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Blood Flow Regulates Glomerular Capillary Formation
in Zebrafish Pronephros
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Key Points

e During glomerular capillary formation, endothelial cells sprout from the dorsal aorta and surround the bilateral
glomerular primordia.

e Blood flow maintains tubular structures of the capillaries surrounding the glomerular primordia.

e Blood flow also promotes glomerular incorporation of blood vessels by inducing glomerular remodeling.

Abstract

Background The renal glomerulus is a tuft of capillaries in Bowman'’s capsule and functions as a blood-filtration
unit in the kidney. The unique glomerular capillary tuft structure is relatively conserved through vertebrate
species. However, the morphogenetic mechanism governing glomerular capillary tuft formation remains elusive.

Methods To clarify how glomerular capillaries develop, we analyzed glomerular capillary formation in the
zebrafish pronephros by exploiting fluorescence-based bio-imaging technology.

Results During glomerular capillary formation in the zebrafish pronephros, endothelial cells initially sprouted

from the dorsal aorta and formed the capillaries surrounding the bilateral glomerular primordia in response to
podocyte progenitor-derived vascular endothelial growth factor-A. After formation, blood flow immediately
occurred in the glomerular primordia-associated capillaries, while in the absence of blood flow, they were
transformed into sheet-like structures enveloping the glomerular primordia. Subsequently, blood flow induced
formation of Bowman'’s space at the lateral sides of the bilateral glomerular primordia. Concomitantly, podocyte
progenitors enveloped their surrounding capillaries while moving toward and coalescing at the midline. These
capillaries then underwent extensive expansion and remodeling to establish a functional glomerular capillary
tuft. However, stopping blood flow inhibited the remodeling of bilateral glomerular primordia, which therefore
remained unvascularized but covered by the vascular sheets.

Conclusions We delineated the morphogenetic processes governing glomerular capillary tuft formation in the
zebrafish pronephros and demonstrated crucial roles of blood flow in its formation. Blood flow maintains
tubular structures of the capillaries surrounding the glomerular primordia and promotes glomerular
incorporation of these vessels by inducing the remodeling of glomerular primordia.
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Introduction

The kidney is a highly vascularized organ, filtering
waste and toxins from the blood and then returning
this blood to the body (1,2). The renal glomerulus, a
tuft of capillaries, functions as a blood-filtration unit,
mainly consisting of endothelial cells (ECs), podo-
cytes, and mesangial cells. Mammalian glomerular
capillary tuft formation proceeds along with glomeru-
lar morphogenesis, which occurs through several
defined stages, including the renal vesicle, comma-
shaped body, S-shaped body, capillary loop, and
maturation stages (3,4). In the S-shaped body stage, a
single capillary loop invades the glomerular cleft

located between the podocyte precursors and pre-
sumptive proximal tubule (3), which depends on vas-
cular endothelial growth factor (VEGF)-A released
from podocyte precursors (5,6). Then, the initial capil-
lary loop divides into six to eight vascular loops (7),
which subsequently undergo extensive remodeling
and expansion to establish a complex glomerular cap-
illary tuft during the maturation stage. However, the
morphogenetic mechanism governing establishment
of glomerular capillary tufts remains unclear.

Kidney organoids have been generated from
embryonic stem cells and induced pluripotent stem
cells (iPSCs) in vitro (8-10). However, the glomeruli in
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the in vitro organoids remain largely avascular (9,11),
although they become highly vascularized when trans-
planted into mice (11,12). These findings suggest that in vivo
environments, which do not exist in a typical in vitro cul-
ture system, are required for glomerular vascularization.

Zebrafish have been used to study kidney development,
disease, and regeneration (13-17). The zebrafish initially
develops a simple embryonic kidney, known as the pro-
nephros, which functions until the early larval stage
(13-15,18). Thereafter, the mesonephros, consisting of sev-
eral hundred nephrons, is established as an adult kidney
(19,20). The zebrafish pronephros is composed of two
nephrons that connect to a common glomerulus located
ventral to the dorsal aorta (DA). The basic glomerular
structures and segmental organization are relatively well
conserved between the zebrafish pronephros and the
mammalian metanephros (18,21). Indeed, the glomerular
capillary tuft in the zebrafish pronephros possesses an
architecture remarkably similar to that of the mammalian
metanephros (18). Herein, we investigated glomerular cap-
illary formation in the zebrafish pronephros and identified
the precise morphogenetic processes allowing formation of
a complex glomerular capillary tuft. Furthermore, we dem-
onstrated crucial roles of blood flow in glomerular capillary
tuft development.

Materials and Methods
Zebrafish Husbandry

AB strain zebrafish (Danio rerio) were bred, grown, and
maintained on a 14-hour/10-hour light/dark cycle at 28°C,
as previously described (22). Embryos and larvae used for
the experiments were staged according to Kimmel et al.
(23). Animal experiments were approved by and per-
formed in accordance with the guidelines established by
the animal committees of the Nippon Medical School.

Plasmids and Bacterial Artificial Chromosome DNAs

The Tol2 vector system was kindly provided by
K. Kawakami (National Institute of Genetics, Mishima,
Japan) (24). Tol2_amp and pCS2_Gal4FF_KanR vector for
bacterial artificial chromosome (BAC) recombineering were
kindly provided by S. Schulte-Merker (University of
Miinster, Miinster, Germany). pCS2_deGFP_KanR was
generated by replacing Gal4FF in pCS2_Gal4FF_KanR vec-
tor with a PCR-amplified destabilized enhanced green fluo-
rescent protein (deGFP) cDNA.

