and 202 um from the dorsal skin, showing RAs at these respective depths.

(D and E) Sparse labeling and in vivo imaging of individual vegfc+ RAs for visualizing their distinct morphology and localization.

(D) Cartoon depicting the injection of the plasmid uas:CoChR-EGFP-P2A-H2B-mScarlet into a fertilized egg of Ki(vegfc-GFF) for sparse labeling of individual vegfc+ RAs.
(E) Left: cartoon depicting the imaging locations (the four red boxes). Right: images of individual vegfc+ RAs from the four positions marked in the left, showing
their distinct morphology.

(F) t-SNE analysis of RAs.

(G) t-SNE expression profiles of vegfc, vegfd, and sic6a11b in RAs, showing the co-expression of these three genes in the #2 and #7 subclusters.

(H) Dorsal view of muLECs (red) and slc6a11b+ RAs (green) in the left OT. In vivo confocal imaging was performed on a Tg(lyve1b:DsRed);Ki(slc6a11b-GFF);,Tg
(uas:EGFP) (abbreviated as lyve1b:DsRed;slc6a11b:EGFP) larva at 10 dpf to label muLECs and sic6a11b+ RAs. The leftimage (0-150 pm) is a projected z stacked
dorsal-view image with a thickness of 150 um, spanning from the dorsal skin to the ventral side of the brain. The right three images, taken at depths of 130, 175,
and 195 pm from the dorsal skin, show slide images at the respective depths. The white arrows indicate muLECs at the brain surface.

(Iand J) Sparse labeling and in vivo imaging of individual slc6a1b+ RAs for visualizing their distinct morphology and localization.

(I) Cartoon depicting the sparse labeling of individual sic6a?1b+ RAs.

(J) Left: cartoon depicting the imaging locations (the four red boxes). Right: images of individual sic6a71b+ RAs at the four locations, showing that the endfeet of
RAs contact with muLECs at the surface of the OT (indicated by white arrows). White arrowheads mark the nucleus of sic6a?1b+ RAs.

(K) z stacked image showing the co-labeling of vegfc and sic6a11b mRNAs in sic6a11b+ RAs. Multiplexed FISH was performed on a whole-mount 6-dpf sic6a11b:
EGFP larva by using a customized HCR method with designed probes of vegfc (white) and sic6a?1b (magenta). The left panel shows co-localization of vegfc and
slc6a11b mRNAs in RAs. The four right panels represent images of the boxed region in the left. Magnified views of the dashed-boxed areas within these panels are
displayed in the upper-right corner, highlighting the spatial overlap of vegfc and sic6a11b transcripts in RAs.

Scale bars: 20 pm (E and J) and 100 pm (C, H, and K).

See also Figures S2, S3, and S4.
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Figure 3. Vegfc expressed by sic6a11b+ RAs is essential for muLEC development

(A-C) Effects of the slc6a11b+ RAs ablation on muLEC development. MTZ was bath-applied during 2-5 dpf to ablate sic6a171b+ RAs in Tg(lyve1b:DsRed);Ki
(slc6a11b-GFF); Tg(uas:NTR2.0-P2A-EGFP) (abbreviated as lyve1b:DsRed;slc6a11b:NTR2.0) larvae.

(A) Experimental design for MTZ treatment and imaging.

(B and C) Representative images (B) and the mean number (C) of muLECs on one side of OT. Each data point indicates the muLEC number in one side of the OT.
(D and E) Effects of the slc6a11b+ RA-specific manipulations of Vegfc-Vegfr3 signaling on muLEC development. Representative images (D) and the mean number
(E) of muLECs on one side of the OT.

(F and G) Effects of conditional knockout of vegfc in sic6a11b+ RAs on muLEC development. Representative images of bilateral muLEC loops (F) and the mean
number of muLECs on each side of the OT (G) in the control lyve1b:DsRed;vegfc™" larvae and the lyve1b:DsRed;vegfcs°63"** |arvae at 5 and 9 dpf.

(H-J) Rescue effects on the loss-of-muLEC phenotype in vegfc’/ ~ by overexpression of vegfc in sic6al1b+ RAs or fibroblasts. Ki(slc6a11b-GFF);Tg(uas:
mNeonGreen-P2A-vegfc) (abbreviated as sic6a11b:vegfc) was used for vegfc overexpression in sic6a11b+ RAs, and Ki(pdgfra-GFF); Tg(uas:mNeonGreen-P2A-
vegfc) (abbreviated as pdgfra:vegfc) was used for vegfc overexpression in fibroblasts. Images were taken at 5 dpf.

(legend continued on next page)
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brain, slic6a11b can serve as a specific marker for labeling vegfc-
and vegfd-expressing RAs in the brain. Henceforth, we refer to
the vegfc+/vegfd+ RAs as sic6a11b+ RAs.

slc6a11b+RAs are essential for muLEC developmentvia
the Vegfc-Vegfr3 signaling pathway

To gain insights into whether the sic6a11b+ RAs regulate muLEC
development, we first performed loss-of-function experiments
with ablation of the sic6a?1b+ RAs using the nitroreductase
(NTR)/metronidazole (MTZ) system (Figure 3A).*° We generated
a line of Tg(uas:NTR2.0-P2A-EGFP) on the Tg(slc6a11b-GFF)
background and crossed it to Tg(lyve1b:DsRed), getting the
progeny embryos of Tg(lyve1b:DsRed);Tg(slc6al1b-GFF);Tg
(uas:NTR2.0-P2A-EGFP) in which NTR2.0 is expressed in
slc6al1b+ RAs. After MTZ treatment from 2 to 5 dpf,
sic6al1b+ RAs were efficiently ablated (comparing the third
and fifth images on top in Figure 3B), and muLEC development
was markedly suppressed, as evidenced by the failure of the mu-
LEC loop to form and a significant decrease in muLEC numbers
(Figures 3B and 3C; p < 0.0001).

As the Vegfc-Vegfr3 signaling pathway is essential for lym-
phatics development,’*'® we then manipulated this signaling
pathway specifically in the sic6a11b+ RAs (Figure 3D). We first
blocked the Vegfc-Vegfr3 pathway by using the soluble version
sfit4 of the Flt4/Vegfr3 receptor as a ligand trap.*° The ectopic
expression of sflt4 in sic6al1b+ RAs completely blocked the
development of muLECs (Figures 3D and 3E; p < 0.05). By
contrast, we found that vegfc overexpression in sic6al1b+
RAs significantly enhanced the development of muLECs,
including the earlier formation of the muLEC loop and the
increased number of muLECs (Figures 3D and 3E; p < 0.05).
These results together indicate that the sic6al7b+ RAs are
essential for muLEC development via the Vegfc-Vegfr3 signaling
pathway.

vegfc in sic6a11b+ RAs is essential for muLEC
development
To further demonstrate the cell-type-specific role of vegfc for
muLEC development, we carried out conditional knockout of
vegfc in sic6al1b+ cells. Previous studies showed that Vegfc
and Vegfd work redundantly for muLEC development by charac-
tering zebrafish carrying the vegfc point-mutation allele*’ or
vegfd deletion allele,®” because homozygous mutants of the
each gene failed to completely suppress muLEC development.'
Using CRISPR-Cas9, we first generated a vegfc deletion allele
(vegfc™") and a vegfd deletion allele (vegfd~—"), both of which
caused reading frameshifts (Figures S5A and S5B). We found

¢? CellPress

that the brain lymphatics, including muLECs and intracranial
lymphatic vessels, were completely lost in the homozygous
vegfc™~ mutant but not in the homozygous vegfd ™~ mutant
(Figures S5C and S5D). The different phenotypes of muLECs be-
tween the vegfc point-mutation allele vegfc"“®°%® and our vegfc
deletion knockout are probably because the point-mutation is
not a full loss-of-function allele.*” Our results indicate that Vedgfc,
but not Vegfd, is required for muLEC development, '® consistent
with the findings in mice showing that loss of Vegfc, but not
Vegfd, impairs meningeal lymphatic vessel development.*®

Next, we generated a floxed allele vegfc” to achieve condi-
tional knockout of vegfc in sic6a11b+ RAs by using the method
we recently developed (Figures S5E and S5F).*® To evaluate
vegfc” functionality, we crossed vegfc*” to the above vegfc*~
adults. The trans-heterozygous vegfc™ ~ larvae exhibited normal
muLEC development and appeared indistinguishable from the
vegfc*’~ siblings (Figures S5G and S5H). Consistently, vegfc™"
larvae also showed normal muLEC development (Figures S5G
and S5H), and the vegfc™” adults were viable and fertile. By
contrast, the larvae of vegfc™” injected with a zebrafish codon-
optimized Cre mRNA (zCre) at one-cell stage showed the
absence of muLECs, whereas the wild-type siblings were normal
with zCre mRNA injection (Figures S51 and S5J). These results
show that vegfc” does not interrupt the normal function of
Vegfc and the Cre-dependent deletion of the exon 4 to exon 7
in vegfc™" phenocopies vegfc™~ knockout mutants. Thus,
vegfc” can be used as a conditional loss-of-function deletion
allele following Cre-mediated deletion.

