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Abstract

Within vascular networks, wall shear stress (WSS) modulates endothelial cell proliferation and
arteriovenous specification. Mechano-responsive signaling pathways enable vessels within a
connected network to structurally adapt to properly partition blood flow between different parts of
organ systems. Here, we study vascular regeneration in a zebrafish model system, performing tail
amputation of the Dorsal Aorta (DA)-Posterior Cardinal Vein (PCV) embryonic circulatory loop
(ECL) at 3 days post fertilization (dpf). Following severing the ECL, the topology of the micro-
circular network is reorganized to engender local increase in blood flow and peak WSS in the
closest Segmental Artery (SeA) to the amputation site. Remodeling of this artery increases its
radius, and blood flow. These hemodynamic WSS cues activate post-angiogenic Notch-ephrinb2
signaling to guide network reconnection and restore microcirculation. Gain- and loss-of-function
analyses of Notch and ephrinb2 pathways, manipulations of WSS by modulating myocardial
contractility and blood viscosity directly implicate that hemodynamically activated post-
angiogenic Notch-ephrinb2 signaling guides network reconnection and restore microcirculation.
Taken together, amputation of the DA-PCV loop induces changes in microvascular topology to
partition blood flow and increase WSS-mediated Notch-ephrinb2 pathway, driving the new

DLAV-PCV loop formation for restoring local microcirculation.

Key Words: Wall Shear Stress, Vascular Injury and regeneration, post-angiogenic notch

Signaling, ephrinb2, arteriovenous specification.
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Introduction

Microvascular dysfunction is well-recognized to associate with cardiometabolic disorders,
including diabetes, hypertension, hyperlipidemia, and obesity.!* Healthy microvascular networks
achieve complex feats of traffic control: perfusing tissues spread throughout the body, avoiding
hydraulic short circuits, and dynamically reallocating fluxes in response to tissue demands.
Mechano-responsive signaling pathways enable vessels within a connected network to structurally
adapt to properly partition blood flow between different parts of organ systems. Vascular
endothelium, the inner lining of arterial or capillary walls, transduces biomechanical wall shear
stress (WSS) from blood flow. ** In the WSS set-point model, blood vessel growth is responsive
to WSS: vessels growth is programmed to produce an increase in radius in vessels with high WSS,
or a decrease in radius in vessels with low WSS. Since damaged vessels carry no flow and WSS
is nearly absent, this mechanism has no evident role in network repair following vascular injury.
Whether and how vascular injury-mediated changes in hemodynamics facilitate vascular network

regeneration remains an unexplored question.

Endothelial Notch is a well-known mechano-sensitive signaling pathway.> In response to
hemodynamic shear forces, proteolytic activation of Notch receptors (Notch1-4) releases Notch
Intracellular Cytoplasmic Domain (NICD) that transmigrates to the nucleus.® NICD cooperates
with DNA binding protein Lag-1 (CSL), mastermind-like protein 1 (MAML1) and recombination
signal-binding protein for immunoglobulin J region (Rbp-Jx) for the transcription of the target
proteins including Hairy and enhancer of split-1 (Hes/) and ephrinb2.” During cardiac

morphogenesis, WSS induces the Notch1-ephrinb2-neuregulin 1/erb-b2 receptor tyrosine kinase 2
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signaling pathway to initiate cardiac trabeculation.®® Pulsatile and oscillatory WSS differentially

regulate Delta/Serrate/Lag ligands in vascular endothelium and smooth muscle cells.!”

The transmembrane ephrinb2 ligand mediates developmental angiogenesis and arteriovenous
specifications. Targeted disruption in ephrinb2 expression induces arteriovenous malformation
with defective sprout formation, and homozygous ephrinb2 knockout arrests primitive arterial and
venous vessel growth.!!"1* Cell-cell contact mediates Notch-ephrinb2 bidirectional signaling to
EphB4 receptor tyrosine kinase.!*!> Reciprocal expression of ephrinb2/EphB4 allow the dorsal
aorta (DA) and posterior cardinal vein (PCV) to undergo arteriovenous specification in zebrafish

16,17

embryos. Repulsive forward EphB4 signaling promotes sprout angiogenesis and cellular

intermingling during capillary boundary formation.!®

Using the zebrafish (Danio rerio) model of tail amputation,'®-2!

we sought to demonstrate
local hemodynamic cues and endothelial Notch-ephrinb2 signaling pathway that guide network
regeneration following vascular injury. In the microvascular network, the DA carries the blood
flow to a parallel network of segmental arteries (SeA) that connect to the dorsal longitudinal
anastomotic vessel (DLAV). Segmental veins (SeV) carry the venous blood to the principal
cardinal vein (PCV), and the DA connects with PCV to form an embryonic circulatory loop (ECL)
in the caudal network. We found that tail amputation, severing the ECL, is followed by localize
rerouting of blood to the adjacent SeA, with a local increase in blood flow. Increase in WSS in the
vessel is accompanied by an elevated activity of the Notch reporter, fp/. Genetic and

pharmacologic manipulations to alter hemodynamics implicate that changes in WSS in this vessel

with induction of Notch signaling guide arterial specification of DLAV, connecting with PCV to
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form a new DLAV-PCV loop. In response to tail amputation, our results show that WSS-mediated
Notch signaling systematically reconstitute arterial network to restore microcirculation by
increasing endothelial ephrinb2 expression and differentiation of new vessels. More generally, our
analysis shows that the geometry of microvascular networks allow damage in the network to be
followed by localized increases in flow and WSS, activating Notch-ephrinb2 signaling to continue

to function beyond angiogenesis, for network reestablishment following injury.
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Results

Tail amputation increases peak WSS in the SeA closest to the amputation site

To assess the effect of amputation on microvascular flow, we used the double transgenic
Tg(flil:gfp,; gatal:ds-red) line to simultaneously visualize the vascular network (gfp*) and blood
cells (ds-red"). Prior to tail amputation, arterial blood passes through the dorsal aorta (DA) either
to a set of parallel SeAs, that drain into the dorsal lateral anastomotic vessel (DLAV), and then
into the PCV via SeVs,?? or directly to the principal cardinal vein (PCV) via an anastomosis at the
caudal end of the trunk? (Figures 1A, J). Following tail amputation at 3 days post fertilization
(dpf), hemodynamic changes in the distal SeAs and SeVs were evaluated for 4 consecutive days
(Figure 1B). We used custom-written tracking software (see Methods) to track the individual ds-
red* and assessed the time-average velocity of blood flow and WSS in the amputated region
(n=3).2? Tail amputation severed circulation through ECL, causing ds-red" to be routed through
nearby SeAs. In particular, viscosity increased 3.6-fold in the SeA closest to the amputation site,
but only 2.2-fold in the third closest SeA (Figures 1D, E, K, Supplementary Movie 1), whereas
velocity remained unchanged throughout the trunk (Figure 1F). Average WSS in Se vessels
decreases from head to tail, since the integrated WSS for a vessel is equal to the pressure drop
across the vessel and its cross-section area. Cross-section areas vary little between vessels, and
pressures decrease along the DA. However, ds-red” and SeA radii closely conform, thus WSS near
ds-red" are large (Figure 1G), and our modeling shows that passage of a ds-red” along a SeA is
accompanied by a traveling pulse of high WSS. We account for the heterogeneous WSS by the
peak shear stress portion, the fraction of time during which the WSS exceeds a threshold. We
found that the increase in viscosity produced an increase in peak shear stress portion but only

within this SeA (Figures 1H, I). Increased flow in the proximal SeA triggers two forms of network
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plasticity: remodeling of the SeA, and formation of new vessels from the DLAV that reconnect
DA and PCV. We saw that the SeA radius increased over 1 day post tail amputation (dpa) but did
not change further (Supplemental Figure. 1). This finding is consistent with the WSS set point
model predicting that when the WSS in a vessel is larger than its set point, its radius will increase
until the stress set point is reattained. By 4 dpa, a new lumenized vascular loop formed between
DLAYV and PCV (Figure 2G). Thus, we demonstrate that these topological changes are directly

linked to the WSS changes within the SeA.