BAC DNAs encoding Gal4FF and deGFP under wtla and
vegfan promoters were constructed using the BAC clones
CH73-205N6 and CH73-18P10 (BacPAC Resources, Oak-
land, CA), respectively, according to a method described
previously (25,26). Briefly, the pRedET plasmid (Gene Brid-
ges, Heidelberg, Germany) was transferred into the BAC
clone-containing Escherichia coli by electroporation. Then,
the DNA fragment encoding an ampicillin-resistant gene
flanked by two Tol2 long terminal repeats in opposing
directions was amplified by PCR using Tol2_amp vector as
a template and was then inserted into the BAC vector back-
bone. Subsequently, the DNA fragments encoding Gal4FF
and deGFP together with a kanamycin-resistant gene
(Gal4_KanR and deGFP_KanR) were amplified by PCR
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using pCS2_Gal4FF_KanR and pCS2_deGFP_KanR vectors
as templates and inserted into the start ATG codon of the
wtla and wvegfaa genes, respectively. Primers used to
amplify the Gal4_KanR and deGFP_KanR cDNA fragments
are as follows (lowercase; homology arm to BAC vector,
uppercase; primer binding site to the template plasmid):
Gal4_KanR for CH73-205N6, 5 -tggaccttgtgactcaactgggecc-
atttgctctgcetectgaaagtcctcacc ATGAAGCTACTGTCTTCTAT-
CGAAC-3' and 5'-agcggtggaactggagggagaagagtgttgaggtc-
acgaacatcagaaccTCAGAAGAACTCGTCAAGAAGGCG-3;
deGFP_KanR for CH73-18P10, 5 '-taattgttttgagagccagag-
actcaccgcaacactccactggaattacaacc ATGGTGAGCAAGGGC-

GAGGAG-3 and 5 -agatggaggagagccgegagaaataactgtatcaa-
ataaacaaccaagtTCAGAAGAACTCGTCAAGAAGGCG-3'.

Transgenic Zebrafish Lines

To generate the TgBAC(wtla:gal4FF)""'8 and TgBAC-
(vegfaa:deGFP)"“** zebrafish lines, the corresponding BAC
DNAs (50 pg) were microinjected along with Tol2 tra-
nsposase RNA (25 pg) into one-cell stage embryos of
Tg(UAS:eGFP) and wild-type strain, respectively. Tol2
transposase mRNA was in vitro transcribed with SP6 RNA
polymerase from Notl-linearized pCS-TP vector using the
mMESSAGE mMACHINE kit (Ambion, Austin, TX). The
embryos transiently expressing eGFP were selected, raised
to adulthood, and crossed with wild-type AB to identify
germline-transmitting founder fishes.

Tg(wt1a:eGFP), Tg(kdrl:tagBFP)™%"8, and Tg(UAS:eGFP)
zebrafish lines were kindly provided by Christoph Englert
(Leibniz Institute on Aging-Fritz Lipmann Institute, Jena,
Germany), D.Y. Stainier (Max Planck Institute for Heart
and Lung Research, Bad Nauheim, Germany) (27), and
K. Kawakami (National Institute of Genetics, Mishima,
Japan) (28), respectively. Tg(flila:Myr-mCherry)"''8 (22),
Tg(wtl1a:eGFP) (27), Tg(podocin:NTR-mCherry) (29), Tg(UAS:-
NTR-mCherry) (29), Tg(pdgfrb:eGFP)"**'8 (26), and Tg-
(UAS:loxP-mCherry-loxP-mVenus)"“**18 (26) zebrafish lines
were previously described.

Image Acquisition and Processing

To acquire images of the zebrafish pronephros, the pig-
mentation of embryos and larvae was inhibited by treat-
ment with 1-phenyl-2-thiourea (PTU; Sigma-Aldrich, St.
Louis, MO). The embryos and larvae at 28-120 hours post
fertilization (hpf) were anesthetized with E3 embryo
medium containing 0.016% tricaine (Sigma—-Aldrich) and
fixed in 4% paraformaldehyde in PBS (Nacalai Tesque,
Kyoto, Japan) for 30 minutes or 1 hour at room tempera-
ture. After washing with PBS, the yolk sac was carefully
removed with a 27-gauge needle (Terumo) to expose the
pronephros. Then, the yolk sac-removed embryos or larvae
were mounted ventral side up in 1% low-melting agarose
dissolved in E3 medium poured onto a 35-mm glass-based
dish (Iwaki, Asahi Glass Co. Ltd., Tokyo, Japan) as shown
in Figure 1A, and then immersed in PBS. Confocal images
were obtained with a FluoView FV1200 or FV3000 confocal
upright microscope system (Olympus, Tokyo, Japan) with
a X20 water immersion lens (XLUMPIlanFL, NA=1.0) and
a multi-alkali or a GaAsP photomultiplier tube operated
with FLUOVIEW FV10ASW or FluoView FV31S SW soft-
ware (Olympus). Lasers with excitation wavelengths of
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Figure 1. | Morphogenetic processes of glomerular capillary formation in zebrafish pronephros. (A) Schematic illustration showing a
sample preparation procedure and imaging of the zebrafish pronephros. After removal of the yolk sac from the fixed embryos and larvae,
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405, 488, and 546 nm were used. Fluorescence images were
acquired sequentially to avoid cross-detection of the
fluorescent signals. The confocal images obtained were
processed using Volocity 3D Imaging Analysis software
(Quorum Technologies, Laughton, United Kingdom).