To achieve Cre-mediated conditional knockout, we made a
line of Tg(uas:mNeonGreen-P2A-Cre) (referred to as Tg(uas:
Cre)) for the specific expression of Cre in the slc6al1b RAs
by crossing to the Ki(sic6a11b-GFF) line. We proved that Cre
expression within s/c6a11b+ RAs cells did not exert obvious in-
fluence on muLEC development (see Figures S5G, right, and
S5H). To test the Cre recombinase efficiency in the glia,
we crossed the Ki(slc6a11b-GFF);Tg(uas:Cre) (referred to as
Ki(slc6a11b:Cre)) to Tg(actb2:loxP-BFP-polyA-loxp-DsRed)
(referred to as Tg(actb2:BSR)) in which the fluorescent protein
expression is switched from the blue fluorescent protein
(BFP) to dsRed after Cre-mediated recombination (Figure
S6A).*° A substantial number of switched dsRed+ glia were
observed (Figure S6B), demonstrating the effective function-
ality of the Cre-LoxP-based recombinase system within the
sic6a11b+ RAs.

By making use of Ki(sic6a11b:Cre) with vegfc™" background,
we observed that the deletion of vegfc within slc6a711b+ RAs
(vegfcAsi°a’104) |ed to a substantial suppression of muLEC

fl/fl

(H and 1) Representative images (H) and the mean number (1) of the rescue effects. Left (H): dorsal view of a projected image merged with bright field in a vegfc

/-

larva. Upper right (H): representative images of a sic6a71b:vegfc larva with vegfc ~~ background. Lower right (H): representative images of bilateral OT in a pdgfra:

vegfc larva with vegfc ™/~

background. The yellow arrowhead in (H) indicates ectopic LECs on the brain surface.

escue effects on the loss-of-mu aroun . Representative images of the bilateral inavegfc™'~ larva (upper image), sic6a11b:vegfc larva wi
J) R ffect: the | f-muLEC d CVP. R tative i f the bilateral CVP i fe/~ | i lc6al1b fc | ith

vegfc ™/~

specific fluorescence on the eyes.

background (two images at center), and pdgfra:vegfc larva with vegfc ™~

background (bottommost two images). The white arrowheads mark non-

Scale bars: 100 pm in allimages. Error bars represent SD. The p values were determined using the parametric one-tailed one-way ANOVA with Tukey’s post hoc
test (C), non-parametric one-tailed Kruskal-Wallis test with post hoc Dunnett’s test (E and I), and parametric two-tailed paired t test (G). Data are represented as

mean + SD.
See also Figures S5 and S6.
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Figure 4. Activity and vegfc expression of sic6a11b+ RAs are coupled to neural activity

(A and B) Ca?* activities of both sic6a?7b+ RAs and neurons in the OT. Simultaneous dual-color Ca?>* imaging was performed on Ki(sic6a11b-GFF);Tg(uas:
GCaMP6s);Tg(elavi3:NES-jRGECO1a) zebrafish larvae at 7 dpf, which express the green fluorescent Ca2* indicator GCaMP8s in sic6a?1b+ RAs and the red
fluorescent Ca®* indicator ]RGECO1a in neurons, respectively.

(A) Representative Ca* activities of sic6a?7b+ RAs (green) and neurons (red) in the OT in response to repetitive flash stimuli (black short bars) in a 7 dpf larva. The
experiment was performed in 5 larvae fish, all of which exhibited the same pattern of Ca®* activities in RAs and neurons.

(B) Mean traces of flash-evoked Ca®* activities shown in (A). The solid lines indicate the averaged responses and the shaded areas indicate the standard error.
(C and D) Ca?* activities of sic6al1b+ RAs evoked by optogenetic activation of neurons. Bilateral eyes were removed to avoid optogenetic laser-evoked re-
sponses in neurons and glia.

(C) Ca?* activities of sic6al1b+ RAs evoked by three consecutive optogenetic stimulations (red short bars) in larvae with or without ChrimsonR expression.
(D) Summary of the peak amplitude of evoked Ca®* activities in sic6a?1b+ RAs.

(E-H) Effects of unilateral eye removal on the activities of sic6a?1b+ RAs in the contralateral OT.

(E) Experimental design for unilateral eye removal and Ca* imaging of sic6a?7b+ RAs.

(F) Dorsal view of the brain in a 7-dpf sic6a11b:GCaMPé6s larva with left eye removal.

(G) Spontaneous Ca>* activities of sic6a?1b+ RAs on the ipsilateral (blue) and contralateral (red) side of the OT.

(H) Summary of data showing the activity strength (area under curve [AUC]) of spontaneous Ca®* activities in sic6a?7b+ RAs in contralateral and ipsilateral OT.
(I-M) Effects of unilateral eye removal on vegfc expression in sic6al1b+ RAs.

(I) Experimental design for unilateral eye removal and imaging.

(legend continued on next page)
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development on the OT surface (Figures 3F and 3G; p < 0.0001).
In addition, the number of LECs near the CVP also decreased
(Figures S6C and S6D; p < 0.0001). As the CVP is the origin
site where muLECs differentiate and then migrate dorsally to
form the muLEC loop on the OT neuropil, these results indicate
that vegfc in slc6a11b+ RAs is crucial for muLEC development
on the surface of the OT neuropil in the meninges, possibly via
regulating the processes of its differentiation, migration, and/or
loop formation. As vegfc is expressed in sic6al1b+ RAs as
well as fibroblasts covering the brain surface (see Figures S3l
and S3J), we further investigated whether the expression of
vegfc in these RAs and the fibroblasts could rescue the muLEC
absence phenotype in vegfc ™~ larvae. We found that specific
overexpression of vegfc in slc6al1b+ Ras, but not fibroblasts,
successfully restored both the muLEC loop formation on the
OT surface (Figures 3H and 3l) and their appearance near the
CVP (Figure 3J) in vegfc’/’ larvae. In addition, we performed
conditional knockout of vegfc specifically in pdgfra+ fibroblasts
and observed a modest reduction in the number of muLECs
(Figures S6E and S6F), although to a lesser extent compared
with conditional knockout of vegfc in sic6al1b+ RAs (see
Figures 3F and 3G).

Taken together, these results suggest that s/c6a71b+ RAs play
amajor role in determining muLEC development, and pdgfra+ fi-
broblasts play a secondary role in this process. Given that the fi-
ber terminals of sic6a11b+ RAs are positioned in close proximity
to pdgfra+ fibroblasts on the brain surface (see Video S2), it is of
interest in the future to explore how these RAs and fibroblasts
coordinate Vegfc production for muLEC development in the
meninges.

Activity and Vegfc expression of sic6a11b+ RAs are
coupled to neural activity

To examine whether slc6a71b+ RAs and their vegfc are
involved in the regulation of muLEC development by neural ac-
tivity, we performed simultaneous dual-color Ca®* imaging on
Ki(slc6a11b-GFF); Tg(uas:GCaMPé6s);Tg(elavi3:NES-jRGECO1a)
zebrafish larvae, which express the green fluorescent Ca®*
indicator GCaMP6s in slc6a11b+ RAs and the red fluorescent
Ca?* indicator JRGECO1a in neurons, respectively. Similar to
neuronal fibers in the OT neuropil, sic6al1b+ RAs responded
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to light stimuli with increased Ca®* activities (Figures 4A
and 4B). To delve deeper into the relationship between
neurons and s/c6a11b+ RAs, we optogenetically activated neu-
rons in the OT and simultaneously performed Ca®* imaging of
sic6al1lb+ RAs in Ki(slc6al1b-GFF);Tg(uas:GCaMP6s);Tg
(elavi3:ChrimsonR-tdTomato) larvae in which slc6al1b+
RAs and neurons express GCaMP6s and the channelrho-
dopsin ChrimsonR fused with the red fluorescent protein
tdTomato, respectively (Figure 4C). We observed that neuronal
activation induced by optogenetics led to a corresponding
increase in Ca?* activities in slc6al1b+ RAs (Figures 4C
and 4D).

Given the significant suppression of muLEC development
observed on the contralateral side of the brain following unilat-
eral eye removal (see Figures 1TH-1N and S1L-S1N), we sought
to investigate whether the activities of the sic6a71b+ RAs are
also influenced by the interruption of visual experience. We per-
formed unilateral eye removal at 2.5 dpf and subsequently
imaged spontaneous Ca?* activities in sic6a?1b+ RAs at 4, 7,
and 9 dpf (Figures 4E and 4F). As observed in OT neurons (see
Figures S1G-S1l), spontaneous Ca®* activities of sic6al1b+
RAs in the contralateral OT were impaired in comparison with
those in the ipsilateral OT (Figures 4G and 4H; p < 0.05). These
findings collectively indicate that the activity of slic6a77b+ RAs
is coupled to neural activities in the brain.