Tail amputation induced Notch-mediated new DLAV-PCYV loop formation

Following tail amputation, transgenic 7g(tpl:gfp; flki1: mcherry) embryos displayed prominent
endothelial p/ activity in the SeA close to the injury site, accompanying the formation of the new
vascular loop. Inhibiting Notch signaling by treating with y-secretase inhibitor (DAPT) attenuated
endothelial #p/ activity in the SeAs and impaired the formation of the DLAV-PCV loop at 4 dpa.
(" p < 0.05 vs. DMSO, n=15 per group) (Figures 2A, F, G). This local endothelial #p/ activity and
the loop formation was confirmed independently by micro-injecting dominant negative (DN)-
Notch1b mRNA. Conversely, ectopic overexpression of N/ICD mRNA up-regulated #p/ activity in
the injured SeAs and promoted DLAV-PCV loop formation. (Figure 2B). Colocalization of
vascular endothelium (flk/™) and cell mitosis marker, phospho-histone 3 (pHH3"), was assessed
to evaluate EC proliferation. (Figure 2C). While DMSO-treated embryos showed a significant
increase in the number of pHH3" EC in the caudal vein capillary plexus (CVP), DLAV and
regenerated vessels, DAPT treatment for 2 days resulted in ~48% reduction in pHH3" EC (*p <
0.005 vs. DMSO, n=5 per group) (Figures 2C-D). The number of total pHHH3" cells in the

amputated site was also dependent on Notch activation (Supplemental Figure 3A). In addition,
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immunostaining against collagen 4 (CollV) to assess basal lamina deposition showed elevated
expression both in the proximal SeA and in regenerated vessels, and this expression was attenuated
by DAPT treatment (Figure 2F). In vitro analyses with human aortic endothelial cells (HAEC)
further supported Notch-mediated Matrigel tube formation and endothelial migration for wound
recovery. DAPT treatment led to ~84% reduction in tube length and reduced branch point
formation (** p < 0.005 vs. DMSO, n=3) (Supplemental Figures 5A, D, E). Furthermore, DAPT
treatment mitigated HAEC migration and reduced the area of recovery (A.O.R) at 12 hours post
scratch (“p < 0.05, ™ p < 0.005 vs. DMSO, n=3) (Supplemental Figures 5B, F). As a corollary,
silencing Notchl expression with siRNA (siNotchl) reduced tube length and branch point
formation by ~40% and ~50% respectively, and inhibited migration (** p < 0.005 vs. siScr, n=3)
(Supplemental Figure 5C). Taken together, our in vivo and in vitro findings support the role of

Notch signaling in EC proliferation and migration for vascular loop formation after injury.

Changes in WSS modulate DLAV-PCYV loop formation in a Notch-dependent manner

To test whether formation of a new vascular loop occurs in response to WSS triggers, we
manipulated WSS by transiently modulating zebrafish blood viscosity (since peak stresses reflect
the flux of ds-red” through a vessel) and myocardial contractility for microvascular flow (Figure
3A, Supplemental Figure 2). Reduction in blood viscosity via Gatala morpholino
oligonucleotide (MO) injection or inhibition of myocardial contractility with 2,3-butanedione
monoxime (BDM)?? impaired DLAV-PCV loop formation at 4 dpa. On the contrary, augmented
blood viscosity via erythropoietin (epo) mRNA injection or increased contractility via
isoproterenol treatment promoted loop formation at 4 dpa. Consistently, increasing plasma

viscosity by introducing 6% hydroxyethyl hetastarch via common cardinal vein (CCV) (~5.5 %
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volume expansion) also promoted DLAV-PCV loop formation without influencing average heart
rate, flow rate of ds-red" and endogenous expression of Notch-related genes (" p < 0.05, ™ p <
0.005, ™" p < 0.0005 vs. control MO, n=20 per each group) (Figures 3B, Supplemental Figure
6).2* We monitored the effect of the perturbing hemodynamics upon #p/ activity. At 2 dpa, both
Gatala MO injection and BDM treatment reduced endothelial #p/ activity and the number of
pHH3" EC by ~42% and ~65%, respectively, as compared to the control MO-injected embryos.
Transient epo mRNA overexpression or isoproterenol treatment up-regulated endothelial #p/
activity, and subsequent pHH3" EC by ~52% and ~39%, respectively, at 2 dpa. Injection of 6%
hydroxyethyl hetastarch increased endothelial #p/ activity but did not increase the number of
pHH3*EC at2 dpa ("p < 0.05, ™ p < 0.005, ™™ p < 0.0005 vs. control MO, n=5 per each group)
(Figures 3C-E, F-G). Modulation of both WSS and global Notch activity (DAPT treatment, NICD
& DN-Notchlb mRNA injections) corroborated that WSS-mediated Notch signaling pathway is
implicated in DLAV-PCV loop formation (Supplemental Figure 7). As a corollary, exposure of
HAECsS to pulsatile shear stress (PSS, 0t/0t = 71 dyne-cm?-s at 1 Hz) up-regulated Notch-related
mRNA expression following either DAPT treatment or siNotchl transfection (Supplemental
Figure 5G). Taken together, these results further support that increase in hemodynamic WSS

activates endothelial Notch-mediated vascular loop formation.

Partitioned blood flow promotes Notch signaling for arterial specification

To elucidate whether WSS guides arterial specification during the DLAV-PCV loop formation,
we utilized the transgenic Tg (flt1: tdtomatoe; flt4: yfp) zebrafish line that allows simultaneous
visualization of arterial (f/#/") and venous (flt4") vascular networks (Figure 4A). Time-lapse

imaging in the presence or absence of DAPT treatment revealed that amputation-mediated Notch
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signaling regulates fIt/" network during loop formation. DMSO-treated controls developed a
secondary loop of fI¢1* that extended dorsally from the distal SeA in conjunction with blood flow
to anastomose with flt4" PCV (Supplemental Videos 2). Treatment with DAPT inhibited the
initiation of flt/* DLAV to connect with DA (0-1 dpa) and the collateral arterialization of flt4*
DLAV (2-3 dpa),* resulting in an impaired fI/" network for the loop formation at 4 dpa (Figure
4B, Supplemental Figure 8). Reducing viscosity via Gatala MO injection diminished the distal
fIt1" in both SeA and DLAV and partially impaired f/#4* DLAV from forming a loop with the PCV
(Figures 4C-D). BDM treatment abrogated both fI#/* and fIt4" loop formation. In contrast, both
increasing viscosity via epo mRNA or 6% hydroxyethyl hetastarch injection or increasing
myocardial contractility via isoproterenol treatment promoted fIt/ network formation in the
amputated site as compared to MO-injected controls (Figures 4C-D). Gain- and loss-of-function
analyses of global Notch activity further corroborated that WSS-activated Notch signaling
coordinates flt1*/ flt4* loop formation (n=20 per each group) (Supplemental Figure 9). As a
corollary, genetic and pharmacologic elevation of hemodynamic WSS failed to restore loop
formation in the presence of DAPT treatment or DN-Notchlb mRNA injection; however, NICD
mRNA injection restored Gatala MO-impaired fIt1”/ flt4™ loop formation at 4 dpa (n=20 per each
group) (Supplemental Figure 9). Taken together, our results indicate that WSS-responsive
endothelial Notch signaling reactivates nascent fIt/ ‘network and subsequent arterialization of flt4*

DLAYV to form a new vascular loop.