Live Imaging of Zebrafish Pronephros

To analyze blood circulation in the glomerular capillar-
ies, Tg(wtla:eGFP);Tg(flila:Myr-mCherry) embryos were
dechorionated, anesthetized in 0.016% tricaine in E3
medium, and embedded lateral side up in 1% low-melting
agarose dissolved in E3 medium poured onto a 35-mm
glass-based dish. Then, approximately 0.5-1 nl of Qtracker
705 Vascular Labels (Thermo Fisher Scientific, Waltham,
MA) was injected into the common cardinal vein of the
embryos using an IM-300 microinjector (Narishige). After
confirming circulation of the intravascular-injected
Qtracker 705 using a SZX16 stereomicroscope (Olympus),
the embryos were extracted and remounted dorsal side up
in 1% low-melting agarose as shown in Figure 3A. Confo-
cal images were obtained with a FluoView FV3000 confocal
upright microscope system with a X20 water immersion
lens (XLUMPIlanFL, NA=1.0) and a GaAsP photomultiplier
tube operated with FluoView FV31S SW software as
described above. Image files were processed and analyzed
using the Volocity 3D Imaging Analysis software and the
Fiji (http://fiji.sc.) image processing package.

To analyze zebrafish pronephros morphogenesis,
Tq(wt1a:eGFP);Tg(flila:Myr-mCherry) embryos were
mounted dorsal side up in 1% low-melting agarose dis-
solved in E3 medium poured onto a 35-mm glass-based
dish. The mounted embryos were submerged in E3
medium supplemented with 0.016% tricaine and 0.2 mM
PTU. For confocal time-lapse imaging, eGFP and Myr-
mCherry fluorescence images were acquired every 15
minutes for approximately 15 hours using a FluoView
FV3000 confocal upright microscope system as described
above. During the time-lapse imaging, room temperature
was set to 28°C. The z-stack images obtained were then 3D
volume rendered with fluorescence mode using Volocity
3D Imaging analysis software.

Drug Treatment

The following drugs were used to treat the zebrafish
embryos and larvae: 20 mM 2,3-butanedione monoxime
(BDM; Sigma—-Aldrich), 1 uM Ki8751 (ChemScene, Mon-
mouth Junction, NJ), and SC-3BT (Abcam, Cambridge,
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United Kingdom). The drugs were dissolved in E3 medium
supplemented with PTU. DMSO (Nacalai Tesque) was dis-
solved in the E3 medium as the control for the Ki8751
treatment.

Results
Morphogenetic Processes of Glomerular Capillary Tuft
Formation in Zebrafish Pronephros

We imaged the processes of glomerular capillary for-
mation in Tg(wtla:eGFP);Tg(flila:Myr-mCherry) zebrafish
(FigurelA). At 28 hpf, bilateral wtla:eGFP-positive unvas-
cularized glomerular primordia were located ventral to the
DA (Figure 1, Supplemental Movie 1). A few hours later,
Myr-mCherry-labeled ECs sprouted from the lateral sides
of the DA and extended toward the glomerular primordia.
Vessels also sprouted from the ventral side of the DA and
invaded the area between the bilateral glomerular primor-
dia. At 32-35 hpf, the vessel sprouts from the DA further
elongated, surrounded the glomerular primordia while
aligning in parallel along the DA, and connected to the
ventrally invading vessels (Figure 1, Supplemental Movie
2). At 37-41 hpf, the bilateral glomerular primordia coa-
lesced at the midline to enclose the ventrally invading ves-
sels (Figure 1, Supplemental Movie 3). Simultaneously, the
podocyte progenitors in the glomerular primordia moved
slightly toward the midline, leading to the formation of
Bowman’s space at the lateral sides. Medial movement of
the podocyte progenitors resulted in the vessels surround-
ing the glomerular primordia being partially buried in
them. At 43-45 hpf, Bowman’'s space showed further
expansion. Concomitantly, the podocyte progenitors fur-
ther medially moved to enclose the blood vessels, leading
to formation of a single glomerulus containing several
blood vessels aligned in parallel to the DA. These vessels
had partially connected to each other, establishing a primi-
tive capillary network, at 48 hpf (Figure 1, Supplemental
Movie 4). Thereafter, extensive remodeling generated a
more complex glomerular capillary tuft (Figure 1,
Supplemental Movie 5). These observations indicate that
during glomerular capillary formation in the zebrafish pro-
nephros, ECs initially sprout from the DA and form the
capillaries surrounding the glomerular primordia through
sprouting angiogenesis. These vessels are subsequently
incorporated into the glomerular primordia and undergo
extensive expansion and remodeling, establishing a glo-
merular capillary tuft (Figure 1C).