We then investigated whether neural activity influences vegfc
expression in sic6a11b+ RAs. We examined the effects of neu-
ral activity reduction on vegfc expression in the brain. The Ki
(vegfc-GFF), Tg(uas:EGFP) (referred to as Ki(vegfc:EGFP)) was
used to indicate the level of vegfc expression. Unilateral eye
removal experiments revealed a significant decrease of the
vegfc expression in RAs’ fibers at the contralateral side
(Figures 41-4K; p < 0.001), whereas the number of sic6ai1b+
RAs remained unchanged (Figures 4L and 4M). Furthermore,
we employed the Ki(vegfc:EGFP) reporter line and FISH to
quantify vegfc expression in the larvae following tricaine treat-
ment. The results showed a significant decrease in both
vegfc:EGFP fluorescence and vegfc mRNA levels upon neural
activity blockade (Figures 4N-4Q). Together, these findings
indicate that reduced neural activity leads to decreased vegfc
expression in sic6a11b+ RAs.

(J and K) Representative images (J) and the normalized vegfc expression of vegfc+ RAs (K) in the OT of a 9-dpf vegfc:EGFP larva with left eye removal. The
bottom-left two images in (J) are enlarged view of the areas indicated by the dashed boxes in the upper-left image, with the black box indicating the ipsilateral side
and the red box indicating the contralateral side. The yellow arrows indicate the fluorescence signals in fibroblasts on the brain surface. The mean fluorescent
intensity (Fl) of vegfc+ fibers from three areas (48 x 48 um) on each side of the OT was analyzed using Imaged. The fold change was calculated as (cont. Fl —
background Fl)/(ips. FI — background Fl), with the ipsilateral side normalized to 1.

(L and M) Representative images (L) and the number (M) of sic6a11b+ RAs in the OT of a 9-dpf sic6a11b:H2B-mScarlet-P2A-CoChR-EGFP larva with left eye
removal. The number of sic6a?1b+ RAs was counted by using Imaged based on the nuclear-localized red H2B-mScarlet signal.

(N-Q) Effects of tricaine treatment on vegfc expression in the brain.

(N and O) Representative images (N) and the normalized vegfc expression of vegfc+ RAs (O) in the OT of 4-dpf vegfc:EGFP larvae under control or tricaine
treatment from 2 to 4 dpf, as shown in Figure 1C. In (O), the mean FI of vegfc:EGFP signals from one area (the dashed box in N, 294 x 159 um) in the OT was
analyzed using Imaged. The normalized fold change was calculated as (FI — background Fl)/(average of the control FI — background Fl).

(P and Q) Representative images (P) and the normalized vegfc mRNA expression (Q) detected by FISH in the OT of 4-dpf wild-type (WT) larvae under control or
tricaine treatment from 2 to 4 dpf. In (Q), the mean FI of vegfc mMRNA by FISH from one area (the dashed box in P, 193 x 124 um) in the OT was analyzed using
Imaged. The normalized fold change was calculated as (FI — background Fl)/(average of the control FI — background Fl).

Scale bars: 20 pm (J, bottom images), 100 pm (F, J [upper image], L, N, and P). Error bars represent SD. The p values were determined using the two-tailed non-
parametric Mann-Whitney U test (D), the parametric two-tailed paired t test (H, K, and M), and the parametric two-tailed unpaired t test (O and Q), data are
represented as mean + SD.
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Figure 5. Neural activity regulates muLEC development through vegfc expressed in sic6a11b+ RAs

(A-C) Conditional knockout of vegfc in sic6a11b+ RAs occludes the eye-removal-induced impairment of muLEC development.

(A) Experimental design for unilateral eye removal on vegfc™" and vegfc2/6a"70+ |aryae.

(B and C) Representative images of bilateral muLEC loops (B) and the mean number of muLECs (C) on each side of the OT in 9-dpf vegfc’
larvae with unilateral eye removal.

(D-F) Mosaic overexpression of vegfc in sic6a11b+ RAs rescues the eye-removal-induced impairment of muLEC development.

(D) Cartoon depicting the injection of the uas:mNeonGreen-P2A-vegfc plasmid into the fertilized egg of Tg(lyve1b:DsRed);Tg(slc6a11b-GFF) for mosaically
overexpressing vegfc in sic6a11b+ RAs. Right: experimental design. Larvae with unilateral overexpression of vegfc in the OT were used for eye removal at the
contralateral side.

(E and F) Representative images (E) and the mean number of muLECs (F) on each side of the OT in a 16-dpf larvae. ips, ipsilateral side without vegfc expression;
con. + Vegfc, contralateral side with mosaic overexpression of vegfc.

(G and H) Conditional knockout of vegfc in sic6a11b+ RAs occludes the moving-bar-induced enhancement of muLEC development. Representative images of
bilateral muLEC loops (G) and the mean number of muLECs (H) on each side of the OT in 7-dpf vegfc™ and vegfc*°63"7* |arvae raised in full dark without or with
moving bar stimulation.

Scale bars: 100 pm in all images. Error bars represent SD. The p values were determined using the parametric two-tailed unpaired t test (C and H, left), the
parametric two-tailed paired t test (F), and the two-tailed non-parametric Mann-Whitney U test (H, right). Data are represented as mean + SD.

fl/fl Aslc6al1b+

and vegfc

muLEC development regulation by neural activity is removal could not further decrease the number of muLECs in
mediated by vegfc in sic6a11b+ RAs vegfcAsiea?1b+ in comparison with vegfc™ (Figures 5B and
Next, we examined whether neural activity regulates muLEC 5C). Notably, mosaic overexpression of vegfc in sic6alilb+
development via vegfc in the slc6a11b+ RAs. We therefore con-  RAs on the contralateral OT was able to rescue the decrease
ducted unilateral eye removal experiments on larvae with vegfc  in muLEC numbers caused by eye removal (Figures 5D-5F).
conditional knockout in slc6allb+ RAs (vegfc*$€6a7°*)  Furthermore, elevating neural activity by moving bars could no
(Figure 5A). We found that reducing neural activity by eye longer increase the number of muLECs in vegfc2s°6a70+ |arvae
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Figure 6. ccbe1+ fibroblasts cooperate with sic6a11b+ RAs in controlling muLEC patterning

(A-C) Effects of ccbe1 knockout on muLEC development in normal larvae or larvae with vegfc overexpression in sic6a?1b+ RAs.

(A) Experimental design depicting the generation of ccbe 1 knockout crispants with background of Tg(lyve 1b:DsRed) (top) or Tg(lyve 1b:DsRed);Ki(slc6a11b-GFF);
Tg(uas:mNeonGreen-P2A-vegfc) (abbreviated as lyve1b:DsRed;slc6a11b:vegfc) (bottom). Two ccbe? sgRNAs and Cas9 protein were co-injected in fertilized
eggs.

(B and C) Representative images (B) and mean numbers (C) of muLECs on each side of the OT in 3- and 5-dpf lyve 1b:DsRed larvae (top in B) and lyve 1b:DsRed;
slc6a11b:vegfc larvae (bottom in B). For the control groups, Cas9 protein only was injected.

(D) Representative images of co-labeling of ccbe?+ cells and fibroblasts on the brain surface in a 6-dpf Ki(ccbe1-GFF); Tg(uas:EGFP);Ki(pdgfra-DsRed)
(abbreviated as ccbe1:EGFP;pdgfra-DsRed) larva.

(D’ and D”) Enlarged images for the dashed boxes in (C), showing the co-localization (white arrows) of ccbe + cells (green) with pdgfra+ fibroblasts (red).

(E and F) Representative images of muLECs (E) and the mean number (F) of LECs inside of the brain parenchyma in the OT of lyve1b:DsRed control larvae (left in
E), larvae with sic6a11b+ cells expressing the coding sequence of the unprocessed full length Vegfc (slc6a1b:vegfc) (middle in E), and larvae with sic6a11b+cells
expressing the coding sequence of processed mVegfc (sic6a11b:mvegfc) (right in E) at 9 dpf.

(G) z stacked image of the slc6a1b:mvegfc larva shown in the right in (E), showing lumenized LECs (white arrows) inside of the brain parenchyma.

Scale bars: 20 pm (D’ and D), 100 um (B, D, E, and G). Error bars represent SD. The p value was determined using the non-parametric one-tailed Kruskal-Wallis
test with post hoc Dunnett’s test (C and F). Data are represented as mean + SD.

See also Figure S7.

fl/fl

compared with vegfc™" controls (Figures 5G and 5H; see also  whereas muLECs locate at the leptomeninges. This raises the

Figures 10 and 1P). These results together indicate that neural
activity regulates muLEC development through vegfc expression
in slc6a11b+ RAs.

cche1+ fibroblasts cooperate with sic6a711b+ RAs in
controlling muLEC patterning

Our results have shown that slc6a’1b+ RAs regulate
muLEC development through the expression of vegfc in the brain.
However, these glial cells are situated in the brain parenchyma,

following interesting questions. How is the spatial localization of
muLEGCs restricted to the brain surface? Alternatively, why can
muLECs not invade the brain parenchyma?