WSS-responsive Notch-ephrinb2 pathway regulates arterial network formation
To investigate the WSS-responsive downstream signaling pathways underlying DLAV-PCV loop

formation, we performed 1) immunostaining for endogenous ephrinb2 and 2) batch processing to
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assess spatiotemporal variations in endothelial ephrinb2 in situ following tail amputation (Figure
5A). Endothelial ephrinb2 staining increased at 1 dpa in the distal DA and DLAV where WSS-
responsive arterial network formation occurs. Following the initial anastomosis between the
DLAV and DA at 2 dpa, the distal SeA and regenerated vessel region expressed prominent
ephrinb2 staining to form a new vascular loop at 4 dpa. Gatala MO injection and BDM treatment
attenuated endothelial ephrinb2 staining from 2 to 4 dpa, whereas epo mRNA-, isoproterenol-, and
6% hydroxyethyl hetastarch-augmented WSS accentuated staining in the distal SeA, DLAV and
CVP from 2 to 4 dpa. DAPT treatment, as the positive control, reduced ephrinb2 staining affirming
that the Notch-dependent ephrinb2 pathway is involved in forming the DLAV-PCV loop (n=5 per
each group) (Figure 5B). Consistent with these observations, PSS induced transient up-regulation
of ephrinb2 protein in a time- and Notch-dependent manner in cultured HAEC (n=3 per each time
point) (Supplemental Figure 11A) As an internal positive control, Kruppel Like Factor 2 (kIf2)
mRNA expression was also up-regulated (Supplemental Figure 11B).!°

In addition, we genetically manipulated global ephrinb2 expression via MO or mRNA injection
to assess loop formation in the transgenic 7g(flil: gfp) zebrafish embryos. Neither knockdown nor
overexpression of ephrinb2 expression affected the gross microvascular morphology as compared
to the controls (Figure 5C). Injection of ephrinb2 MO impaired the loop formation, followed by
collapsed DA morphology and maturity of the DLAV and CVP at 4 dpa. Conversely, transient
overexpression of ephrinb2 mRNA increased endoluminal sizes of regenerated vessels and
restored DAPT, DN-Notch1b mRNA and Gatala MO-impaired loop formation (" p < 0.05, " p <
0.005, ™ p < 0.0005 vs. control MO, n=20 per group) (Figures SD-E). As a corollary, in vitro
Matrigel and migration assays following siephrinb2 transfection further support these observations.

While siephrinb2 transfection resulted in ~ 30% and ~ 32% reduction in the tube length and the

11
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number of the branch points, respectively (Figures 5F, I, J), A.O.R was reduced by ~49% at 24
hours post scratch (“ p < 0.05, ™ p < 0.005 vs. siScr transfection, n=3) (Figures 5 F, K). In the
transgenic Tg(flt1:tdtomatoe; flt4: yfp) zebrafish line, injection of ephrinb2 MO diminished fI¢1*
in the distal SeA and DLAV and reduced fI#4" in the DLAV and PCV, mimicking phenotypes in
the absence of WSS or Notch activity. Transient overexpression of ephrinb2 mRNA enhanced the
dorsal fIt1" network in the presence of DAPT, DN-Notch1b mRNA, and Gatala MO and further
restored regeneration of fIt+4* DLAV and PCV (n=20 per group) (Figures 6A, B). Thus, our data
corroborate that WSS-responsive Notch-ephrinb2 pathway guide the arterial specification to

promote loop formation.

Discussion

The mechano-sensitive Notch signaling pathway is widely recognized to coordinate vascular
proliferation and differentiation.?3! Deletion of Notchl or Notch4 results in impaired micro-
vascular network, whereas EC-specific single allele deletion or pharmacologic inhibition of Delta-
like ligand 4 (DII4) regulates neovascularization.?3233 Notch signaling is involved in
biomechanical bi-potential cell fate decisions,*? including, in developing vessels, the trans-
differentiation of arterial vessels into veins, and its activity guides the sizes of arteries and veins.>*
Blood flow-induced endothelial Notch activity systematically remodels the arterial segmental
network in developing zebrafish embryos,*> and implicates vascular identity during caudal fin
regeneration.>?> Our findings demonstrate that peak WSS-activated local Notch activity is also
essential to stimulate microvessel regrowth and arterial specification after injury (Figure 4,

Supplemental Figure 9). Compared to hypoxia, which is commonly implicated in microvascular
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regrowth,-¢ WSS can remain highly localized within vessels near the site of injury to guide

arterialization of a new loop for restoring microcirculation.

WSS cues are known to be instrumental in developmental remodeling of vascular networks,’’
and has also been connected to angiogenic sprouting following injury.’®* However, since injury
removes flow carrying vessels, and reduces overall blood supply to the injured tissue, it has not
been clear how WSS can increase following injury. Our study shows how by altering the
partitioning of blood flow among SeAs, amputation of the ECL loop produces locally elevated
WSS. We demonstrate that augmented WSS in the neighboring SeA is a necessary biomechanical
cue to up-regulate endothelial Notch-ephrinb2 signaling to drive arterial specification in the DLAV
and the growth of a new loop between DLAV and PCV. Mathematical modeling clarified that peak
WSS can increase, even when average WSS, which is constrained by the pressure differences in

the network, remains constant.

How does tail amputation increase WSS in the proximal SeA? Average WSS in any vessel is
constrained by the pressure drop across the vessel, which increases by 57% following amputation
of the ECL. However, we found that a much stronger signal is presented by the unsteadiness of
the WSS. In the finest vessels, passage of a ds-red” exerts much larger WSS than plasma, and the
peak stress within a vessel is strongly linked to the flux of ds-red” (Figure 1). When micro-vessels
bifurcate, ds-red” and plasma fluxes divide in different ratios: ds-red" are more likely to enter the
larger radius branch of the bifurcation than would be dictated by ratio of flows. Prior to amputation,

this effect means that SeAs carry lower viscosity than the DA. But after tail amputation ds-red”
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reaching the distal DA must drain through one of the SeAs, causing a large increase in ds-red”

flux, and therefore WSS, in those vessels.

Before amputation, ds-red” drain directly into the PCV through the ECL. Following
amputation, the large increase in peak WSS requires that ds-red” drain directly into the PCV
through SeAs. This ECL emerges very early in embryogenesis,* but direct anastomoses between
artery and vein are common in microvascular networks and can form even when fine vessels
already connect the two, such as the basal artery in the zebrafish midbrain which drains into the
DLAV.% Our results suggest that these loops enable large increases in flow in proximal vessels
following amputation, making them directly responsible for initiating WSS-triggered vessel repair
and regeneration. Linking vascular regeneration to WSS is particularly relevant to tissues like the
embryonic zebrafish trunk, in which oxygen levels are too high for wounding to trigger hypoxic
vessel regrowth. 4! At the same time, the existence of such loops carries physical costs, since the
ds-red" and glucose carried in the ECL are transported through the trunk without perfusing the

trunk tissues.

Endothelial ephrinb2 influences angiogenic sprouting and vessel migration.****> Ephrinb2
further regulates internalization and subsequent signaling activities of vascular endothelial growth
factor receptors (VEGFR2 and VEGFR3), and the expression is prominent at sites of

neovascularization or pathological angiogenesis.*6*’

In response to fluid shear stress, reciprocal
expression of ephrinb2/EphB4 determines vascular identity.**>° We observed that endothelial

ephrinb2 staining was accentuated in the amputated region, indicating that it plays a role in

establishing the new arterial network. Genetic and pharmacological modulations of hemodynamic
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WSS further supported the notion that augmented WSS is necessary to promote ephrinb2
expression during vascular loop formation. Our data indicate that endogenous ephrinb2 is a
primary target underlying the Notch-dependent arterial network in response to tail amputation
(Figure 6). Ephrinb2 is known to regulate postnatal venous neovascularization by modulating
EphB4 expression, and ephrinb2 and EphB4 physically interact in growing vessels; and this
interaction is implicated in cellular intermingling and vascular anastomosis.**#631-33 Following tail
amputation, we observed that ephrinb2 and EphB4 expressions exhibited synergistic effects for
loop formation (Supplemental Figure 10A-B). In vitro assays show that expression of both
ephrinb2 and EphB4 is necessary for endothelial migration and angiogenic tube formation
(Supplemental Figure 10C-H). Under hydrodynamic PSS, Notch-dependent ephrinb2 and
EphB4 protein expression were up-regulated in a time-dependent manner, and the total level of
ephrinb2/EphB4 interaction was increased without influencing the polarization kinetics and
distribution of the ephrinb2/EphB4 proximity ligations (Supplemental Figure 11). Thus, our
observations suggest that amputation-augmented WSS induces arterial Notch-ephrinb2 signaling
to regulate lateral venous plexus where EphB4 promotes vessel regeneration. Our proposed
mechanism is summarized in Figure 7. In contrast to our results which emphasize reconnections
from the arterial network, Xu et al. report that vein derived arterial cells reconnect vessels
following caudal fin regeneration.’® The topology of the trunk network causes largest peak WSS
increases in Se arteries, and the dominance of arterial regeneration may reflect localization of WSS
signals. Whether reconnection begins with the arterial or venous networks may also depend upon

the age- or injury- specific conditions.
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Our data draw a line from WSS to vascular loop formation through Notch activated
ephrinb2/EphB4 expression. However, both WSS and Notch activation are multiply linked to
angiogenic cell proliferation and migration, through pathways that may play linked or parallel
roles. For example, flow-sensitive microRNAs (miRs), miR-125 and -210, promote tip cell
formation and arteriolar branching®” in response to ischemic injury or hyperlipidemic stress.>®>
Clusters of miR-497~195 or -449 are implicated in angio- and multicillogenesis via Notch

activation.6%-0!