Figure 1. (Continued) they were mounted ventral side up in 1% low-melting agarose and imaged as described in the Materials and Meth-
ods section. (B) Confocal z-projection and single-plane images of the zebrafish pronephros in Tg (wtla:eGFP);Tg(flila:Myr-mCherry)
embryos and larvae at the stage indicated at the top of each column. Ventral views; anterior to the top. The first and second rows show
z-projection images of flila:Myr-mCherry (mC; red) and the merged images of wt7a:eGFP (eG; green) and flila:Myr-mCherry (mC; red),
respectively. The third row is cross-sectional single-plane images (xz-plane) of the areas indicated by dotted lines on the images in the sec-
ond row. The bottom row shows the xy-single slice images of the areas indicated by dotted lines on the xz-plane images. Scar bars: 20
pm. (C) Schematic drawings of the glomerular structures in the zebrafish pronephros at the stage indicated at the top of each column.
Green indicates wtla:eGFP-positive glomerular primordia and podocytes, whereas red shows flila:Myr-mCherry-positive blood vessels.
The first row is the dorsal view images of the glomeruli, whereas the second and third rows are the ventral view images that correspond to
the z-projection images in (B). In the third row, the wt7a:eGFP-positive glomerular primordia and podocytes are indicated by dotted green
lines. The bottom row shows the coronal section views of the glomeruli corresponding to the cross-sectional single-plane images in (B).

GP, glomerular primordia; DA, dorsal aorta.
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Figure 2. | Requirement of Vegf signaling for glomerular capillary formation. (A) Confocal single z-plane images of pronephric glomeruli in
TgBAC(vegfaa:deGFP); TgBAC(wtia:gal4FF); Tg(UAS:loxP-mCherry-loxP-mVenus); Tg(kdrl:tagBFP) embryos and larvae at the stage indicated at
the top of each column. Ventral view images of the fixed embryos and larvae were acquired as shown in Figure 1A. Ventral views; anterior to
the top. First row, vegfaa:deGFP fluorescence (deG; green); second row, wtla:gal4FF; UAS:loxP-mCherry-loxP-mVenus fluorescence (mC, red);
third row, the merged images of deG and mC fluorescence; fourth row, the merged images of deG, mC, and kdfrl:tagBFP (tBFP, cyan). Scale
bars; 20 um. (B-D) Effects of Ki8751, a Vegf receptor inhibitor, on glomerular capillary formation. Confocal fluorescence images of the proneph-
ric glomeruli in Tg(wt1a:eGFP);Tg(flila:Myr-mCherry) zebrafish treated with DMSO (control) or with 1 uM Ki8751 from 33 to 54 hpf (B), from
36 to 48 hpf (C), and from 54 to 78 hpf (D). The z-projection and single-plane images are shown as Figure 1B. Scale bars; 20 um. Vegf, vascular
endothelial growth factor; deGFP, destabilized enhanced green fluorescent protein; hpf, hours post fertilization.
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Figure 3. | Blood circulation in the capillaries during glomerular morphogenesis. (A) Schematic illustration showing the experimental pro-
cedure to visualize the blood flow in glomerular capillaries. Tg(wtia:eGFP);Tg(flila:Myr-mCherry) embryos were intravascularly injected
with Qdot705, mounted dorsal-side up in 1% low-melting agarose, and imaged with a confocal upright microscope as described in the
Materials and Methods section. (B) Single z-plane images showing the dorsal (slice 1) and ventral (slice 2) parts of the glomerular primor-
dia or glomeruli in Tg(wtla:eGFP);Tg(flila:Myr-mCherry) embryos injected intravascularly with Qdot705 at the stages indicated at the
top. Dorsal views; anterior to the top. The first and third rows show the merged images of wtia:eGFP (eG; green) and flila:Myr-mCherry
(mC; red) and those of flila:Myr-mCherry (mC; red) and Qdot705 (Qdot, cyan), respectively. The boxed areas on the images in the first
and third rows are enlarged in the second and fourth rows, respectively. Qdot705 images in the boxed areas in the third row are enlarged
in the bottom row. Arrows, Qdot705 circulating in the vessels surrounding the glomerular primordia; arrowheads, podocytes, or podocyte
progenitors moving toward the midline; asterisks, Bowman’s space. Scale bars: 20 um.

Differentiation of Podocytes and Mesangial Cells in
Zebrafish Pronephros

Next, we analyzed podocyte differentiation during glo-
merular development by imaging Tg(podocin:NTR-mCherry)
zebrafish expressing NTR-mCherry in mature podocytes
(Supplemental Figure 1) (29). The podocin:NTR-mCherry sig-
nal was initially detected in the wtla:eGFP-positive cells
located at the midline at 48 hpf. Thereafter, most of the
wtla:eGFP-positive cells became positive for the podocin:
NTR-mCherry signal, suggesting that podocyte progenitors
terminally differentiate upon reaching the midline.

We also investigated mesangial cell differentiation by
imaging TgBAC(pdgfrb:eGFP) zebrafish expressing eGFP in
mural cells (Supplemental Figure 2) (26). The pdgfrb:eGFP-
positive cells appeared in perivascular regions within the
glomerular primordia at 36 hpf, and their emergence con-
tinued along with the growth of glomerular capillaries.

These results suggest glomerular capillaries play a role in
mesangial cell differentiation. Furthermore, wtla:GAL4-
driven expression of NTR-mCherry was rarely detected in
the pdgfrb:eGFP-positive cells, suggesting that the origin of
mesangial cells differs from that of podocytes.