CCBET1, an essential component for proteolytical processing
of extracellular pro-Vegfc to its mature form, is known to
function non-cell-autonomously for regulating lymphatics devel-
opment.*”*°"52 By employing the crispant method,**® which uti-
lizes multiple synthetic short guidance RNAs (sgRNAs) with
high cleavage efficiency to destroy the target gene, we found
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Figure 7. Working model for the brain control of muLEC development
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(A) Diagram of three-dimensional view of the zebrafish brain illustrating that sic6a77b+ RAs extend their processes to transport pro-Vegfc to the meninges, where
ccbel+ fibroblasts collaborate with the RAs to convert pro-Vegfc into mature Vegfc (active form) at the interface between the brain parenchyma and the

meningeal fibroblasts, restricting muLEC formation only at the brain surface.

(B) Diagram of the cross-sectional view showing the inter-tissue cooperation mechanism between s/c6a11b+ RAs inside of the brain and ccbe1 + fibroblasts on
the brain surface. This mechanism ensures the restricted distribution of muLECs to the brain surface without penetrating the interior, maintaining a balance
between brain homeostasis and its immune surveillance needs while respecting the brain’s unique anatomy.

that ccbe? knockout crispants exhibited the absence of mu-
LECs, even when vegfc was overexpressed in sic6al1b+ RAs
(Figures 6A-6C). These results indicate that Ccbe1 is required
for the control of muLEC development by sic6a71b+ RAs.

We wondered how Ccbe1 helps sic6a11b+ RAs in controlling
muLEC development. By searching the scRNA-seq data, we
found that ccbe1 is expressed in fibroblasts (Figure S7A; see
also Wang et al.’?). We generated a ccbe? knockin line Ki
(ccbe1-GFF) to examine its expression pattern (Figures S7B
and S7C). Through imaging of Kilccbe1-GFF);Tg(uas:EGFP);Ki
(pdgfra-DsRed) larvae, we found ccbe1 expression in the fibro-
blasts localizing on the brain surface as well as in the trunk
(Figures 6D and S7D). However, its expression was barely
observed inside of the brain (Figure S7E). This suggests that
the precise control of the muLEC pattern on the brain surface
is likely achieved by cooperation between the sic6a71b+ RAs
and the ccbe1 + fibroblasts.

Moreover, the overexpression of the mature form, but not the
unprocessed form, of Vegfc in slc6a71b+ RAs induced the
ectopic growth of LECs into the brain (Figures 6E and 6F) and
the formation of lumenized LECs within the brain parenchyma
(Figure 6G). Taken together, these results indicate a precise con-
trol for Vegfc function that is mediated by two spatially separated
cell types: sic6a11b+ RAs inside the brain responsible for Vegfc
production and ccbe1+ fibroblasts on the brain surface respon-
sible for Vegfc maturation. This strategy ensures the unique
developmental patterning of muLECs, restricting them to the
surface but not inside of the brain.

DISCUSSION

Here, we have unveiled a mechanism through which the brain
controls the development of the muLEC, a vital component of ze-
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brafish brain lymphatics. This control process is determined by a
distinctive subpopulation of glia named as sic6a1b+ RAs, which
are the major cellular source of vegfc in the brain, and is modu-
lated by neural activity. In cooperation with ccbe?+ fibroblasts
located outside of the brain, these specialized RAs play a pivotal
role in shaping the unique developmental pattern of muLECs,
specifically on the brain surface (Figure 7A). This discovery high-
lights an important interplay between the brain and its lymphatic
system during development and also sheds light on our under-
standing of the diverse functions of different glia subtypes in
maintaining brain homeostasis.

The traditional view of astrocytes as solely supporting cells in
the CNS, originally considered homogeneous, has evolved
significantly. Emerging studies unveiled regional diversity among
astrocytes within different CNS regions in mammals.>*~°° In the
adolescent mouse brain, distinct types of astrocytes with clear
regionally restricted distributions have been identified.”
Notably, the expression of sic6a1 was found to be highly ex-
pressed in non-telencephalon astrocytes but absent in the cere-
bellum.®” This expression pattern in mammals bears similarity to
that of the slc6a11b+ RAs we found in zebrafish, which primarily
locate in the midbrain and hindbrain but not in the cerebellum
(Video S5), suggesting that this type of RA may be evolutionarily
conserved.

Our study indicates that s/c6a11b+ RAs can respond to neural
activity with changeable vegfc expression, causing muLEC
development tuned by neural activity. It is generally believed
that glial activities are also affected by their intrinsic proper-
ties—like metabolic states and interactions with other cell types
in the brain.°®°° The neuropil region, primarily composed of
neuronal and glial processes, serves as a hub where neural ac-
tivities are intensely integrated and processed. Therefore, it is
a region with a high concentration of metabolic wastes that
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need to be efficiently removed to maintain proper physiological
functionality.°® Brain lymphatics, including the meningeal
lymphatic vessels and muLECs, are important for clearing extra-
cellular wastes from the brain parenchyma, thereby contributing
to the overall homeostasis and immunosurveillance of the
brain. 9722246065 |t makes sense for their function and develop-
ment to be tightly regulated in a way that aligns with the brain’s
activities and needs.®®°” Brain control of muLEC development
ensures that these LECs are formed and maintained in a way
that supports the proper functioning and health of the brain.
The slc6a11b+ RAs may act as vigilant sentinels and actively
sense and respond to the brain’s microenvironmental changes
to regulate muLEC development, facilitating waste clearance in
the brain. This intricate interplay between neural activity, glial ac-
tivity, brain metabolism, and VEGFC production underscores the
dynamic nature of sic6a11b+ RAs’ functions and their crucial role
in brain lymphatics development.

It has been reported that vegfc transcription can be activated
by oxidative stress.® Our GO term analysis revealed that
slc6a11b+ RAs exhibit the highest levels of oxidative phosphor-
ylation and lipid metabolism (see Figures S4E and S4F).
Furthermore, neural activity is known to associate with release
of excess fatty acids in lipid particles that are transferred to glia
for lipolysis through f-oxidation, a process that is critical for
avoiding fatty acids toxicity during neural activity.”® Therefore,
it is likely that neural activity stimulates sic6a77b+ RA activity
to increase their lipid metabolism and energy production, lead-
ing to elevated oxidative phosphorylation levels in these cells.
This could, in turn, regulate the transcription of vegfc in
slc6a11b+ RAs and enhance the development of muLECs on
the brain surface.

To support its precise functions, the brain’s priority is to main-
tain a stable and well-protected microenvironment, which may
evolutionarily have led to the development of specialized mech-
anisms like the blood-brain barrier and brain lymphatics sys-
tem."?5°""" The brain is sensitive to inflammation and immune
responses, which can cause damage to its delicate neural con-
nections and other structures.®®’° Therefore, the absence of
traditional lymphatics inside of the brain is an intriguing aspect
of the anatomy and function of the brain.?®*? LECs are present
in the brain parenchyma only under conditions of diseases and
injury.”® This unique distribution pattern allows for the clearance
of extracellular wastes and immune surveillance without invasive
penetration of the brain tissue.®® The expression of vegfc in
sic6a11b+ RAs and its processing and maturation by Ccbe1
secreted from fibroblasts on the brain surface cooperatively pro-
vide a localized and controlled mechanism for muLECs forma-
tion. The control of muLEC development involving different cell
types in distinct locations should be a finely tuned mechanism
that balances the microenvironmental homeostasis and immune
surveillance needs of the brain, while respecting the brain’s
unique anatomy and avoiding unnecessary invasion into its pa-
renchyma (Figure 7B).

Limitations of the study

First, how neural activity influences RA activity and the subse-
quent expression of vegfc is still unknown. In particular, it is
not yet understood which types of neurons are involved, which

¢? CellPress

receptors in RAs mediate the communication between neurons
and the glia, and whether a key transcriptional factor plays a crit-
ical role in regulating vegfc expression. Future studies are
needed to understand the cellular and molecular mechanisms
underlying vegfc expression regulation in the glia. Second, it is
unclear whether this glial regulation of leptomeningeal LEC
development is conserved in mammals. Third, it is of great inter-
est to examine whether such regulation functions in adults to
help maintain muLECs under physiological conditions.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Proteinase K (for genome extraction) Tiangen RT403
Proteinase K (for FISH) Thermo Scientific EO0491

T4 DNA Ligase Takara 2011A
Tricaine/MS-222 Sigma E10521

Low melting point agarose Invitrogen 827503

MTZ Sigma M1547

4% PFA, RNase free Bioss C2055

PBS (1X) pH7.4 Gibco 10010-031
Ethanol General-reagent G73537A
DEPC-treated water Sangon B501005

SSC (20X), RNase-free Invitrogen AM9770
Triton X-100 Sigma T8787

Tween 20 Abcam ab128987
Critical commercial assays

PrimeSTAR MAX DNA Polymerase Takara R045Q
TIANprep Rapid Mini Plasmid Kit Tiangen DP105-03
QIAquick Gel Extraction Kit QIAGEN 28706