miR-17 and homologs of miR-20 are associated with endothelial ephrinb2
expression.®? Both WSS and Notch-activation are connected to angiogenesis-affecting metabolic
changes. WSS affects endothelial VEGFR2- protein kinase C isoform epsilon signaling to increase
the glycolytic metabolite, dihydroxyacetone.!” The Notch co-activator, forkhead box subfamily
O1 transcription factor, couples vascular growth with metabolic activity, while Notch signaling
triggers the phosphatidylinositol 3-kinase/AKT serine/threonine kinase pathway and regulates

glycolysis-related genes during tumor angiogenesis. %4

WSS is known to shape the formation of microvascular networks, allowing superfluous vessels
to be pruned,®® and promoting angiogenesis at sites of high flow.%® WSS is implicated in
reperfusion following injury,*®*° but the mechanism remains elusive. We expect reduction in blood
flow in the immediate period following injury and in damaged vessels,®’ and though vasomotor
responses may be able to later augment flows to sites of injury,®® it is not clear how WSS signals
can target growth to sites of injury. Here, we show that the geometry of the zebrafish trunk
vasculature, in particular, a direct anastomotic connection between artery and vein- flow, is
focused into a single Se vessel following injury. In spite of an overall decrease in flow, the robust

peak WSS increase in this vessel turns it into a focus for reconnection of the network.
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Arteriovenous anastomoses (“shunts™) can be observed across systems and organs,® yet their
existence is difficult to explain on the basis of efficient perfusion, since they offer red blood cells
a high conductance route through tissues that circumvents the capillary bed. The anastomoses have
been speculated to play a role in pressure and temperature regulation.®® In the zebrafish trunk, the
anastomosis between DA and PCV is directly responsible for the repartitioning of flow following
amputation, and thus for generating the WSS signals that initiate sprouting. Follow-up work should
examine whether anastomoses in other systems provide the same function of shaping growth

following injury, and whether the presence of anastomoses is correlated with robustness to damage.

Methods

The transgenic zebrafish tail amputation model for vascular injury and regeneration
Zebrafish embryos were harvested from natural mating at the UCLA Zebrafish Core Facility. The
transgenic 7g(flil: gfp) line, in which endothelial vasculature displayed GFP under the control of
tissue specific Flil promoter (ERGB) was used to assess vascular injury and regeneration.
Zebrafish embryos at 1-2 cell stage of development were collected for micro-injections. Anti-sense
MO against the ATG site of p53 (0.5-1.0 mM, GeneTools LLC, OR) was utilized as standard
control against cytotoxic damage from MO injection.”” In addition to the control p53 MO, epo
mRNA (10-20 pg/nL) or Gatala MO (1mM, GeneTools LLC, OR) were micro-injected
respectively to manipulate the level of hematopoiesis and subsequent viscosity-mediated WSS.
NICD or DN-Notchlb mRNAs (10-20 pg/nL) were used to modulate global Notch activation.
Anti-sense ephrinb2a & EphB4 MOs (0.5-1.0 mM, GeneTools LLC, OR) and custom-designed

ephrinb2 mRNA (10-20 pg/nL) were micro-injected to manipulate global ephrinb2 expression.
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Immediately after micro-injection, embryos were cultivated at 28.5 °C for 3 days in fresh standard
E3 medium supplemented with 0.05% methylene blue (Sigma Aldrich, MO) and 0.003%
phenylthiourea (PTU, Sigma Aldrich, MO) to suppress fungal outbreak and prevent melanogenesis.
At 3 dpf, embryos were randomly selected for tail amputation as previously described.”! Following
tail amputation, embryos were micro-injected with 6% hydroxyethyl hetastarch (Sigma Aldrich,
MO), returned to fresh E3 medium, or E3 medium dosed with pharmacological inhibitors. These
inhibitors included y-secretase inhibitor (DAPT, 100 uM), isoproterenol (100 pM) and BDM (100
uM, Sigma Aldrich, MO). At 4 dpa, dual channel confocal imaging was performed to assess vessel
regeneration as previously described.” Z-scanned images were projected in the visualization plane
where voxels displayed maximum intensity. Table 1 provides the sequences of all MOs used in

this study.

6% hydroxyethyl hetastarch injection via common cardinal vein (CCV)

Double transgenic Tg(flil:gfp, gatal:ds-red) embryos were immobilized with neutralized tricaine
(Sigma Aldrich, MO) in 3% agarose to perform 6% hydroxyethyl hetastarch injection. The CCV
and injection site were located anatomically. The injection was recapitulated under inverted
immunofluorescence microscope (Olympus, 1X70) by co-injecting fluorescein isothiocyanate
conjugated dextran (FITC-dextran, Sigma Aldrich, MO). Supplemental Figure 6A shows
distribution of FITC-dextran post 6% hydroxyethyl hetastarch injection. Average heart rate was
assessed manually at 1 hour post injection. To quantify changes in volume and plasma viscosity,
sequential images of aortic flow (ds-red”) were processed to generate binary images by using
ImageJ (NIH, MD). Red and blue boxes in Supplemental Figure 6C depict regions of interest to

measure variations of viscosity (%, total length of ds-red” per unit length of DA, red boxes) and
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flow rate (numbers of ds-red” per unit length of DA, blue boxes) following 6% hydroxyethyl
hetastarch injection. By using cultured HAEC, endogenous expression of Notch-related genes
under static condition was assessed following 4 and 12 hours of 6% hydroxyethyl hetastarch

treatment.

Assessment of spatiotemporal variations in endothelial #pI activity

The transgenic Tg(tpl: gfp) line was crossbred with the Tg(flkl:mCherry) line to visualize the
activity of the Rbp-Jx responsive element (Epstein Barr Virus terminal protein 1, #p/) in the
vascular endothelial network. In response to genetic and pharmacologic manipulations of WSS or
global Notch activity, spatiotemporal variations in endothelial p/ were sequentially imaged with
dual channel confocal microscopy (Leica SP8, Germany) for 4 consecutive days post tail

amputation. Acquired images were superimposed and analyzed by ImageJ.

Whole mount zebrafish Immunofluorescence staining

Following tail amputation, Tg(flkl: mCherry) zebrafish embryos were fixed in 10% neutral
buffered formalin solution (Sigma Aldrich, MO), dehydrated in methanol (Thermofisher, MA) and
permeabilized in ice cold pure acetone (Sigma Aldrich, MO). Following permeabilization,
zebrafish embryos were washed and blocked with 3% bovine serum albumin (Sigma Aldrich, MO)
in 0.2% PBST (PBS + Triton-X, Sigma Aldrich, MO). Primary antibodies anti-collagen 4 (Ab6586,
Abcam), anti-ephrinb2 (Ab150411, Abcam), and anti-phosphorylated histone H3 (Ser10) (06-570,
Sigma Aldrich, MO) were used to detect corresponding protein expression and cell proliferation.’
Following overnight incubation, anti-rabbit (ab150077, Abcam) or anti-mouse IgG (ab150113,

Abcam) conjugated to Alexa-488 was used to amplify primary-specific fluorescence.
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Quantitative real-time polymerase chain reaction (QRT-PCR) analyses

Total RNA was purified with Bio-Rad total RNA kit (Bio-Rad, CA) and reverse-transcribed to
complementary DNA (cDNA) using a iScript cDNA synthesis kit (Bio-Rad, CA).! Polymerase
Chain Reaction was performed using qPCR master-mix (Applied Biological Materials Inc.,
Canada). The primer sequences are listed in Table 2. The expression of individual target mRNAs

was normalized to human actin expression.

