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Arteries and veins are lined by arterial and venous endothelial cells (ECs), 13 

which  are functionally distinct1,2. During embryonic development, vascular 14 

remodeling transforms some arteries into veins. Arterial and venous embryonic 15 

ECs have the plasticity to transdifferentiate into each other 3–6, suggesting that 16 

the transformation of arteries to veins may be accompanied by trans-17 

differentiation of ECs. Here, we show that transformation of arterial 18 

intersegmental vessels (aISVs) into veins occurs without trans-differentiation, by 19 

the displacement of arterial ECs by venous ECs, and requires normal blood flow. 20 

At the same time, the establishment of blood flow prevents neighboring aISVs 21 

from transforming into veins via the upregulation of Notch signaling in these 22 

aISVs. We propose that through these two processes, blood flow facilitates the 23 

transformation of the all-arterial trunk vasculature into a functional vascular 24 

network with near equal numbers of arteries and veins.  25 

Embryonic vascular remodeling connects arterial and venous vascular trees and is 26 

essential for establishing a supply of blood to all parts of the body. The intersegmental 27 

vasculature of the vertebrate trunk is initially formed by arterial ECs that sprout from the 28 

dorsal aorta (DA) and migrate dorsally between somites to ultimately connect with each 29 

other to form the dorsal longitudinal anastomotic vessel (DLAV). To establish circulation 30 

through this arterial trunk vasculature, about half of the aISV are transformed to venous 31 

ISVs (vISVs) through fusion with venous sprouts derived from the posterior cardinal vein 32 

(PCV) (Fig.1a). Arterial and venous ECs are molecularly distinct, with Notch signaling 33 
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being a major hallmark of arterial identity2. Notch signaling is required for arterial 34 

specification and maintenance 2,7,8 and has been suggested to be involved in vascular 35 

remodeling9,10.  36 

Here, we used the zebrafish embryo model to explore the role of Notch signaling in 37 

vascular remodeling at the level of individual ISVs. Just before the beginning of 38 

remodeling (26 hpf), we administrated the γ-secretase inhibitor dibenzazepine (DBZ)11, 39 

which prevents the cleavage and the release of the transcriptionally active Notch 40 

intracellular domain (NICD). Chemical blockade of Notch signaling with DBZ [in 41 

Tg(flt4:YFP; flt1enh:tdTomato)9 embryos] resulted in a significant majority of ISVs being 42 

connected to the PCV (Fig.1b, d). The expression of the Notch ligand delta-like 4 (dll4), 43 

which triggers a strong Notch response12, is restricted to the arterial endothelium13 and 44 

has been shown to be essential for normal arterial angiogenesis14,15. To determine if 45 

dll4 is involved in the Notch dependent transformation of arteries to veins, we abrogated 46 

dll4 expression by injecting either a dll4 guide-RNA and CAS9 mRNA or reduced it by 47 

using a low dose of dll4 morpholino oligonucleotide (MO). In both cases, we observed 48 

that a reduction in dll4 expression resulted in increased proportion of vISVs (Fig.1b,d). 49 

Next, we ectopically activated Notch signaling by driving NICD specifically within arterial 50 

ECs [in Tg(dll4:GAL4; UAS:NICD)], and observed a reduced proportion of vISVs 51 

(Fig.1c,d). Taken together, our results suggest that Dll4-dependent Notch signaling in 52 

aISVs prevents the transformation of these vessels into veins.  53 

Blood flow has been proposed to play an important role in vasculature remodeling16, 54 

but molecular mechanisms have not been identified. Hydrodynamic flow was shown to 55 

upregulate Notch signaling in arterial ECs in mouse embryos and in vitro17,18. We 56 

acutely reduced the blood flow in Tg(TP1:D2GFP) Notch reporter embryo using 0.04% 57 

tricaine methanesulfonate (2×MS222) that lowered the heart rate and blood flow19, 58 

leading to reduced Notch signaling in arterial ECs (Fig.1e). (Neural Notch signaling was 59 

unaffected). The same 2xMS222 treatment also resulted in a significant increase in the 60 

proportion of vISVs (Fig.1f, g). The results of these two experiments suggest that 61 

weaker than normal blood flow results in reduced Notch signaling, ultimately leading to 62 

more aISVs being transformed into vISV. 63 
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Our classification of an ISV as venous has been based on whether it is connected to 64 

the PCV. To properly function, veins need to be lined with venous ECs. At the time 65 

when an ISV connects to the PCV it becomes a vISV which is still populated with 66 

arterial ECs. As time passes, vISVs become populated with venous ECs all the way up 67 

to the DLAV (brackets in Fig.1b, SFig.1c-d). Interestingly, in Notch inhibited embryos, 68 

even by the end of the remodeling, only the most ventral parts of vISV were populated 69 

with venous ECs (brackets in Fig.1b). These animals also had a reduced blood flow 70 

through the vISVs (as judged by a reduced number of passing erythrocytes), which was 71 

presumably due to a disproportionally large ratio of vISVs to aISVs.  We also found that 72 

complete blockage or partial reduction of blood flow resulted in a similar phenotype, with 73 