2x Es Taq Master Mix CWBIO CWO0690H
Experimental models: organisms/strains

Zebrafish Ki(vegfc-GFF) This paper Jiu-Lin Du Lab
Zebrafish Ki(slc6a11b-GFF) This paper Jiu-Lin Du Lab
Zebrafish Ki(vegfd-GFF) This paper Jiu-Lin Du Lab
Zebrafish Ki(pdgfra-GFF) This paper Jiu-Lin Du Lab
Zebrafish Ki(ccbe1-GFF) This paper Jiu-Lin Du Lab
Zebrafish Ki(pdgfra-DsRed) This paper Jiu-Lin Du Lab
Zebrafish Tg(lyve1b:DsRed) This paper Jiu-Lin Du Lab
Zebrafish Tg(lyve1b:DsRed-P2A-nGFP) This paper Jiu-Lin Du Lab
Zebrafish Tg(elavi3:GCaMP6s) Kim et al.”® D. Robson Lab
Zebrafish Tg(elavi3:NES-jJRGECO1a) Feng etal.”* Jiu-Lin Du Lab
Zebrafish Tg(elavi3:ChrimsonR-tdTomato) Jiao et al.”® Jiu-Lin Du Lab
Zebrafish Tg(gfap:NTR-mCherry) This paper Jiu-Lin Du Lab
Zebrafish Tg(2xen.cpce:tdTomato-CAAX) Chen et al.”® Jiu-Lin Du Lab
Zebrafish Tg(uas:mNeonGreen-P2A-mvegfc) This paper Jiu-Lin Du Lab
Zebrafish Tg(uas:NTR2.0-P2A-EGFP) This paper Jiu-Lin Du Lab
Zebrafish Tg(uas:mNeonGreen-P2A-sflt4) This paper Jiu-Lin Du Lab
Zebrafish Tg(uas:mNeonGreen-P2A-Cre) This paper Jiu-Lin Du Lab
Zebrafish Tg(uas:CoChR-EGFP-P2A-H2B-mScarlet) This paper Jiu-Lin Du Lab
Zebrafish vegfc” This paper Jiu-Lin Du Lab
Zebrafish vegfc™” This paper Jiu-Lin Du Lab
Zebrafish vegfd™” This paper Jiu-Lin Du Lab
Zebrafish Tg(uas:EGFP) asfe1a Asakawa et al.”” K. Kawakami Lab
Zebrafish Tg(uas:GCaMP6s) Muto et al.”® K. Kawakami Lab
Zebrafish Tg(kdri:EGFP)s84 Jinetal.”® D. Stainier Lab
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Zebrafish Tg(bactin2:loxP-BFP-stop-loxP-DsRed) 927 Kobayashi et al.*’ D. Traver Lab
Oligonucleotides

Primers This paper Table S1
sgRNAs This paper Table S1

Deposited data

The raw sequence data of zebrafish brain cells at This paper GSA: CRA023422
three developmental stages

Software and algorithms

GraphPad Prism 9 GraphPad Software Inc. https://www.graphpad.com/
ImageJ (version: 1.8.0) National Institutes of Health https://imagej.nih.gov/ij/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Zebrafish husbandry

Adult Zebrafish (Danio rerio) were kept in a circulating system at 28°C under a 14h/10h light/dark cycle. All animal protocols were
reviewed and approved by the Animal Care and Use Committee of the Center for Excellence in Brain Science and Intelligence Tech-
nology, Chinese Academy of Sciences (NA-046-2023). Transgenic zebrafish larvae are in nacre background.®® Larvae were fed with
brachionid rotifers from 4.5 to 9 dpf, and then transition to being fed with Artemia thereafter. The 9-dpf larvae used for experiments in
this study measured approximately 5 - 6 mm in length, while the 16-dpf larvae measured approximately 8 - 10 mm in length. The body
length of a larva was measured from the snout to the tip of the tail. The sex of embryonic and larval zebrafish was not determined.

Zebrafish lines

The lyve1b promoter,®' kdrl promoter,®’ and uas promoter’” were used to label zebrafish muLECs, ECs, neurons, and Gal4+
cells, separately. The following lines were used: Tg(lyve1b:DsRed), Tg(lyvel1b:DsRed-P2A-nGFP), Tg(kdr:EGFP)*%*3"° Tg(elavi3:
GCaMP6s)?'3203 7% Tg(elavi3:NES-jRGECO1a)°"729TG 74 Tg(gfap:NTR-mCherry), Tg(2xen.cpce:tdTomato-CAAX),’® Tg(elavi3:
ChrimsonR-tdTomato)°"°7979 7> Tg(uas:GCaMP6s),’® Tg(uas:mNeonGreen-P2A-vegfc), Tg(uas:mNeonGreen-P2A-mvegfc), Tg
(uas:NTR2.0-P2A-EGFP), Tg(uas:mNeonGreen-P2A-sflt4),  Tg(uas:mNeonGreen-P2A-Cre),  Tg(bactin2:loxP-BFP-stop-loxP-
DsRed)*?27 *° Tg(uas:CoChR-EGFP-P2A-H2B-mScarlet), Ki(vegfc-GFF), Ki(vegfd-GFF), Ki(slc6al1b-GFF), Ki(pdgfra-GFF), Ki
(pdgfra-DsRed), Kiccbe1-GFF), vegfc”, vegfc™, and vegfd™ lines.

1

METHOD DETAILS

Generation of transgenic zebrafish lines

The cDNASs of nitroreductase 2.0 (NTR 2.0),%° soluble VEGFR3 (sfit4),>° zebrafish vegfc (full coding sequence of 1188 bp for 396 animo
acids), zebrafish mature vegfc (mvegfc, coding sequence of 1 - 57 bp for signal peptide, and 274 - 642 bp for VEGF homology domain)
and Cre were cloned into a uas:mNeonGreen or a uas:EGFP vector to construct the uas:mNeonGreen-P2A-vegfc, uas:mNeonGreen-
P2A-mvegfc, uas:NTR2.0-P2A-EGFP, uas:EGFP-P2A-sflt4 and uas:mNeonGreen-P2A-Cre. CoChR-EGFP and P2A-H2B-mScarlet
were combined into the uas:P2A-EGFP vector to synthesize the plasmid uas:CoChR-EGFP-P2A-H2B-mScarlet, enabling labeling
both the cellmembrane and nucleus. Transgenic lines were generated with the Tol2 system,? by co-injection of the above plasmids
(25 ng/pl) and the Tol2 transposase mMRNA (25 ng/pl) into one-cell stage embryos.

CRISPR/Cas9-mediated knockin

Ki(vegfc-GFF), Ki(vegfd-GFF), Ki(slc6a11b-GFF), Ki(pdgfra-GFF), Ki(pdgfra-DsRed) and Ki(ccbe 1-GFF) knockin lines were generated
with the method we established previously,*'** which preserves the integrity of the targeted endogenous gene. Briefly, sgRNAs tar-
geting the last intron of each gene were selected with CRISPOR online serve (http://crispor.tefor.net/crispor.py). The sgRNAs with
2’-0-methyl-3’-phosphorothioate modification at both ends were synthesized by GenScript. For making knockin donor plasmids, the
left arm and right arm of each gene were amplified by PCR with the indicated primers in Table S1 and cloned into a P2A-GFF back-
bone vector. Each one-cell-stage embryo was injected with 1-nl RNAase free liquid mixture, containing 600 pg SpCas9 protein,
125 pg sgRNA and 25 pg donor plasmid. To screen the founder of each knockin line, the adult FO was crossed with WT fish, and
the genome DNA of the F1 embryos was extracted at 4.0 dpf, and was used to PCR using the primers shown in Table S1.
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CRISPR/Cas9-mediated knockout

The knockout lines of vegfc”™ and vegfd”~ were generated with the CRISPR/Cas9 system. We selected the appropriate sgRNAs
(Table S1) targeting the sequence of the exon 6 of vegfc and the exon 2 of vegfd, respectively. 1 nl RNAase free liquid mixture con-
taining 500 ng/pl SpCas9 protein and 125 ng/ul sgRNA was injected at the single-cell stage. Genotyping of vegfc”™ and vegfd™”
knockout fish was performed using primers in Table S1. The ccbe1 crispants were generated by injection of 1 nl RNAase free liquid
mix of two sgRNAs (125 ng/ul each) targeting the exon 1 and exon 2 of ccbe? with SpCas9 protein (500 ng/pl) as previously
reported.®®

Generation of a vegfc” allele

High-efficiency sgRNA target sites were selected (Table S1) in the intron 3 of the vegfc gene, and then a 100-bp sequence upstream
of the sgRNA site was used to combine with the inverted cassette with the loxP site, splice acceptor, TagRFP, BGHpA, and GAPDH
3'UTR, along with the exon 4, exon 5, exon 6, and exon 7 of vegfc as the left arm of the donor plasmid vegfc”. The right arm of this
donor was the same as the knockin donor plasmid vegfc-GFF. To facilitate the identification of offspring carrying the vegfc” allele, we
inserted myl7-EGFP in front of the left arm to simultaneously label the heart in green, and finally obtain the vegfc” donor plasmid.
Ultimately, SpCas9 protein, sgRNA, and vegfc” donor plasmid were co-injected into single-cell-stage fertilized eggs. Each embryo
was injected with 1 nl solution containing 600 ng/pul SpCas9 protein, 125 ng/ul sgRNA, and 20 ng/ul donor plasmid. To screen for
vegfc” founders, we crossed adult fish with nacre wild-type and extracted genomic DNA at 3 dpf. We used PCR (with primers in
Table S1) and imaging of green hearts to validate germline transmission.