Formation and Maintenance of Glomerular Capillaries by
Podocyte-Derived Vegfa

During glomerular morphogenesis, VEGF-A released
from the presumptive podocytes regulates glomerular cap-
illary formation in mice (5,6). Therefore, we investigated
whether Vegfa regulates glomerular capillary formation in
the zebrafish pronephros. To analyze vegfa expression in
the developing glomerulus, we generated TgBAC(vegfaa:-
deGFP) zebrafish in which deGFP was expressed under the
control of the vegfan promoter. The TgBAC(vegfaa:deGFP)



http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0005962021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0005962021/-/DCSupplemental

706 KIDNEY360

embryos at 28 hpf exhibited deGFP fluorescence in those
somites in which vegfa is known to be expressed (30), indi-
cating that this reporter line precisely recapitulates endoge-
nous vegfa expression (Supplemental Figure 3). Consistent
with a previous report showing vegfa mRNA expression in
differentiating podocytes (31), the vegfaa:deGFP signal was
detected in wtla-positive glomerular primordia at least
from 30 hpf (Figure 2A). Thereafter, this signal increased
and was confined to the podocytes within a glomerulus at
later stages, suggesting that both differentiating and
mature podocytes express vegfa.

Furthermore, we investigated the role of Vegf signaling
for glomerular capillary formation utilizing an inhibitor of
VEGEF receptors, Ki8751 (32). Ki8751 treatment from 33 hpf
completely suppressed vessel sprouting from the DA, lead-
ing to the formation of unvascularized glomeruli at 54 hpf
(Figure 2B), indicating that Vegf signaling induces EC
sprouting from the DA. Ki8751 treatment from 36 to 48 hpf
resulted in partial regression of the blood vessels associated
with glomerular primordia (Figure 2C). Similarly, the glo-
merular capillaries showed partial regression in response
to Ki8751 treatment from 54 to 78 hpf (Figure 2D). These
findings indicate that Vegf signaling maintains the glomer-
ular capillaries throughout glomerular development. Taken
together, these results suggest Vegfa, probably produced
by differentiating and mature podocytes, regulates the for-
mation and maintenance of glomerular capillary tufts.

Timing of Blood Circulation Onset in Glomerular
Capillaries

We next determined the timing of blood circulation onset
in glomerular capillaries by intravascularly injecting
Qdot705 (Figure 3) because DA-derived ECs initially
formed the vessels surrounding the glomerular primordia
before entering the glomerulus. When Qdot705 was
injected into the circulatory system at 35 hpf, a weak
Qdot705 signal was detected in the vessels surrounding
glomerular primordia, indicating that blood circulation
starts immediately after their formation (Figure 3B,
Supplemental Movie 6). At 38 hpf, the vessels associated
with the glomerular primordia became enlarged and exhib-
ited clear Qdot705 signals (Figure 3B, Supplemental Movie
7). Simultaneously, Bowman’s space appeared on the lat-
eral sides of the glomerulus along with medial displace-
ment of podocyte progenitors. At 42 hpf, several blood
vessels aligned along the DA were incorporated into the
glomerulus and showed circulation of intravascularly
injected Qdot705 (Figure 3B, Supplemental Movie 8). Sub-
sequently, circulation of Qdot705-containing blood was
detected in the primitive capillary networks within the glo-
merulus at 4648 hpf (Figure 3B, Supplemental Movies 9
and 10). These results indicate that blood circulation begins
when the blood vessels sprouting from the DA surround
the glomerular primordia and continues during glomerular
incorporation of these vessels. We also observed medial
displacement of podocyte progenitors and formation of
Bowman'’s space to occur simultaneously along with blood
circulation onset in developing glomerular capillaries, sug-
gesting that blood flow might trigger the remodeling of
glomerular primordia.

Blood Flow Requirement for Glomerular
Capillary Formation

We further investigated the role of blood flow in glomer-
ular capillary morphogenesis by arresting the heartbeat.
We treated Tg(wtla:eGFP),Tg(flila:Myr-mCherry) embryos
from 25 hpf with BDM, an inhibitor of skeletal muscle
myosin-II (33) (Figure 4A). At 32-34 hpf, the vessels sprout-
ing from the DA extended toward the bilateral glomerular
primordia in control and BDM-treated embryos, indicating
that blood flow is dispensable for EC sprouting from the
DA (Figure 4B). In control embryos, the vessels subse-
quently surrounded the glomerular primordia at 37 hpf,
whereas the DA-derived ECs formed sheet-like structures
enveloping the glomerular primordia in BDM-treated
embryos (Figure 4B). At 39 hpf, blood vessels aligned along
the DA were partially incorporated into the glomerular
primordia that coalesced at the midline in controls
(Figure 4B). However, the vascular sheets formed by the
DA-derived ECs entirely covered the bilateral glomerular
primordia, which failed to assemble in BDM-treated
embryos (Figure 4B). These results suggest that blood flow
maintains tubular structures of blood vessels associated
with glomerular primordia.

Next, to explore the role of blood flow in glomerular
incorporation of blood vessels, we arrested the heartbeat in
the 36 hpf embryos that exhibit glomerular primordia sur-
rounded by DA-derived vessels. We treated the embryos
with either BDM or tricaine, an anesthetic agent inhibiting
heartbeat through a mechanism distinct from that of BDM
(34,35) (Figure 4C). At 54 hpf, the glomeruli in control
embryos were highly vascularized by glomerular capillar-
ies (Figure 4, D and E, Supplemental Movie 11). However,
treatment with either BDM or tricaine inhibited assembly
of glomerular primordia and their inclusion of blood ves-
sels (Figure 4, D and E, Supplemental Movies 12 and 13).
Instead, the DA-derived ECs formed vascular sheets to
cover the bilateral glomerular primordia entirely. This find-
ing is consistent with a previous report showing zebrafish
mutants lacking circulation to display bilateral glomerular
primordia surrounded by DA-derived ECs (36). These find-
ings suggest that blood flow maintains the tubular struc-
tures of blood vessels surrounding glomerular primordia
and also regulates glomerular assembly and vascular inva-
sion into the glomerulus.