Batch processing of fluorescence images to examine endothelial-specific expression

To quantify co-localizations of fluorophores, multi-level thresholds based on Otsu’s method were
used to segment single image slices in each fluorescent channel.”> The threshold level for each
channel were manually selected to extract the most accurate binary masks of each slice. Pixels that
represented vascular endothelium (f7k/") and the protein of interest were flagged with a value of
1, while the remaining region was regarded as background and flagged with a value of 0. Two
channels of corresponding segmented images were merged together to generate the overlapping
masks. The Supplemental Figure 4A depicts a schematic representation of the current method.
To reduce intrinsic autofluorescence from the tissue, we pre-defined the effective area of mask
from 20 to 500 pixels, that is, from 25.8 to 1290 pm?. The image post-processing, segmentation

and rendering were processed by MATLAB (Mathworks, MA) and ImagelJ.

Imaging blood flow to assess the formation of vascular lumen during regeneration
An inverted immunofluorescence microscope (Olympus, IX70) and digital CCD camera (QIclick,

Teledyne Qimaging, Canada) was used to sequentially image vascular injury and regeneration in
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the presence of blood flow. Images were superimposed by using ImageJ and Corel Imaging

Software (ON, Canada).

Measuring blood flow velocity and viscosity

To measure the blood flow velocity and viscosity in each Se vessel, we took image sequences at
20-40 frames per second, and for each sequence manually traced the center line of each Se vessel,
without distinguishing between Se arteries and veins. We analyzed vessel flows using codes
custom written in MATLAB. The code detects ds-red” in each vessel by locating points with peak
intensity. Peaks that are closer than the radius of the ds-red” (~3 um) are coalesced into one cell
at the centroid of the coalesced peaks. The number density of ds-red” is calculated by dividing the
number of ds-red” by the length of the vessel. To obtain the velocity, ds-red” detection is carried
out in two consecutive frames, and for each ds-red” detected in the first frame, the closest ds-red”
in the second frame is identified. If no ds-red" is found within 30 pum, the velocity of the ds-red”
is not calculated. Since blood flow can only have one direction in a Se vessel, after ds-red”
velocities in all frames are calculated, the flow direction of each vessel is determined by majority

rule, and ds-red” velocities counter to the overall flow direction are removed.

Endothelial WSS calculation
To calculate the WSS in each Se vessel, we separated regions adjacent to detected ds-red” from

the rest of the vessel. For the parts of the Se vessel that do not contain an ds-red* the WSS is

4uv
O =

where u is the viscosity, v is the median velocity of any detected ds-red”, and r is the radius of

the vessel. For the part of the vessel adjacent to ds-red”, we use a model that increments the total
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resistance of the vessel by a constant, a,, for each ds-red" contained in the vessel.?? The occlusive
strength gives an increment on vessel resistance for each ds-red" in the vessel. From force balance
between pressure drop across the vessel and the shear force, and the shear force from the plasma

part of the vessel given by the Poiseuille flow, the shear stress of the ds-red” part of the vessel is

3
4uv  mriva,

Ods—-red+ =
sTre r 2‘£ds—red+

€ 4s—rea+ 18 the length of ds-red”. In this context, we used occlusive strengths a, previously
measured for 4 dpf wild type fish,?? which decreases from the mid-trunk to the tail. We use a

uniform radius of 3 um across all Se vessels, € 45_req+ = 6um, and p=10- Paes.

Quantification of vascular regeneration

Vessel segmentation and area quantification of the regenerated vascular loop were performed
using Amira™ 3D imaging software (Thermofisher, MA). Supplemental Figure 12 shows
representative images. The entire vascular network in the posterior tail segment (purple) was
segmented automatically, whereas a loop of regenerated vessel (pink) was assessed manually. The

number of pixels was evaluated for statistical comparison.

Preparation of mRNAs for in vivo rescue experiments

Rat NICD, zebrafish epo & DN-Notchlb cDNA were prepared as previously described.®”! For
transient ectopic overexpression of ephrinb2 mRNA, zebrafish ephrinb2 cDNA was amplified
from zebrafish cDNA with primers and cloned into pCS2* at EcoRI/Xhol sites. Clones containing
the insert were selected by PCR screening, and the clones were validated by sequencing. In vitro

transcription was performed by using mMessage SP6 kit (Thermofisher, MA). For in vivo rescue
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experiments, transcribed mRNAs were purified by using a total RNA isolation kit (Bio-Rad, CA).

The sequences of cloning primers are listed in Table 3.

Small interference RNA (siRNA) transfection to cultured endothelial cells (EC)

Primary HAEC (Cell Applications, CA) were grown on bovine gelatin (Sigma Aldrich, MO)-
coated-plates (Midsci, MO) at 37 °C and 5% CO: and propagated for experiments between
passages 4 and 10. EC growth medium (Cell Applications, CA) was supplemented with 5% fetal
bovine serum (FBS, Life technologies, NY) and 1% penicillin-streptomycin (Life Technologies,
NY) for optimal EC cultivation. At ~50% confluency, FlexiTube™ siRNAs targeting scrambled
negative control (Scr), Notchl, or ephrinb2/ EphB4 (Qiagen, Germany) were transfected following
manufacturer’s instruction. Lipofectamine™ RNAIMAX (Thermofisher, MA) diluted with
dulbecco’s modified eagle medium (DMEM)/10% FBS and Opti-MEM media with reduced serum
(Thermofisher, MA) was used for siRNA transfection. Efficacy of transfections was verified by

immunoblotting.

EC migration and Matrigel tube formation assay

HAEC migration assay was performed as previously described.” Areas between inner borders of
HAEC at 4, 6, 12, 24 hours post scratch were evaluated using ImageJ. Supplemental Figure 6F
shows a schematic representation of how HAEC migration was quantified. A tube formation assay
was performed by seeding HAEC in 96-well plate coated with Matrigel with reduced growth
factors (BD Biosciences, CA) in the presence of human VEGF (10-20 ng/mL, Sigma Aldrich, MO).

Following 4 hours of incubation at 37 °C, tube formation was evaluated under an Olympus IX 70
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phase-contrast microscope. The number of branching points and tube length were quantified

manually using Imagel.