scRNA-seq library preparation and analysis

Fresh zebrafish brains administered with papain digestive solution (containing 28 units/ml papain (Gibco) and 0.02 mg/ml DNase
(Gibco)) and 0.48 mg/ml L-cysteine) were dissociated at 37°C for 15 min, during which time they were blown intermittently with a
pipette for full cracking. The samples were then filtered with a 40-um cell filter, centrifuged at 800 g for 5 min, and the supernatant
was discarded. The cells were re-suspended with PBS containing 0.04% BSA (MACS). Next, the single-cell suspensions were loaded
onto a Chromium Single Cell Controller Instrument (10x Genomics) to generate single-cell gel beads in emulsions (GEMs). Following
the manufacturer’s instructions, reverse transcription, cDNA PCR amplification, and library preparation were conducted. All libraries
were sequenced using the lllumina NovaSeq 6000 with 2x 150 bp paired-end reads. Raw sequencing data were processed using
Cell Ranger software (10X Genomics, v.5.0.0) to de-multiplex cellular barcodes, map reads to the reference genome, and generate
a gene count matrix. The R package Seurat (v.3.1.1) was used for quality control, pre-processing, normalization, clustering, and dif-
ferential expression analysis. Low-quality cells and likely multiplet captures were removed based on the following criteria: gene
numbers less than 200, unique molecular identifier (UMI) counts less than 1000, or log,oGenesPerUMI less than 0.7. Additionally,
cells with hemoglobin genes ratio greater than 5% or mitochondrial genes ratio greater than 10% were excluded. The
DoubletFinder package (v.2.0.2) was used to identify potential doublets.

Multiplexed Fluorescence In Situ Hybridization (FISH) using a customized Hybridization Chain Reaction (HCR)
protocol

Zebrafish larvae were first fixed in 4% paraformaldehyde (PFA) for 12 hours and subsequently stored in PBST. Following initial fix-
ation, the larvae underwent post-fixation in 4% PFA for 15 min, followed by sequential dehydration in 50% and 70% ethanol over-
night. The samples were then treated twice with 100% ethanol and washed with PBS. To enhance probe accessibility, the larvae were
treated with proteinase K (10 pg/mL) at 37°C for 10 min and washed twice with PBS. For hybridization, the larvae were pre-incubated
in hybridization buffer at 37°C for 10 min, followed by overnight incubation (>24 hours) at 37°C in a probe solution containing hybrid-
ization buffer and custom-designed probes ([s/c6a11b]: 113024119; [vegfc]: 113024122; [slc1a2b]: 113024117, synthesized by San-
gon Biotech). Excess probes were removed by washing with probe wash buffer at 37°C and 5x SSCT at room temperature. For signal
amplification, the samples were pre-incubated in amplification buffer and then incubated overnight at room temperature in the dark
with snap-cooled fluorescent hairpins (Molecular Instruments, including two sets of hairpins custom-conjugated with JF669 to mini-
mize photobleaching). After amplification, excess hairpins were removed by washing with 5x SSCT. The processed samples were
stored at 4°C in the dark until imaging.

Transient injection for mosaic labeling of the glia

To perform single-cell mosaic analysis, the uas:CoChR-EGFP-P2A-H2B-mScarlet construct or uas:CoChR-EGFP (5 ng/pl) was in-
jected into fertilized eggs of stable lines of Ki(slc6a11b-GFF) or Ki(vegfc-GFF). The injected embryos were kept at 28.5°C and imaged
at 6 dpf or 7 dpf.

Chemical treatment

MTZ treatment was performed as previously described.“® Zebrafish larvae were treated with 2 mM MTZ dissolved in system water at
indicated developmental stages. Then the larvae were washed with system water for three times before imaging. To block neural
activity, zebrafish larvae were bathed in system water containing 400 puM tricaine. The pH of the tricaine solution was adjusted to
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7.2 - 7.5. The tricaine solution was replaced every 12 hours, and larvae were raised until imaging as previously reported.***° The
chemically treated larvae with similar brain size and body length as the untreated control larvae were used for experiments.

In vivo confocal imaging of cell morphology and Ca?* activity

Olympus Fluoview 1000 and 3000 confocal microscopes (Olympus) were used for in vivo imaging of muLECs, fibroblasts and RAs
with 20x water-immersion objective lens. The live larvae were fixed in 1.2% low- melting point agarose (Invitrogen). The z-stack was
set as 2 - 5 um per slice. The resolution of all the images was either 1024 x 1024 pixels or 800 x 800 pixels. The imaging data were
analyzed with Imaged.

For in vivo confocal Ca®* imaging, GCaMP6s or JRGECO1a was employed as the calcium indicator to monitor Ca®* activities. Ze-
brafish larvae at 4 dpf, 7 dpf, and 9 dpf were immobilized in 1.5% low-melting agarose. Imaging was carried out at room temperature,
using a 20x water-immersion objective on an Olympus Fluoview 3000 confocal microscope. Single or dual-channel Ca®* imaging
was performed at a volume rate of 0.5 - 1 Hz in resonant scanning mode. The z-stack was set as 5 pm per slice.

Analysis of Ca?* activity

Ca?* activity images were first aligned along x-y plane by the Rigid Body Method in ImagedJ. Individual regions of interest (ROls) were
manually drawn on the OT neuropil area. Fluorescence was calculated as AF/Fg (fluorescence change (AF) relative to its basal level
(Fo)), with a spontaneous Ca>* activity identified as an event when its peak was larger than 1.5 standard deviation (SD) of the baseline
by using a self-written MATLAB program. The area under the curve (AUC) of Ca®* activity events was employed to indicate the
strength of neural and glial Ca?* activities. The AUC was calculated using a custom MATLAB program. For glial Ca* activities
induced by optogenetic activation of OT neurons, the averaged peak amplitude of the responses evoked by repetitive stimulations
was measured for each experiment.

Visual stimulation by moving bars and flashes

Under full dark, a video projector (MP-CD1, SONY) was used to project a stripe pattern (stripe width: 5 mm) over the side of the dish
where the freely moving larvae were placed. The pattern was fixed to move forward at a drift speed of 1 cm/s. 2-dpf larvae were
exposed to 14 h of moving bar stimulation and 10 h of full dark. The larvae in the control group were placed under full dark with
the same temperature and humidity. To evoke activities in both glia and neurons, flash stimuli were generated by a violet 5-w
LED controlled by Master-8 pulse stimulator (A.M.P.l., Israel), and the LED was 5 cm straight ahead from the recording chamber.
The light intensity was 550 lux, and the duration was 2 s with a 90-s interval.

Electrical stimulation

The Tg(lyve1b:DsRed) larvae at 2 - 6 dpf were used for the electrical stimulation experiment. Larvae were placed ina4.5cm x 5.5cm
tank. Parallel silver foil sheets were attached to both long sides of the tank at a voltage of 2.5 V/cm, with wires connected to each
sheet. Each stimulation consisted of 5 electrical pulses with a duration of 100 ms and an interval of 5 min. Stimulations were admin-
istered twice a day at 8 AM and 6 PM, respectively. The larvae were not fed during the experiment.

Optogenetic activation

Simultaneous optogenetic stimulation of OT neurons and Ca®* imaging of glia were performed using an Olympus Fluoview 3000
confocal microscope. The Ki(slc6a11b-GFF); Tg(uas:GCaMP6s); Tg(elavi3:ChrimsonR-tdTomato) larvae were used. Optogenetic
stimulation was delivered by 488 nm laser scanning. The excitation intensity was 0.17 mW/mm? and the stimulation duration was
1 s with 10-ms pulses at 10 Hz. To avoid visual stimulation introduced by the laser used for optogenetic activation, we performed
bilateral eye removal before the experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Animals were randomly assigned to experimental groups using simple randomization and raised under identical conditions. The
normality assumption of the data was tested first. For two-group comparison, the two-tailed paired or unpaired t-test was used
for significance analysis for normal data. For non-normally distributed data, two-tailed Mann Whiteney U-test was used. For multi-
ple-group comparisons, one-tailed one-way ANOVA (Tukey’s post-hoc test) was used for normally distributed data, and one-tailed
Kruskal-Wallis tests (with post hoc Dunn’s test) for non-normally distributed data. Sample sizes, error bars, and exact p values are
provided in figures and legends. Analysis was performed using GraphPad Prism v9.0 software. Error bar represents SD.

Software
All software is freely or commercially available and is listed in the STAR Methods description and key resources table.
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Figure S1. Spatial relationship between muLECs and other types of brain cells and the regulation of muLEC development by neural activity,
related to Figure 1

(A) A cartoon depicting the co-labeling of muLECs with blood vessels (Tgkdrl:EGFP), abbreviated as kdr:EGFP); fibroblasts (Ki(pdgfra-GFF); Tg(uas:EGFP),
abbreviated as pdgfra:EGFP); and neurons (Tg(elavi3:GCaMP6s), abbreviated as elavi3:GCaMP6s) in zebrafish, illustrating the spatial relationship between
muLECs and these cell types.