Role of Matrix Metalloproteinases in Glomerular
Capillary Formation

Blood flow—induced expression of matrix metalloprotei-
nase (MMP) 2 in ECs reportedly regulates assembly of
bilateral glomerular primordia (36). Thus, we investigated
whether blood flow regulates glomerular capillary forma-
tion through expression of endothelial MMP2. For this pur-
pose, we examined the effects of SB-3CT, an inhibitor of
MMP2 and MMP9 (37), on glomerular capillary formation
(Figure 4F). SB-3CT treatment from either 25 or 33 hpf to 54
hpf resulted in defective glomerular assembly, confirming
SB-3CT effectiveness (Figure 4G). In addition, ECs did not
sprout from the DA in the embryos treated with SB-3CT
from 25 hpf, suggesting that ECs might sprout from the
DA by producing MMPs to degrade the extracellular
matrix (Figure 4G). However, SB-3CT treatment from 33
hpf did not inhibit vascular invasion into the bilateral
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Figure 4. | Requirement of blood flow for glomerular capillary formation. (A-E) Effects of stopping blood flow on glomerular capillary for-
mation. (A and B) Tg(wtla:eGFP);Tg(flila:Myr-mCherry) embryos were treated with vehicle (upper panel in B) or BDM (lower panel in B)
from 25 hpf and fixed with paraformaldehyde at 32, 34, 37, and 39 hpf. Subsequently, the fixed embryos were imaged with a confocal
upright microscope as shown in Figure 1A. (B) The z-projection and single-plane images of the pronephric glomeruli at the stages indicated
at the top are shown as in Figure 1B. Scale bars: 20 um. (C and D) Tg(wtia:eGFP);Tg(flila:Myr-mCherry) embryos were treated with vehi-
cle (control), BDM, or tricaine from 36 hpf, fixed at 54 hpf, and imaged with a confocal upright microscope as shown in Figure 1A. (D)
The z-projection and single-plane images of the pronephric glomeruli are shown as in Figure 1B. Scale bars: 20 um. (E) Schematic illustra-
tion of the pronephric glomeruli in embryos treated with vehicle (control) or with BDM or tricaine as observed in (D)are shown as in
Figure 1C. (F and Q) Effects of SB-3CT, an inhibitor for MMP2 and MMP9, on glomerular capillary formation. Tg(wtla:eGFP);Tg(fli1a:-
Myr-mCherry) embryos were treated with vehicle from 25 hpf (control) or with SB-3CT from 25 (SB-3CT 25) or 33 hpf (SB-3CT 33), fixed
at 54 hpf, and imaged with a confocal upright microscope as shown in Figure 1A. The z-projection and single-plane images of the
pronephric glomeruli are shown as in Figure 1B. Scale bars: 20 um. BDM, 2,3-butanedione monoxime.
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Figure 5. | Glomerular morphogenesis in the presence and absence of blood flow. Confocal fluorescence images of pronephric glomeruli
in 33 hpf Tg(wtla:eGFP);Tg(flila:Myr-mCherry) embryos in the absence (A) or presence (B) of BDM and the corresponding subsequent
time-lapse images, obtained at the indicated time points (h:min). Merged images of z-projections of wt1a:eGFP (eG; green) and flila:Myr-
mCherry (mC; red) are shown in the top row. The second row shows the cross-sectional single-plane images (xz-plane) of the areas indi-
cated by dotted lines on the images in the top row. The boxed areas on the images in the first row are enlarged as xy-plane images
obtained at the z-levels indicated by the dotted lines on the xz-plane images in the three rows from the bottom, in which wtia:eGFP
images, flila:Myr-mCherry images, and their merged images are shown in the third, fourth, and fifth rows, respectively. Arrowheads,
podocytes or podocyte progenitors moving toward the midline; asterisks, Bowman’s space. Scale bars: 20 pum.
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Figure 6. | Potential roles of blood filtration in glomerular remodeling and capillary formation. (A) Schematic diagram showing the
experimental protocol for investigating the effects of stopping and subsequently restarting blood flow on glomerular morphogenesis and
capillary formation. (B) The z-projection and single-plane images of the glomerular primordia and glomeruli in Tg(wtla:eCFP);Tg(fli1a:-
Myr-mCherry) embryos are shown as in Figure 1B. The 48 hpf embryos treated with BDM from 33 hpf exhibited wtia:eGFP-positive
bilateral glomerular primordia covered by the flila:Myr-mCherry-labeled endothelial cells sprouted from the dorsal aorta (leftmost col-
umn). After termination of BDM treatment from 48 hpf, blood circulation was detected in the embryos at 51 hpf (second column from
the left). Subsequently, structural changes in the vascular sheets and the enveloping glomerular primordia associated with the onset of
blood flow were analyzed at 55, 58, 62, and 72 hpf (four columns from the right). Arrowheads, blood vessels that were derived from
the vascular sheets enveloping the glomerular primordia; asterisks, inner cavity formed inside the glomerular primordia or Bowman'’s

space. Scale bars: 20 um.

glomerular primordia (Figure 4G). These findings indicate
that blood flow-induced expression of MMP2 is dispens-
able for glomerular incorporation of blood vessels,
although vessel sprouting from the DA requires MMPs.