ISVs connected to the PCV but having venous ECs in only the most ventral parts (Fig.1f 74 

and SFig.1f, g). These observations suggest that normal blood flow is required to 75 

complete the formation of functional vISVs.  76 

To investigated the effects of flow on ECs, we performed in vitro experiments in 77 

microfluidics perfusion chambers applying a range of shear stresses () to confluent 78 

human umbilical venous endothelial cells (HUVECs) and human umbilical arterial 79 

endothelial cells (HUAECs). Both types of ECs migrated against flow when was 80 

sufficiently large (Fig.2, SFig.2a, Movies 1,2). Changes in the direction of EC migration 81 

in response to the flow correlated with changes in their planar polarization, an indicator 82 

of migratory bias of ECs (Fig.2d, Movie 3)20. The times it took for HUVECs to establish 83 

directional migration and planar polarization after the inception of flow both decreased 84 

as  increased, and the ultimate migration velocity of HUVECs increased with . These 85 

experiments suggest that blood flow may cause upstream migration of ECs and the 86 

migration slows or stops when blood flow weakens.  87 

To determine if blood flow also causes EC migration in vivo, we tracked differentially 88 

labeled arterial and venous ECs in embryonic zebrafish trunk. We found that after the 89 

initiation of blood flow through vISVs, venous ECs started to migrate from the PCV into 90 

vISVs displacing arterial ECs (Fig.3a-d, Movies 4,5,6). This observation suggests, that 91 

complete population of newly formed vISVs with venous ECs occurs by migration 92 

against the blood flow, resulting in invasion of venous ECs and displacement of arterial 93 

ECs.  94 
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Our results can be explained by the following model.  When a venous sprout 95 

originated from the PCV fuses with an ISV, it causes the initiation of blood flow through 96 

this ISV towards the PCV and blood flow through the two nearest neighbor ISVs away 97 

from the DA. The latter blood flow activates Notch signaling in these two ISVs, thereby 98 

preventing their transformation into veins and protecting their arterial identity (Fig.3e). 99 

Blood flow through next neighboring ISVs is not strong enough to sufficiently activate 100 

Notch signaling and to protect them from transforming into vISVs. As a result, every 101 

other ISV remains arterial and, at the end of the vascular remodeling, the ratio of vISVs 102 

to aISVs is 50:50. At the same time, blood flow induces upstream migration of ECs, 103 

leading to the displacement of arterial ECs in the vISV by venous ECs (Fig.3e). The 104 

displacement of ECs of one type by ECs of another through directed migration may also 105 

be involved in remodeling of other vascular beds.     106 

.CC-BY-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2016. ; https://doi.org/10.1101/095307doi: bioRxiv preprint 

https://doi.org/10.1101/095307
http://creativecommons.org/licenses/by-nd/4.0/


Materials and Methods 107 

Zebrafish husbandry  108 

Zebrafish (Danio rerio) were maintained according to the guidelines of the UCSD Institutional 109 

Animal Care and Use Committee. The following zebrafish lines have been previously described: 110 

Tg(fli1a:GFP)y1 (ref.21), Tg(UAS:lifeactGFP)mu271 (ref.22), Tg(dll4:Gal4FFhu10049) (ref.13), 111 

Tg(UAS:tagRFP) (ref.23), Tg(flt4:YFP) (ref.10), Tg(flt1enh:tdTomado) (ref.10), 112 

Tg(fli1a:lifeactCherry) (ref.24), Tg(EPV.Tp1-Mmu.Hbb:d2GFP)mw43 (ref.25) abbreviated as 113 

Tg(Tp1:d2GFP), Tg(UAS:myc‐Notch1a‐intra)kca3 (ref.26) abbreviated as Tg(UAS:NICD), 114 

Tg(flk:KAEDE). 115 

 116 

Morpholino and RNA injections 117 

Embryos were injected at the one-cell stage with 1 nl morpholino oligonucleotides (MOs), 118 