(B-D) Dorsal view of projected images of muLECs with blood vessels (B), fibroblasts (C), and neurons (D) at 6 dpf. Left: dorsal view of a projected image of bilateral
OT. Right: enlarged view of the area indicated by the dashed boxes in the right image.

(E) Schematic of the design for generating GFF knockin at the zebrafish pdgfra locus (Ki(pdgfra-GFF)) by using an intron-based knockin method via the CRISPR/
Cas9 system (see STAR Methods and Choi et al.*?).

(F) PCR and sequencing of the 5’ junction of Ki(pdgfra-GFF) F1 progenies. The F1 and R1 primers are shown in (E). The indel mutation of insertion is shown in blue,
and the protospacer adjacent motif (PAM) and sgRNA target sequences are shown in green and red, respectively.

(G-J) Effects of unilateral eye removal on the neural activity in the contralateral OT.

(G) Experimental design for unilateral eye removal and Ca?* imaging of OT neurons. con., contralateral side; ips., ipsilateral side; red cross, eye removal.

(H) Dorsal view of the brain in a 7-dpf Tg(elavi3:GCaMP6s) larva with right eye removal.

() Spontaneous Ca?* activities of OT neurons in the ipsilateral (blue) and contralateral (red) OT.

(J) Summary of data showing the activity strength (AUC) of spontaneous Ca>* activities of neurons in contralateral and ipsilateral OT. The data were obtained from
5 larvae imaged at three time points.

(K) Representative images of muLECs on bilateral OT in larvae without eye removal. The imaging was performed at 7, 9, and 16 dpf.

(L-N) Effects of unilateral eye removal on muLEC development. Eye removal was performed at 2.5 dpf, and in vivo imaging was performed at 9 or 16 dpf.

(L) Experimental design for unilateral eye removal and imaging. con., contralateral side; ips., ipsilateral side; red cross, eye removal.

(M) Representative images of the eye-removed larvae at 9 (up) and 16 dpf (bottom).

(N) Mean number of muLECs on each side of the OT in the larvae with eye removal at 9 (left) and 16 dpf (right). The data were obtained from 10 larvae in three
independent experiments for each group.

(O-Q) Effects of unilateral lens removal on muLEC development. Lens removal was performed at 4.5 dpf, and imaging was performed at 9 or 16 dpf.

(O) Experimental design for unilateral lens removal and imaging. con., contralateral side; ips., ipsilateral side; red cross, lens removal.

(P) Representative images of the lens-removed larvae at 9 (up) and 16 dpf (bottom).

(Q) Mean number of muLECs on each side of the OT in the larvae, with lens removal at 9 (left) and 16 dpf (right). The data were obtained from 7 larvae at 9 dpf and
5 larvae at 16 dpf in two independent experiments.

Scale bars: 100 pm in all images. The p values were determined using the parametric two-tailed paired t test (J, N, and Q). Data are represented as mean + SD.



Cell ¢? CellPress

Article
A == 1317 -
e
Larva (6 dpf) ;‘***
n=70
T > $0
Juvenile (1.5 mpf) e
( pf) hls
A
Adult (3.5 mpf)
n=
Fish preparation Brain dissection Cell suspansion Library generation Sequencing and analysis
B Ciliated cells] * c e @ e e e e e P .. .e 5
Chondrocytes{+ -« + « « « « - ¢ @t e e S @ e . s eees glz
Erythrocytes{« - = -« « -« - oo TR X . S
OPCs/OLs| -+« -+« e o e oo o c @@ @ l:-l, 1
Microglia{+ - - - - - - - - e e e e e e @ o . @ e e e g’ . 0
Fibroblasts{- - - - - - . ..o e . :%
LECs{: - - - - - - - - o @ e e 000 - - - - .- @ e e e
Muralcells{- - - - - - - - . .. @@® e - o C e -
ECs|- - ... ... . c@OO® T §
Radial astrocytes] « . PRI N T e g 0
NPCs/le - @ @ e e @ e ettt e 5o 25
Neurons{® - - « « -« .« o L e e e e e ‘g:; : 32
DS DORORA 62 L @ Q1D ROD D o\ 20D N2 ROND@ R SN NN N D 10 @ADIAD S RONDNYRDD> AP0 AV <
C D
3 FN j 4.0
4, elavi3 mki67 slc6at1b sic2ata
A (Neurons) (NPCs) (Radial astrocytes)  (Radial astrocytes) (ECs)
' Logg'gxp
2 W6dpf g 2 @i -~
= A Cérs ot A £\
+-SNE1 :;2 mp: 2 ; . v @
> mp! t-SNE1 lyvelb angpti3 collala corola sox10
(LECs) (Mural cells) (Fibroblasts) (Microglia) (OPCs/OLs)
W Neurons
NPCs
Radial astrocytes
BECs
®Mural cells
BLECs
WFibroblasts
@ Microglia
BOPCs/OLs
WErythrocytes
mChondrocytes

-SNE2

t-SNET1

8913 cells 26311 cells

mCiliated cells

3.0

3.5 mpf

~0.0
Log2Exp

Figure S2. scRNA-seq analysis
(A) Experimental schematic illustrati
number of animals used.

of whole-brain cells in zebrafish, related to Figure 2
ng the isolation of whole-brain cells from zebrafish at 6 dpf, 1.5 mpf, and 3.5 mpf for scRNA-seq. The numbers indicate the

(legend continued on next page)



¢? CelPress Cell

(B) Dot plot showing the top marker genes for the twelve cell types of brain cells. The dot size indicates the percentage of cells expressing the genes, and the dot
color indicates the average expression level in the cells.

(C) t-SNE merged projection of all the whole-brain cells at 6 dpf, 1.5 mpf, and 3.5 mpf.

(D) t-SNE expression of ten marker genes. The color bar represents gene expression level.

(E) t-SNE projections of the whole-brain cells at 6 dpf, 1.5 mpf, and 3.5 mpf.

(F) t-SNE expression of vegfc (left) and vegfd (right) in the whole-brain cells at 6 dpf, 1.5 mpf, and 3.5 mpf. The color bar represents gene expression level.
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Figure S3. Generation of Ki(vegfc-GFF), Ki(vegfd-GFF), and Ki(pdgfra-DsRed) lines for specific labeling of vegfc+ RAs, vegfd+ Ras, and
pdgfra+ fibroblasts, related to Figure 2

(A) Schematic of the design for generating GFF knockin at the zebrafish vegfc locus (Ki(vegfc-GFF)) by using an intron-based knockin method via the CRISPR-
Cas9 system.

(B) PCR and sequencing of the 5 junction of Ki(vegfc-GFF) F1 progenies. The F1 and R1 primers are shown in (A). The indel mutation of insertion is shown in blue,
and the PAM and sgRNA target sequences are shown in green and red, respectively.

(C) Left: dorsal image showing that the endfeet of vegfc+ RAs make contact with muLECs at CVP. Imaging was performed on a 4-dpf Tg(lyve 1b:DsRed);Ki(vegfc-
GFF); Tg(uas:EGFP) larva (abbreviated as lyve 1b:DsRed;vegfc:EGFP). Right: enlarged view from the area indicated by the dashed box in the left image, with white
arrows pointing to the contact points between the vegfc+ RAs endfeet (green) and muLECs (red).

(legend continued on next page)
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(D) Sparse labeling and in vivo imaging of individual vegfc+ RAs for visualizing their distinct morphology and localization. Left, cartoon depicting the injection of the
plasmid uas:CoChR-EGFP-P2A-H2B-mScarlet into a fertilized egg of Ki(vegfc-GFF) for sparse labeling of individual vegfc+ RAs. Right, images showing that the
endfeet of vegfc+ RAs contact with muLECs at CVP (white dashed lines).

(E) Dorsal view of z stack images at the brain surface of Tg(lyve1b:DsRed);Ki(vegfc-GFF); Tg(uas:EGFP) larvae at 6, 9, and 14 dpf, showing vegfc+ fibroblasts at the
brain surface.

(F) Lateral view of z stacked image at the trunk of Tg(lyve1b:DsRed);Ki(vegfc-GFF); Tg(uas:EGFP) larvae at 6 dpf, showing vegfc expression in the dorsal aorta,
intersegmental arteries, and the horizontal myoseptum.

(G) Schematic of the design for generating DsRed knockin at the zebrafish pdgfra locus (Ki(pdgfra-DsRed)) by using the intron-based knockin method via the
CRISPR-Cas9 system.

(H) PCR and sequencing of the 5 junction of Ki(pdgfra-DsRed) F1 progenies. The F1 and R1 primers are shown in (G). The indel mutation of insertion is shown in
blue, and the PAM and sgRNA target sequences are shown in green and red, respectively.

(Iand J) Dorsal view (1) and lateral view (J) of z stacked images at the brain surface of a 10-dpf Ki(pdgfra-DsRed);Ki(vegfc-GFF); Tg(uas:EGFP) larvae (abbreviated
as pdgfra-DsRed;vegfc:EGFP) larva, showing the co-localization of dsRed and EGFP signals on the brain surface that indicates the expression of vegfc in pdgfra+
fibroblasts.