Blood Flow-Mediated Glomerular Inclusion of Blood
Vessels through Remodeling of Glomerular Primordia

Our data showed that the timing of blood flow-
dependent glomerular remodeling coincides with glomeru-
lar incorporation of blood vessels. Therefore, we tested
whether blood flow-induced glomerular remodeling indu-
ces glomerular incorporation of blood vessels by time-lapse
imaging the glomerular formation process from 33 hpf
(Figure 5A, Supplemental Movie 14). Blood vessels sprout-
ing from the DA surrounded the bilateral glomerular pri-
mordia at 33 hpf and became lumenized a few hours later,
showing the onset of blood circulation. At the 3- to 5-hour
time points, Bowman'’s space appeared at the lateral sides
of glomerular primordia, which was accompanied by the
medial displacement of podocyte progenitors. At the 7-
to 10-hour time points, Bowman’s space was greatly
expanded by further medial movement of the podocyte
progenitors. At this time, the podocyte progenitors envel-
oped the blood vessels associated with glomerular primor-
dia while moving to the midline. The primitive capillary

network was then established within the glomerulus at the
15-hour time point. Furthermore, we analyzed the effect of
stopping blood flow on glomerular remodeling and vascu-
lar morphogenesis (Figure 5B, Supplemental Movie 15). In
the absence of blood flow, the DA-derived ECs formed
sheet-like structures and covered the bilateral glomerular
primordia. The emergence of Bowman’s space and the
medial movement of podocyte progenitors did not occur in
BDM-treated embryos. As a result, the bilateral glomerular
primordia failing to undergo midline fusion became cov-
ered by the vascular sheets arising from DA-derived ECs
and remained unvascularized even at the 14.5-hour time
point. These findings suggest that blood flow in vessels
surrounding the glomerular primordia induces glomerular
remodeling, which results in glomerular incorporation of
these blood vessels.

To confirm the importance of blood flow in glomerular
capillary formation, we stopped and subsequently restarted
blood flow and then analyzed glomerular morphogenesis
and capillary formation (Figure 6). In the 48 hpf embryos
treated with BDM from 33 hpf, the bilateral glomerular pri-
mordia were covered with the vascular sheets formed by
DA-derived ECs. Then, we removed BDM from the fish
water to allow heartbeat recovery and eventually detected
blood circulation onset at around 51 hpf. We next analyzed
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structural changes in the vascular sheets and glomerular
primordia associated with blood-flow onset. At 55 hpf, nor-
mal blood flow had been established, and inner cavities
appeared in the bilateral glomerular primordia surrounded
by vascular sheets. These vascular sheets had transformed
into tubular structures at 58 hpf. Concomitantly, the podo-
cyte progenitors moved to the midline, thereby promoting
glomerular coalescence and the emergence of Bowman’s
space. At 62 hpf, the podocyte progenitors enveloped the
vessels while coalescing at the midline. A glomerulus con-
taining the capillary tuft as observed in the controls at 48
hpf was thereby established at 72 hpf. These results suggest
that blood flow maintains the tubular structures of vessels
surrounding the glomerular primordia and also promotes
glomerular incorporation of these vessels by inducting glo-
merular remodeling.

Discussion

Herein, we delineated morphogenetic processes govern-
ing development of the glomerular capillary tuft in the
zebrafish pronephros (Figure 7). At 32-35 hpf, ECs sprout
from the DA and form blood vessels surrounding the bilat-
eral glomerular primordia through sprouting angiogenesis
mediated by Vegf signaling and MMPs. Subsequently, the
bilateral glomerular primordia fuse at the midline and
undergo remodeling, during which the blood vessels are
incorporated into the glomerulus at approximately 45 hpf.
Thereafter, these vessels undergo extensive remodeling to
establish the glomerular capillary tuft. Importantly, we

demonstrate crucial roles of blood flow in glomerular capil-
lary formation. Blood flow maintains tubular structures of
the capillaries surrounding the glomerular primordia coop-
eratively with Vegf signaling. Subsequently, blood flow
also promotes glomerular inclusion of those vessels by
inducing MMP2-independent glomerular remodeling.

During glomerular capillary formation, blood flow main-
tains the integrity of the capillaries surrounding the glo-
merular primordia. Blood flow—driven mechanical forces,
with EC exposure, reportedly maintain vascular integrity
(3843). Consistently, we found that stopping blood flow
resulted in vascular lumen collapse in vessels surrounding
the glomerular primordia. However, these collapsed ves-
sels showed no regression, instead being transformed into
sheet-like structures to cover the glomerular primordia.
Because the glomerular primordia expressed Vegfa and
inhibition of Vegf signaling caused regression of the vessels
associated with glomerular primordia, blood flow might
work cooperatively with Vegfa to maintain the integrity of
vessels surrounding these primordia.

Blood flow regulates glomerular capillary morphogene-
sis by inducing remodeling of glomerular primordia. Ser-
luca et al. reported that zebrafish mutants showing cardiac
dysfunction exhibit defective assembly of bilateral glomer-
ular primordia and that DA-derived ECs surround them
(36). Mechanistically, they demonstrated that blood flow
induces MMP2 expression in ECs, which in turn promotes
glomerular assembly. Consistently, this study confirmed
the role of MMP2 in glomerular assembly. However, our
data showed that MMP2 is not required for glomerular
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incorporation of blood vessels because MMP2/9 inhibitor
did not prevent vessel invasion into the glomeruli, despite
inhibiting glomerular assembly. Instead, we found that
blood flow induces glomerular remodeling, which involves
the formation of Bowman'’s space and medial movement of
podocyte progenitors, during which podocyte progenitors
enclose the blood vessels to form the vascularized glomeru-
lus. Thus, blood flow regulates both MMP2-dependent glo-
merular assembly and MMP2-independent glomerular
incorporation of blood vessels to establish functional
glomeruli.