100ng mRNA or 100ng gRNA. Delta like 4 (dll4) splice-site MO (GeneTools) (5-119 

TGATCTCTGATTGCTTACGTTCTTC-3)10 at 1 ng/nl; cardiac troponin T (tnnt2) ATG MO 120 

(GeneTools) (5-CATGTTTGCTCTGATCTGACACGCA-3) at 4ng/nl.   Capped CAS9 mRNA was 121 

synthesized from linearized pCS2+ constructs using the mMessage mMachine SP6 kit (Ambion, 122 

AM1340), and was injected into embryos at a concentration of 100ng. A gene specific oligo 123 

containing the SP6 promoter and dll4 guide RNA sequence was annealed to the constant oligo 124 

as previously described27. dll4 gRNA1: 125 

ATTTAGGTGACACTATAGGTAGTTTTTTAGGCAAACTGTTTTAGAGCTAGAAATAGCAAG. 126 

dll4 gRNA2:  127 

ATTTAGGTGACACTATAGTGCCTTAACGCCAGTGCTGGTTTTAGAGCTAGAAATAGCAAG. 128 

gRNAs were transcribed using the SP6 MEGAscript kit (Ambion, AM1330). 129 

 130 

Constructs 131 

H2b-EGFP and H2b-mCherry in SIN18.hPGK.eGFP.WPRE lentiviral vector were gifts from 132 

J.H. Price28. GFP-α-tubulin in pRRL.PPT.CMV lentiviral vector was kindly provided by O. Pertz.  133 

Lentiviruses were produced as described28. 134 

  135 

Microscopy 136 

Live imaging was done with environmentally controlled microscopy systems based on a Nikon 137 

TE 2000 brightfield microscope20,29,30, a Perkin Elmer UltraView spinning disk confocal 138 

microscope and a Leica TSP LSM 5 confocal microscope. For all imaging, embryos were 139 

embedded into an imaging chamber (SFig.1a,b) submerged in 0.4% low melting agarose in E3 140 

.CC-BY-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2016. ; https://doi.org/10.1101/095307doi: bioRxiv preprint 

https://doi.org/10.1101/095307
http://creativecommons.org/licenses/by-nd/4.0/


medium containing 1xMS222 at a temperature of 28.5 °C. Imaging was subsequently done with 141 

either 20x/0.75, 40x/1.3 or 63x/1.40 objectives. Experiments on HUVECs and HUAECs on 142 

fibronectin coated glass cover slips in microfluidic devices were done as previously described 143 
20,29. Tracking and polarization analysis of ECs in vitro was done using ImagePro 6.1 144 

(MediaCybernatics, Bethesda, MD) and home-built applications in Matlab (Mathworks, Natick, 145 

MA). 146 

 147 

Microfluidic devices 148 

PDMS-based microfluidic devices and zebrafish imaging dishes were fabricated as previously 149 

described29. 150 

 151 

Cell Culture 152 

Culturing of ECs in vitro. Culturing of HUVECs and HUAECs (Lonza, Basel, Switzerland) was 153 

done as previously described29.  154 

 155 

Statistical analysis 156 

Statistical analysis was performed using SPSS 20 (IBM). Mann-Whitney U test was used for 157 

statistical analysis of two groups, unequal variances, and unpaired t test for two groups, equal 158 

variances. Kruskal-Wallis test was used for statistical analysis of multiple groups, equal 159 

varuances, and 1-way ANOVA, for multiple groups, unequal variances. Dunns post-hoc test was 160 