PSS exposure

Confluent monolayers of HAEC grown on 6-well plate were exposed to unidirectional PSS (6, 12
and 24 hours) using a modified flow device.!® Neutralized MCDB-131 medium (Sigma Aldrich,
MO) containing 7.5% sodium bicarbonate solution, 10% FBS and 4% dextran from Leuconostoc
spp (Sigma Aldrich, MO) was used for PSS exposure. Following exposure to PSS, the center of
each monolayer was removed by using a cell scraper to collect only flow-aligned cells from the
periphery of the well. To visualize changes in endogenous protein expressions and proximity
ligations, we utilized our in-house dynamic flow system (0t/0t = 29.3 dyne-cm™-s!, with time-

averaged shear stress = 50 dyne-cm™ at 1 Hz).”*

Immunoprecipitation, proximity ligation assays, and immunoblot analysis

Following PSS exposure, flow-aligned cells were lysed with M-PER mammalian protein
extraction reagent (Thermofisher, MA) supplemented with 1% protease and phosphatase inhibitor
cocktail (Thermofisher, MA) at 4°C. Detergent compatible protein assay (Bio-rad, CA) and lithium
dodecyl sulfate polyacrylamide gel electrophoresis (Invitrogen, CA) were performed as previously
described.” Primary antibodies anti-Notchl (MA5-32080, Thermofisher, MA), anti-ephrinb2
(Ab150411, Abcam), and anti-EphB4 (H-200, Santa Cruz Biotechnology Inc., TX) were used.
Equal loading was verified by using anti-B-tubulin (AA2, Santa Cruz Biotechnology Inc., TX).
Anti-rabbit (7074S, Cell Signaling Technology) or anti-mouse IgG (7076S, Cell Signaling

Technology) conjugated to horseradish peroxidase was used for the secondary incubation.
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Immunoprecipitation against ephrinb2/EphB4 was performed using a Pierce™ Crosslink magnetic
IP/Co-IP kit (Thermofisher, MA). Disuccinmidiyl suberate was used to crosslink anti-ephrinb2,
neutralized for immunoblot analyses. Densitometry was performed as previous described.!”
Proximity ligations between ephrinb2/EphB4 in flow-aligned cells were conducted by using
Duolink® In situ Red Starter Kit Mouse/Rabbit (Sigma Aldrich, MO). Numbers of individual
ligations in raw and post-processed images were compared to test the validity of the quantification.
To evaluate polarization kinetics and distributions of the ligations, platelet endothelial adhesion
molecule 1 (H-3, Santa Cruz Biotechnology Inc., TX) and 4',6-diamidino-2-phenylindole (SC-

3598, Santa Cruz Biotechnology Inc., TX) were fluorescently labeled.

Statistics

Data were expressed as mean =+ standard deviation and compared among separate experiments.
Unpaired two-tail ¢ test and 2-proportion z-test were used for statistical comparisons between 2
experimental conditions. P values < 0.05 were considered significant. Comparisons of multiple
values were made by one-way analysis of variance (ANOVA) and statistical significance for

pairwise comparison was determined by using the Tukey test.

Study approval
Zebrafish experiments were performed in compliance with the Institutional Animal Care and Use
Committees (IACUC) at the University of California, Los Angeles (UCLA), under animal welfare

assurance number A3196-01.
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Figures and Figure Legends

Figure 1. Tail amputation increased peak wall shear stress (WSS) in the segmental artery
(SeA) closest to the amputation site (A) Anatomy of tail vasculature in 7g(flil:gfp; gatal:ds-red)
embryos; SeA: Arterial segmental vessel, SeV: Venous segmental vessel, DLAV: Dorsal
longitudinal anastomotic vessel, PCV: Posterior cardinal vein, DA: Dorsal aorta, CVP: Caudal
vein capillary plexus, ECL: Embryonic circulatory loop. Scale bar: 100 um. (B) Experimental
design: At 3 days post fertilization (dpf), embryos were randomly chosen for tail amputation (~100
pum of posterior tail segment). Hemodynamic WSS was evaluated for 4 consecutive days. (C) Prior
to tail amputation (3 dpf, upper left panel, see also 1J), arterial flow in the DA bifurcates
perpendicularly to the SeA. In the caudal vascular network, DA forms an ECL with PCV (white
arrow), and venous flow in the DLAV and SeV drain into PCV (white arrowheads). Topological
changes in the ECL via tail amputation (0 dpa, bottom left panel, see also 1K) severed circulation
via ECL and led to concomitant increase in the number of ds-red" in the proximal SeA between 1-
2 dpa (white arrowheads). (D-E) At 2 dpa, viscosity (cm™!, number of ds-red” per unit length of
SeA) in the amputated site increased significantly compared to unamputated embryos (Black,
mean + standard deviation across the vessels in 3 unamputated embryos). Viscosity in each SeA
was averaged over 3.6 mins. (F) Time-averaged velocity (cm-s™!) remained unchanged. (G) The
distribution of WSS exerted by ds-red” (red) is shifted upward compared to that exerted by plasma
(purple), giving intermittent rises of WSS as each ds-red” passes. Although this separation is
present in every SeA, the portion of ECs (red area) experiencing WSS from ds-red" is higher in
the proximal SeAs than in the distal SeAs, leading to a higher peak stress portion. The areas scale
with but are not equal to the portion of EC experience stress from ds-red” and plasma. Green line

shows the 0.975 percentile of WSS from plasma, which is used in (H) as an activation threshold.
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For the calculation of WSS, see Methods. (H-I) The increase in viscosity resulted WSS to exceed
activation threshold in the site of amputation. The threshold is set to 0.975 percentile of plasma
shear stress across all intersegmental vessels, and ranges from 1.1 to 5.4 dyne-cm™. (J-K) Wiring

diagrams illustrate amputation-mediated changes in blood flow and hemodynamic WSS.

Figure 2. Amputation-mediated WSS induces Notch-dependent DLAV-PCYV loop formation
(A) Vehicle (DMSO)-treated zebrafish showed prominent endothelial #p/ activity in the proximal
SeA (* asterisk, overlapped yellow) and formed a new vascular loop between the DLAV and PCV
at 4 dpa (white arrow). Pharmacological DAPT treatment (100 uM) attenuated endothelial #p/
activity in the amputated site and neighboring SeA and impaired regeneration of the loop by 4 dpa.
(white arrow) (" p < 0.05 vs. DMSO, n=15 per group). SeA: Arterial intersegmental vessel, DLAV:
Dorsal longitudinal anastomotic vessel, PCV: Posterior cardinal vein. Scale bar: 20 um. (B)
Transient modulation of Notch activity via DN-Notchib and NICD mRNAs were performed for
positive controls. (C) DAPT treatment significantly reduced the number of EC proliferation
(pHH3'EC) as compared to DMSO-treated controls at 2 dpa. (white arrowheads, “ p < 0.05 vs.
control, n=15 per group) Scale bar: 20 um. (D) Total numbers of endothelial pHH3" EC in
posterior tail segment were assessed to quantify Notch-dependent proliferation. (** p < 0.005 vs.
DMSO, n=5 per each group) (E) Schematic representation of Notch-mediated pHHH3" EC during
regeneration. (F) CollV expression was prominent in the proximal SeA and regenerated vessels in
the DMSO-treated controls (overlapped yellow, white arrowheads). DAPT treatment attenuated
CollV expression during regeneration (white arrowheads, n=5 per each group). Scale bar: 20 um.
(G) At 4 dpa, endoluminal blood flow was observed in the DMSO-treated embryos (white

arrowheads), whereas aberrant blood flow occurred in the amputated site in response to DAPT
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treatment (white arrowheads). Scale bar: 20 pm. (H) Quantification of the proportion of embryos
exhibiting loop formation and normalized area of vascular loop (" p < 0.05 vs. DMSO, **p < 0.005
vs. NICD mRNA, n= 17 for DMSO, n=20 for DAPT, DN-Notchlb and NICD mRNAs).

Figure 3. Changes in WSS modulate DLAV-PCV loop formation in a Notch-dependent
manner (A) Experimental design to genetically and pharmacologically manipulate hemodynamic
WSS in zebrafish embryos. (B) Gatala MO injection (1mM) or 2,3-butanedione monoxime (BDM,
100 uM) treatment impaired vascular loop formation at 4 dpa (white arrows). Erythropoietin (epo)
mRNA injection (10-20 pg/nL), isoproterenol treatment (100 M) and 6% hydroxyethyl hetastarch
promoted regeneration. (** p < 0.005 vs. control MO, n=20 for each group). Scale bar: 20 um. (C)
Gatala MO and BDM treatment reduced endothelial #p/ activity and impaired regeneration,
whereas epo mRNA injection or isoproterenol treatment up-regulated endothelial #p/ activity in
the amputated site (white arrowheads) and promoted regeneration at 4 dpa (white arrows) (n=20
per each group). Scale bar: 20 um (D-E) Quantification of the proportion of embryos exhibiting
loop formation and normalized area of vascular loop (** p < 0.005 vs. control MO, n=20 for each
group). Scale bar: 20 um. (F-G) Total numbers of endothelial pHH3* EC in posterior tail were
assessed to quantify WSS-dependent EC proliferation. Gatala MO injection or BDM treatment
reduced ~42% and ~65%, whereas epo mRNA and isoproterenol treatment increased pHH3" EC
by ~52% and ~39% respectively at 2 dpa. (" p < 0.05, ™ p < 0.005, ™" p < 0.0005 vs. control MO,

n=5 for each group). Scale bar: 20 um.