How does blood flow induce glomerular remodeling to
promote their inclusion of blood vessels? When blood flow
began in the vessels associated with glomerular primordia,
Bowman'’s space emerged, and the podocyte progenitors
moved to and coalesced at the midline to enclose the blood
vessels. These morphologic changes were abolished by
stopping blood flow. Thus, blood filtration in the vessels
surrounding the glomerular primordia might trigger glo-
merular remodeling. Consistently, blood filtration in the
glomerulus reportedly begins between 36 and 48 hpf (18).
Therefore, blood flow-dependent glomerular (filtration
might induce formation and expansion of Bowman'’s space,
leading to movement of podocyte progenitors toward the
midline to enclose the blood vessels. However, this hypoth-
esis needs to be addressed in a future study.

Is blood flow involved in glomerular capillary formation
during mammalian metanephric development? In mam-
mals, glomerular capillary formation is thought to begin
with single capillary loop invasion into the glomerular
cleft. However, a recent mouse study showed that capillar-
ies first form a vascular network surrounding the
renal vesicle before their invasion of the cleft (44). This vas-
cular network is reminiscent of the capillaries surrounding
glomerular primordia in the developing zebrafish proneph-
ros. Our data showed such capillaries subsequently to be
incorporated into and remodeled in the glomerular primor-
dia in a flow-dependent manner. Hence, blood flow might
regulate glomerular capillary formation during the process
of metanephric development. This hypothesis is supported
by a report showing that kidney organoids exhibited
enhanced glomerular vascularization when cultured in vitro
under high fluid flow conditions during nephrogenesis
while remaining largely avascular under static conditions
(45). Thus, elucidation of the blood-flow requirement for
glomerular capillary development in the mammalian meta-
nephros, and its underlying mechanisms, awaits future
study.
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Supplemental Material

This article contains the following supplemental material online
at http://kidney360.asnjournals.org/lookup /suppl/d0i:10.34067 /
KID.0005962021/-/DCSupplemental.

Supplemental Figure 1. Differentiation of podocytes during pro-
nephric glomerulus development.

Supplemental Figure 2. Differentiation of mesangial cells during
pronephric glomerulus development.

Supplemental Figure 3. vegfaa promoter-driven expression of
destabilized enhanced green fluorescent protein in the somites of
zebrafish embryos.

Supplemental Movie 1. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP);Tg(flila:Myr-
mCherry) embryos at 28 hours post fertilization (hpf) as observed
in Figure 1B.

Supplemental Movie 2. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP),Tg(flila:Myr-
mCherry) embryos at 32 hpf as observed in Figure 1B.

Supplemental Movie 3. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP);Tg(flila:Myr-
mCherry) embryos at 39 hpf as observed in Figure 1B.

Supplemental Movie 4. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP),Tg(flila:Myr-
mCherry) embryos at 48 hpf as observed in Figure 1B.

Supplemental Movie 5. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP);Tg(flila:Myr-
mCherry) embryos at 96 hpf as observed in Figure 1B.

Supplemental Movie 6. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP),Tg(flila:Myr-
mCherry) embryos injected with Qdot705 at 35 hpf as observed in
Figure 3B.

Supplemental Movie 7. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP),Tg(flila:Myr-
mCherry) embryos injected with Qdot705 at 38 hpf as observed in
Figure 3B.

Supplemental Movie 8. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP),Tg(flila:Myr-
mCherry) embryos injected with Qdot705 at 42 hpf as observed in
Figure 3B.
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Supplemental Movie 9. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP),Tg(flila:Myr-
mCherry) embryos injected with Qdot705 at 46 hpf as observed in
Figure 3B.

Supplemental Movie 10. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in Tg(wtla:eGFP),Tg(flila:Myr-
mCherry) embryos injected with Qdot705 at 48 hpf as observed in
Figure 3B.

Supplemental Movie 11. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in 54 hpf Tg(wt1a:eGFP);Tg(flila:Myr-
mCherry) embryos treated with vehicle from 36 hpf as observed in
Figure 4D.

Supplemental Movie 12. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in 54 hpf Tg(wt1a:eGFP);Tg(flila:Myr-
mCherry) embryos treated with 2,3-butanedione monoxime (BDM)
from 36 hpf as observed in Figure 4D.

Supplemental Movie 13. Dorsal to ventral confocal z-stack series
of the pronephric glomerulus in 54 hpf Tg(wt1a:eGFP), Tg(flila:Myr-
mCherry) embryos treated with tricine from 36 hpf as observed in
Figure 4D.

Supplemental Movie 14. Time-lapse confocal imaging of mor-
phogenetic processes of pronephric glomeruli in Tg(wtla:eGFP);
Tg(flila:Myr-mCherry) embryos as observed in Figure 5A.

Supplemental Movie 15. Time-lapse confocal imaging of mor-
phogenetic processes of pronephric glomeruli in Tg(wtla:eGFP);
Tg(flila:Myr-mCherry) embryos in the presence of BDM as
observed in Figure 5B.
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