used for pairwise multiple comparisons. P values < 0.05 were considered significant.  161 
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Figure 1. Remodeling of intersegmental vasculature is regulated by arterial Notch signal-
ing and requires normal blood flow. 
Panels (b), (c), (e), and (f) show lateral images of zebrafish embryos at 60 hpf. For right pan-
els in (b), (c), and (f) red arrows point to aISVs and brackets indicate regions of vISVs without 
arterial ECs. Scale bars are 25 μm. All numbers are averages ± SEM from three independent 
experiments.’***’ indicates P<0.001.
a) Schematic overview of intersegmental vasculature remodeling. DA - dorsal aorta, PCV -  pos-
terior cardinal vein, DLAV - dorsal longitudinal anastomotic vessel, aISV/vISV – arterial/venous 
intersegmental vessel, PV - parachordal vessel. 
b) Venous ECs are labeled with YFP and arterial ECs with YFP and Tomado. Embryos were un-
treated, treated with 4µM DBZ at 26 hpf, injected at the single cell stage with 100 ng dll4 guide 
RNA and 100ng CAS9 mRNA, or injected at the single cell stage with 1ng dll4 MO. 
c)  Arterial but not venous ECs have upregulated Notch signaling due to expression of Notch Intra-
cellular Domain (NICD). Arterial ECs express lifeactCherry and venous ECs express lifeactCherry 
and lifeactGFP.  
d) Ratios of vISVs and aISVs in embryos with perturbed Notch signaling. n≥65 per condition from 
three independent experiments. 
e) Embryos expressing Notch signaling reporter [destabilized GFP under control of a Notch- re-
sponsive promoter] and lifeactCherry in ECs were treated at 26 hpf with 1x or 2x MS222. Note, 
that 2x MS222 resulted in reduced Notch signaling in arterial vasculature but not in the neural 
tube.
f) Venous ECs labeled with YFP and arterial EC labeled with YFP and Tomado.  1x or 2x MS222 
was applied at 26 hpf.  
g) Ratios of vISVs and aISVs in embryos with blood flow reduced as a result of 2x MS222 treat-
ment.  n≥63 per condition from three independent experiments. 
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Figure 2.  Migration of ECs against hydrodynamic flow. 
a) Phase images of confluent HUVECs after 10 hrs under laminar flows with shear stresses of 
14.5 and 0.23 dyn/cm2. Scale bar is 100 µm. 
b) Average velocities of upstream migration for HUVECs exposed to different shear stresses as 
functions of time after the inception of the shear flows (n=250 to 600 for individual shear stresses). 
Arrows at the bottom (colors correspond to those of the velocity data points) indicate the time 
points at which the migration of cells against the flow becomes statistically significant (average 
upstream velocity becomes positive with p<0.05). c) Positions of MTOC and nuclei in individual 
HUVECs and their instantaneous velocities were monitored for 300 min after the exposure to flow 
with a shear stress τ = 7.2 dyn/cm2. Blue dashes show the values of the polarization angle, β, with 
90° corresponding to polarization against the flow and β = -90° - polarization along the flow. Red 
circles show the values of the migration angle, β*, with 90° corresponding to migration against the 
flow and β* = -90° - migration along the flow. Grey line (ordinate on the right) show the average 
cell migration velocity upstream. Data in (b) and (c) is representative of 3 independent experi-
ments.  Error bars are SEM.
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Figure 3.  Blood flow promotes displacement of arterial ECs by venous ECs in vISVs. Lat-
eral images of blood vessels in zebrafish embryos at different time points between somites 14 and 
15 with anterior side facing left. Scale bars are 25 μm.   
a) Venous ECs are labelled with GFP and arterial ECs are labelled with GFP and mCherry.  Indi-
vidual venous ECs invading into a vISV are highlighted by arrows. 
b,c) Venous ECs express lifeactCherry and arterial ECs express lifeactCherry and lifeactGFP. b) 
Magenta arrows highlight the retraction of arterial ECs from an vISV towards the DLAV. c) In an 
aISV, there is no detectable EC migration.
d) ECs express photo-convertible (green-to-red) fluorescent protein KAEDE. ECs in the PCV 
were photo-converted and imaged at 30 hpf (white in the left panels and black in the right) and 
then imaged at 54 hpf, when some of them invaded ISVs. 
e) A model explaining how blood flow-induced Notch signaling and endothelial migration enable 
the remodeling of all-arterial intersegmental vasculature into a network with 1:1 ratio of arteries 
and veins. 
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Supplementary Figure 1. Remodeling of intersegmental vasculature requires normal blood 
flow. 
a) Multiwell dish for high-resolution lateral imaging of zebrafish embryos. 
b) Large scale view of three 24 hpf zebrafish embryos in a well of the imaging dish.
c-f) Lateral images of zebrafish embryos. In monochrome panels, red arrows point to arterial 
ISVs and brackets indicate regions of venous ISVs that do not have arterial ECs. Scale bars are 
25 μm. 
c) Venous ECs are labeled with YFP and arterial ECs with YFP and Tomado.
d) Venous ECs express lifeactCherry and arterial ECs express lifeactCherry and lifeactGFP.
e) Arterial ECs express lifeactGFP and Tomado; 60 hpf.
f) Venous ECs are labeled with YFP and arterial ECs with YFP and Tomado; 60 hpf. Embryos 
were injected at the single cell stage with 1ng of silent heart (tnnt2) MO.  
g) Average growth (%) for control (n=2) and tnnt2a (n=3) morpholino-injected 32 hpf embryos 
over 24 hrs. Growth was calculated by measuring the distance between somites 14 and 16. Error 
bars are SD.
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Supplementary Figure 2. Polarization and migration of ECs exposed to shear flow in the 
microfluidic system. 
a) Schematics of the microfluidic device. The device has 8 separate test regions, with a uniform 
shear stress at the substrate in each region and ~2 fold change in the shear stress, τ, between 
regions with consecutive numbers (total of ~128 fold between 1 and 8, from low to high). 
b) Average velocities of migration of HUAECS against the flow as functions of time from the mo-
ment of their first exposure to flow with a shear stresses τ = 8 dyn/cm2 (n=230). Error bars are 
SEM.  
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MOVIES