Figure 4. Partitioned blood flow promotes Notch-mediated arterial network (A) A
representative image of tail vasculature in the transgenic 7g(fl¢1 :tdtomatoe; fIt4: yfp) zebrafish line

at 3 dpf. fit1*: arterial vascular endothelium, fI#4*: venous vascular endothelium. Scale bar: 100
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um. (B) In response DMSO treatment, flt/" preferentially formed an initial dorsal to ventral
connection between the DLAV and the DA in the amputated site (white arrowhead). Between 1-2
dpa, fIt4" from the DLAV regenerated toward the DA exhibiting collateral arterial phenotype
(overlapped yellow, white arrowheads). While regeneration of flt4" occurred in the CVP and
DLAV for loop formation between 2-3 dpa, the distal segmental network enhanced fI¢/ expression
at 3 dpa. flt1* extended dorsally from SeA at 4 dpa and formed a vascular loop with flt4*
regenerated from the PCV (white arrow). Conversely, DAPT treatment inhibited the initial
connections of both fIt/" and fit4" at 2 dpa and partially inhibited f/t4* from the DLAV and CVP
at 3 dpa (white arrowheads). At 4 dpa, DAPT treatment inhibited fIz/ *network (white arrowheads)
and attenuated loop formation at 4 dpa (white arrows). n=5 per each group. Scale bar: 20 um. (C)
Following tail amputation, Gatala MO injection or BDM treatment diminished fI/" in the
amputated site (white arrowheads) and partially attenuated fIr4* from the DLAV and PCV (*
asterisk, n=20 per each group). Increase in WSS (epo mRNA, isoproterenol, 6% hydroxyethyl
hetastarch) enhanced fIt/* network (white arrowheads) during loop formation (white arrows) as
compared to MO-injected controls. (n=20 per each group). Scale bar: 20 um. (D) Schematic
representations of WSS-mediated arterial- and venous- regeneration. Black arrowheads depict
regenerated fIt1* (Red) and fIr4" network (Blue) in response to differential hemodynamic WSS.

Figure 5. ephrinb2 regulates Notch-dependent vascular loop formation (A) Whole mount
immunofluorescence staining against ephrinb2 (green). At 3 dpf, Tg(flkl: mcherry) embryos
exhibited prominence in endogenous ephrinb2 expression in central nervous system, heart and
neutral tube (white arrowheads). Scale bar: 100 um. (B) Representative images of endothelial
ephrinb2 staining during DLAV-PCV loop formation (white arrowheads). Scale bar: 20 um. At 1

dpa, endothelial ephrinb2 staining increased in the caudal DA (white arrowhead). Ephrinb2
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staining increased in the distal SeA and regenerated vessels for secondary loop formation at 4 dpa.
Reduction of viscosity- and contractility-mediated WSS via Gatala MO injection and BDM
treatment reduced endothelial ephrinb2 staining, whereas increase in hemodynamic WSS (epo
mRNA, isoproterenol, 6% hydroxyethyl hetastarch) accentuated ephrinb2 staining in the distal
SeA, DLAV and CVP from 2 to 4 dpa. DAPT treatment, as the positive control, reduced ephrinb2
staining in the distal SeA and regenerated vessel regions (n=5 per each group). (C) Gross
morphology examinations following global ephrinb2 modulation. Both ephrinb2 MO and mRNA
injections did not affect gross morphology (white arrowheads). Scale bar: 100 um. (D) Compared
to the MO-injected controls, ephrinb2 MO injection (0.5-ImM) impaired loop formation (white
arrow) followed by retardations in the DA and SV morphology, maturity of the CVP and DLAV
at 4 dpa (white arrowheads). Transient overexpression of ephrinb2 mRNA restored DAPT, DN-
Notchlb mRNA (10-20 pg/nL) and Gatala MO-impaired loop formation (white arrows). Scale
bar: 20 pm. (E) Quantification of the proportion of embryos exhibiting loop formation and
normalized area of vascular loop (* p < 0.05 vs. control MO, n=20 per group). (F-G)
Representative images of Matrigel and HAEC migration assays following siScr or siephrinb2
transfection. (H) The density quantification of ephrinb2 expression following siephrinb2
transfection. TCL: total cell lysates (I-J) siephrinb?2 transfection reduced both tube length and the
number of branch points as compared to siScr-transfected HAEC. (" p < 0.05, ™ p < 0.005 vs.
siScr, n=3) (1) siephrinb2 transfection reduced A.O.R by ~45% at 24 hours post scratch (™ p <
0.005 vs. siScr, n=3)

Figure 6. WSS-responsive Notch-ephrinb2 pathway regulates arterial network formation (A)
Injection of ephrinb2 MO (0.5-1mM) diminished fI¢#/* in the DA and amputated site (white

arrowheads) to attenuate loop formation at 4 dpa (white arrow). Transient overexpression of
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ephrinb2 mRNA promoted fIt/" network formation in the amputated site (white arrowheads) and
restored DAPT and DN-Notch1b mRNA-impaired fI¢/ " regeneration (white arrow) (n=20 per each
group). Scale bar: 20 um. (B) Schematic representations of ephrinb2-dependent arterial (fIz/*) and
venous (flt14") regeneration. Black arrowheads depict regenerated fIt/* (Red) and fIt4" (Blue) in
response to differential ephrinb2 expressions.

Figure 7. Schematic overviews of the proposed mechanisms.

Supplemental Figure Legends

Supplemental figure 1. Average diameter of segmental vessels in the amputated site.
Amputated vascular networks in 7Tg(flil: gfp) zebrafish embryos were imaged to assess vessel
diameter in SeAs and SeVs for flow adaptation. Average diameters of the caudal SeAs adjacent to
the amputated site modestly increased from 1 dpa and remained dilated during regeneration.
Supplemental figure 2. Computational fluid dynamics (CFD) to validate hemodynamic WSS
modulation CFD analyses were performed to validate viscosity- and contractility-mediated
hemodynamic WSS. While increase in viscosity (epo mRNA, 10-20 pg/nL) or myocardial
contractility (isoproterenol, 100 uM) increased averaged hemodynamic WSS at 0 dpa, reduction
of viscosity (Gatala MO, 1 mM) or myocardial contractility (BDM, 100 uM) reduced WSS in the
distal SeA adjacent to the amputated site (white arrow). SeA: Arterial segmental vessel, SeV:
Venous segmental vessel.

Supplemental figure 3. Maximum intensity projections of wholemount pHH3"* in the
amputated site Cell mitosis marker (pHH3") was fluorescently stained in the Tg(flkl: mcherry)

line to quantify Notch-dependent proliferation. (A) Time-lapse image of the total pHH3" cells with
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and without DAPT treatment. Scale bar: 20 um. (B) Representative images of the total pHH3™"

cells in response to differential hemodynamic WSS. Scale bar: 20 um.

Supplemental figure 4. Schematic representations of batch processing and multi-level threshold
analyses to visualize 3D colocalizations of two fluorophores.