(K) z stacked image showing the co-localization of vegfc and sic1a2b mRNAs. Multiplexed FISH was performed on a whole-mount 6-dpf WT larva by using a
customized HCR method with designed probes of vegfc (Alexa 647 nm, white) and sic7a2b (Alexa 488 nm, magenta).

(L) Schematic of the design for generating GFF knockin at the zebrafish vegfd locus (Ki(vegfd-GFF)) by using an intron-based knockin method via the CRISPR-
Cas9 system.

(M) PCR and sequencing of the 5’ junction of Ki(vegfd-GFF) F1 progenies. The F1 and R1 primers are shown in (A). The indel mutation of insertion is shown in blue,
and the PAM and sgRNA target sequences are shown in green and red, respectively.

(N) Dorsal view of vegfd+ RAs inside of the brain (left), and vegfd+ fibroblast-like cells on the brain surface (right). The images were taken from a 6-dpf Tg(lyve1b:
DsRed);Ki(vegfd-GFF); Tg(uas:EGFP) (abbreviated as lyve1b:DsRed;vegfd:EGFP) larva.

Scale bars: 20 pm (D) and 100 pm (C, E, F, I-K, and N).
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Figure S4. scRNA-seq analysis of RA subclusters and generation of the Ki(sic6a11b-GFF) line for specific labeling of sic6a11b+ RAs, related
to Figure 2

(A) Dot plot showing the expression of marker genes in the eleven subclusters of RAs. The dot size indicates the percentage of cells expressing the genes and the
dot color indicates the average expression level in the cells.

(B) t-SNE expression of eight marker genes in the RAs. The color bar represents gene expression level.

(C) t-SNE projections showing the eleven subclusters of RAs at 6 dpf, 1.5 mpf, and 3.5 mpf, respectively.

(D) Proportions of the eleven subclusters at 6 dpf, 1.5 mpf, and 3.5 mpf.

(E and F) Metascape analysis of the enriched pathways of #2 (E) and #7 (F) subclusters. The term of lymphatic vessel development is highlighted in red.

(G) Schematic of the design for generating GFF knockin at the zebrafish sic6a11b locus (Ki(slc6a11b-GFF)) by using an intron-based knockin method via the
CRISPR-Cas9 system.

(H) PCR and sequencing of the 5’ junction of Ki(slc6a11b-GFF) F1 progenies. The F1 and R1 primers are shown in (B). The indel mutation of insertion is shown in
blue, and the PAM and sgRNA target sequences are shown in green and red, respectively.

(l) Dorsal view of z stacked images showing that sic6a71b+ signals are inside of the brain but not on the brain surface. Images were taken from a 4-dpf Tg(lyve1b:
DsRed);Ki(slc6a11b-GFF); Tg(uas:EGFP) (abbreviated as lyve1b:DsRed;slc6a11b:EGFP) larva.

(J) Lateral view of z stacked images of a 6-dpf larva, showing that s/c6a17b+ signals are in the brain as well as spinal cord.

(K) Sparse labeling and in vivo imaging of individual sic6a11b+ RAs for visualizing their distinct morphology and localization. Left: cartoon depicting the injection of
the plasmid uas:CoChR-EGFP into a fertilized egg of Ki(slc6a11b-GFF); Tg(lyve 1b:DsRed) for sparse labeling of individual sic6a11b+ RAs. Right: images showing
a slc6a11b+ RA in contact with the muLEC loop.

Scale bars: 20 pm (K), 100 pm (I), and 200 pm (J).
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Figure S5. Loss of muLECs in vegfc but not vegfd knockout larvae and the generation of conditional knockout of vegfc in sic6a11b+ RAs,
related to Figure 3

(A and B) Schematic and sequencing of vegfc ™~ (A) and vegfd '~ (B). The indel mutation of insertion is shown in blue, and the PAM and sgRNA target sequences
are shown in green and red, respectively.

(C and D) Images of muLECs in vegfc ™~ and vegfd '~ at 5 dpf (C, dorsal and lateral views) and at 12 dpf (D, dorsal view). The white arrows indicate intracranial
lymphatic vessels on each side of the brain in WT and vegfd '~ larvae, and the yellow arrows indicate the loss of intracranial lymphatic vessels in vegfc ™'~ larvae.
(E) Schematic of the design for generating vegfc”.

(F) PCR and sequencing of the 5’ junctions of vegfcﬂ F1 progenies. The F1 and R1 primers are shown in (E). The indel mutation of insertion is shown in blue, and the
PAM and sgRNA target sequences are shown in green and red, respectively.

(G and H) Dorsal representative images (G) and the mean numbers (H) of muLECs on each side of OT in 5-dpf vegfc™*, vegfc™ ~, vegfc
(slc6a11b-GFF); Tg(uas:mNeonGreen-P2A-Cre) (abbreviated as slc6a11b:Cre) larvae with the background of Tg(lyve1b:DsRed).

() Schematic of the Cre-induced loss of vegfc function, achieved by Cre-induced inversion of the vegfc allele.

(J) Dorsal view of muLECs on bilateral OT from a 5-dpf larva with zebrafish codon-optimized Cre (zCre) mRNA injection into fertilized eggs of WT (left) and vegfc
(right), with the background of Tg(lyve1b:DsRed).

Scale bars: 100 pm in all images. Error bars represent SD. The p values were determined using the parametric one-tailed one-way ANOVA with Tukey’s post hoc
test.

+/+ +/— +/fl fl/fl

L vegfc™ vegfc™~, and Ki

fl/fl
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Figure S6. Conditional knockout of vegfc in sic6a11b+ RAs and in pdgfra+ fibroblasts, related to Figure 3

(A) Schematic for verifying Cre efficiency in sic6a11b+ RAs. Cre recombinase expression in sic6a11b+ RAs of Tg(slc6a11b-GFF); Tg(uas:mNeonGreen-P2A-Cre)
(abbreviated as slc6a11b:Cre) specifically excises the floxed DNA cassette between the two LoxP sites in RAs of Tg(actb2:loxP-BFP-polyA-loxp-DsRed)
(abbreviated as Tg(actb2:BSR)), resulting in dsRed expression in sic6a11b+ RAs and BFP expression in all other types of cells.

(B) Dorsal image of the brain from a Tg(slc6a11b-GFF); Tg(uas:mNeonGreen-P2A-Cre):Tg(actb2:BSR) (abbreviated as sic6a11b:Cre;actb2:BSR) larva at 5 dpf.
The right three images are enlarged view of the area indicated by the dashed box in the left image. mNeonGreen expression indicates the Cre expression in
slc6a11b+RAs (slc6a11b:Cre). dsRed expression in sic6a11b+ RAs (slc6a11b:DsRed) confirms the successful Cre-mediated removal of the floxed DNA cassette
between the two LoxP sites in actb2:BSR. BFP (expression actb2:BFP) marks all other types of cells.

(C and D) Representative images (C) and the mean number (D) of muLECs around the CVP at 5-dpf vegfc™”” and vegfc2s°37"0+ |aryae. White dashed lines indicate
the CVP. The green signal (C, upper right) indicates the Cre expression in sic6a11b+ RAs.

(E and F) Representative images (E) and the mean number (F) of muLECs on each side of OT at 5- and 9-dpf vegfc
(E, right) indicates the Cre expression in pdgfra+ fibroblasts.

Scale bars: 100 pm in all images. Error bars represent SD. The p values were determined using the parametric two-tailed unpaired t test (D and F). Data are
represented as mean + SD.

1/ and vegfc *°6a"70* |arvae. The green signal
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Figure S7. Generation of Ki(ccbe1-GFF) for specific labeling of ccbe1+ cells, related to Figure 6
(A) t-SNE expression profiles of the genes in fibroblasts. pdgfra, col1a1, and dcn are marker genes for fibroblasts, and ccbe? and adamts3 are genes encoding

proteins that work together to cleave pro-Vegfc into its active mature form.

Cell

(B) Schematic of the design for generating GFF knockin at the zebrafish ccbe locus (Ki(ccbe 1-GFF)) by using an intron-based knockin method via the CRISPR-

Cas9 system.

(C) PCR and sequencing of the 5’ junction of Kilccbe1-GFF) F1 progenies. The F1 and R1 primers are shown in (B). The PAM and sgRNA target sequences are

shown in green and red, respectively.
(D) Lateral view of a Ki(ccbe1-GFF); Tg(uas:EGFP);Ki(pdgfra-DsRed) (abbreviated as ccbe 1:EGFP;pdgfra-DsRed) larva at 6 dpf.

(D’ and D”) Enlarged images from the two dashed boxes in (D), showing the co-localization (indicated by the white arrows) of ccbe 1+ cells and pdgfra+ fibroblasts
on the brain surface (D’) and in the trunk (D”).
(E) Dorsal view of the inside of the brain from a 6-dpf ccbe1:EGFP;pdgfra-DsRed larva.
Scale bars: 50 pm (D’ and D”), 100 um (E), and 200 pm (D).
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