Movie 1. Migration of HUVECs exposed to a high shear stress in the microfluidic model. 
Phase-contrast images of HUVECs exposed to a shear stress τ =14.5 dyn/cm2 were acquired 
every 10 min. Direction of the flow was from left to right. Frame rate is 6 per sec (1 sec = 1 hr). 
Scale bar is 50 µm.  

Movie 2. Migration of HUVECs exposed to a low shear stress in the microfluidic model. 
Phase-contrast images of HUVECs exposed to a shear stress τ =0.23 dyn/cm2 were acquired 
every 10 min. Direction of the flow was from left to right. Frame rate is 6 per sec (1 sec = 1 hr). 
Scale bar is 50 µm.  

Movie 3. Flow-induced changes in the planar polarization and migration of HUVECs in 
the microfluidic model.  Positions of MTOC and nuclei in individual HUVECs were monitored 
for 300 min after their exposure to flow with a shear stress τ = 7.2 dyn/cm2. The direction of 
flow is from left to right. Left panel shows fluorescence images (with an inverted grayscale) of 
a fragment of a microchannel with ECs expressing GFP-α-tubulin. Right panel shows phase 
contrast images of the same area. Individual cells are labeled by color-coded arrows. In the left 
panel, the arrows show the direction of cell polarization and their color indicates the polarization 
angle, β, with red corresponding to 90° (polarization against the flow) and blue corresponding 
to β = -90° (polarization along the flow). In the right panel, the arrows show the direction of cell 
migration and their color represents the angle between the directions of migration and flow, β*, 
with red corresponding to 90° (migration against the flow) and blue corresponding to β* = -90° 
(migration along the flow).  The dials in the top left corners show color-coded polarization angle, 
β (left panel), and migration angle, β* (right panel) averaged over all cells in the field of view. Im-
ages were acquired every 10 min. Frame rate is 3 per sec (1 sec = 30 min). Scale bar is 30 µm.

Movie 4. Displacement of arterial ECs by venous ECs in vISVs. All ECs express lifeactCherry 
(magenta) and arterial ECs also express lifeactGFP (green). The field of view between somites 14 
and 16. Images are taken every 30 min. Frame rate is 2 per sec (1 sec = 1 hr). Scale bar is 30 µm.

Movie 5. Retraction of art\erial ECs from a venous ISV towards the DLAV (ventral part).  All 
ECs express lifeactCherry (magenta) and arterial ECs also express lifeactGFP (green). Intensity 
of GFP is inverted for better contrast. Images were taken every 2.2 min. Frame rate is 4.5 per sec 
(6 sec = 1 hr). Scale bar is 25 µm.

Movie 6. Retraction of arterial ECs from a venous ISV towards the DLAV (dorsal part).  All 
ECs express lifeactCherry (magenta) and arterial ECs also express lifeactGFP (green). Intensity 
of GFP is inverted for better contrast. Images were taken every 1.3 min. Frame rate is 7.6 per sec 
(6 sec = 1 hr). Scale bar is 25 µm.

Movie 7. Arterial ECs in an arterial ISV (ventral part).  All ECs express lifeactCherry (magenta) 
and arterial ECs also express lifeactGFP (green). Intensity of GFP is inverted for better contrast. 
Images were taken every 2.2 min. Frame rate is 4.5 per sec (6 sec = 1 hr). Scale bar is 25 µm.

.CC-BY-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2016. ; https://doi.org/10.1101/095307doi: bioRxiv preprint 

https://doi.org/10.1101/095307
http://creativecommons.org/licenses/by-nd/4.0/


AUTHOR CONTRIBUTIONS
BW, AJA and ET designed and performed the experiments with zebrafish.  EG, AG and ET de-
signed experiments in microfluidic devices. ET performed microfluidic experiments. SKS, BW 
and ET analyzed the data. BW, AG and ET wrote the manuscript. DT edited the manuscript and 
reviewed the data.  

.CC-BY-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2016. ; https://doi.org/10.1101/095307doi: bioRxiv preprint 

https://doi.org/10.1101/095307
http://creativecommons.org/licenses/by-nd/4.0/

	FinalManuscript
	Figures
	Supplementary Figures