Supplemental figure 5. Endothelial Notch signaling regulates endothelial cell migration and
tube formation in vitro (A-B) Representative images of Matrigel tube formation and HAEC
migration with or without DAPT treatment or siNotchl transfection (Black arrowheads). (C) The
density quantification of Notchl1 protein expressions following siScr or siNotch transfection. TCL:
total cell lysates. (D-E) DAPT treatment or siNotchl transfection reduced both tube length and the
number of branch points as compared to DMSO-or siScr-transfected controls (™ p < 0.005 vs.
DMSO, vs. siScr, n=3). (F) DAPT treatment or siNotchl transfection significantly attenuated area
of recovery (A.O.R) at 12 hours post scratch. (* p < 0.005, ** p < 0.005 vs. DMSO, vs. siScr, n=3)
(G) 6 hours of in vitro PSS exposure upregulated Notch-related gene expressions including Notch
ligands DIl4 and Jagl, and the targets Hesl, Heyl and Hey2. DAPT treatment mitigated PSS-
increased mRNA expressions, whereas siNotch transfection specifically inhibited D1l14-Hes1 axis
(Fp<0.05 " p<0.005 """ p < 0.0005 vs. static, normalized with human actin, n=3).
Supplemental figure 6. Analyses of 6% hydroxyethyl hetastarch injection via common
cardial vein (CCV) (A) The injection of 6% hydroxyethyl hetastarch to modulate plasma viscosity
was recapitulated by co-injecting with FITC-dextran. Images of injected embryos were taken at 1
hour post injection (hpi). DLAV: Dorsal longitudinal anastomotic vessel. CCV: Common cardinal
vein. Scale bar: 50 um. (B) Average heart rate (bpm) remained unchanged at 1 hpi (n=5). (C)
Assessment of changes in plasma viscosity and flow rate following 6% hydroxyethyl hetastarch

injection. For the measurements, see Materials & Method. (D-E) At 1 hpi, viscosity in the DA was
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reduced by 5.5%, whereas flow rate of ds-red” remained the unchanged (n=6 for viscosity, n=4
for flow rate measurement). (F) Under the static condition, Notch-related gene expressions in
HAEC remained unchanged following 4 and 12 hours of 6% hydroxyethyl hetastarch treatment (**
p < 0.005, " p < 0.0005 vs. H,0, normalized to human actin, n=3).

Supplemental figure 7. Notch signaling pathway regulates WSS-mediated loop formation
(A) Representative images of endothelial #p/ activity and vessel regeneration following transient
modulations of global Notch expressions (DAPT, DN-Notchlb and NICD mRNA) and WSS (epo
mRNA, isoproterenol, Gatala MO and BDM). In the presence of DAPT or DN-Notchib mRNA,
augmented WSS failed to increase endothelial #p/ activity in the amputated site (white arrowheads)
to promote loop formation at 4 dpa (white arrows). NICD mRNA injection up-regulated
endothelial #p/ activity and restored Gatala MO-impaired regeneration. Following exposure to
BDM, NICD mRNA increased endothelial zp/ activity, but failed to restore regeneration. (* p <
0.05, ™ p < 0.005, vs. NICD mRNA+Gatala MO, n=20).

Supplemental figure 8. Time-lapse imaging of arterial and venous vessels with
Tg(Fltl:tdtomatoe; Flt4: yfp) zebrafish Time-lapse images of arterial (fIt/", red) and venous
(flt4*, green) vessels with indicated treatments.

Supplemental figure 9. Notch signaling pathway regulates WSS-responsive arterial network
In the presence of DAPT or DN-Nofchlb mRNA, increase in viscosity- and contractility-mediated
WSS (epo mRNA, isoproterenol, 6% hydroxyethyl hetastarch) resulted in the absence of
fltI network (white arrowheads) for loop formation (white arrow) at 4 dpa. In addition, fIr4*
DLAV and PCV (* asterisk) was partially attenuated at 4 dpa. Conversely, N/CD mRNA reversed

the effect of Gatala MO (n=3 per each time point).
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Supplemental figure 10. Endothelial ephrinb2/Ephb4 pathway systematically regulates
vascular loop formation (A) Injection of EphB4 MO (0.5 mM) disrupted the CVP morphology
(*asterisk) and impaired DLAV-PCV loop formation (white arrowheads). In addition, knockdown
of both ephrinb2 and EphB4 (0.25 mM) sustained EphB4-knockdown phenotypic patterns and
arrested loop formation (n=20 per each group) EphB4 or double knockdown inhibited both fz/*
in the proximal SeA and fIr4* DLAV and PCV during loop formation. (n=20 per each group) (B)
Schematic representations of ephrinb2/EphB4-mediated arterial and venous regeneration. Black
arrowheads depict regenerated fI¢1*/fit4" following EphB4 or ephrinb2/EphB4 knockdown. (C-D)
Representative images of Matrigel tube formation and HAEC migration with and without siEphB4
transfection and/or co-transfection with siephrinb2. (E) The density quantification of EphB4
expression following siEphB4 transfection. TCL: total cell lysate (F-G) While siEphB4
transfection reduced tube length and the number of branch points, transfection of both siephrinb2
and siEphB4 aggravated branch point formation as compared to siScr-transfected HAEC. (" p <
0.05, ™ p < 0.005, ™" p < 0.0005 vs. siScr, n=3) (H) siEphB4 transfection reduced, whereas
transfection of both siephrinb2 and siEphB4 further reduced area of recovery (A.O.R) by at 24
hours post scratch (** p < 0.005, ™ p < 0.0005 vs. vs. siScr, n=3).

Supplemental figure 11. Pulsatile shear stress (PSS) increases total amount of
ephrinb2/EphB4 interaction Human Aortic Endothelial Cells (HAEC) monolayers were
subjected to unidirectional PSS (2317 dyne-cm™ at 1Hz) for 6, 12, 24 hours. (A) Exposure to PSS
increased both ephrinb2 and EphB4 protein expression in a time-dependent manner. While DAPT
treatment and siNotchl transfection attenuated PSS-increased ephrinb2 expressions, EphB4
expression remained statistically unchanged. The density quantification of the blots was

normalized to B-tubulin. (n=3) (B) Transcript of klf2 mRNA expressions were assessed as an
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internal control. kIf2 mRNA increased by ~ 4.0-fold following PSS exposure. (*p < 0.03, vs. static,
normalized to human actin, n=3) (C) siephrinb2 transfection did not affect PSS-increased EphB4.
(D) Compared to static controls, 6 hours of PSS exposure modulated ephrinb2-mediated EphB4
pull down in Notch-dependent manner (untreated: 59%; siScr: 65%, siNotchl: 18% reduction,
DMSO: 21% and DAPT: 16%, respectively, * p < 0.05, vs. static, n=3). (E-F) PSS further
increased the total amount of ephrinb2/EphB4 complex without affecting polarization kinetics
between endogenous ephrinb2 and EphB4. (* p < 0.05 vs. static, n=3) The average number of
individual ephrinb2/EphB4 ligation and average size of the total ligations per cell were quantified
for statistical comparisons. Compared to the static control, PSS exposure increased average size
of an individual ligation by 2.3-fold, while siNotchl transfection significantly reduced both the
number and the size of ligations and attenuated the effect of PSS (" p < 0.05 vs. static, n=3).
Supplemental figure 12. Quantification of vascular loop formation

Area quantifications of the vessel regeneration were performed as described in Method. Entire
network of endothelial vasculature on the posterior tail segment (purple) was designated

automatically, whereas regenerated vascular loop was derived manually (pink).

Supplemental Videos

Supplemental Videos 1. Tail amputation increased hemodynamic flow in the distal segmental
arteries (SeA)

Supplemental Videos 2. Blood flow adaptation in fI#1" network following tail amputation.
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Table 1. Sequencing Information of MOs

MOs | Sequence (5’- 3°)
Zebrafish p53 MO
GCGCCATTGCTTTGCAAGAATTG
Zebrafish Gatala MO
CTGCAAGTGTAGTATTGAAGATGTC
Zebrafish ephrinb2a MO
AATATCTCCACAAAGAGTCGCCCAT
Zebrafish EphB4 MO
(Splice) CTGGAAAACACACACGAGAGATAGA

Table 2. Sequencing Information of QRT-PCR primers

Primers | gRT-PCR primer sequence (5’- 3”)
Human Forward CGACAGGTGCAGGTGTAGC
Dll4 Backward TACTTGTGATGAGGGCTGGG
Human Forward CAAAGTGTGCCTCAAGGAGTATCAGTCC
Jagl Backward GAAAGGCAGCACGATGCGGTTG
Human Forward TGAGCCAGCTGAAAACACTG
Hesl Backward GTGCGCACCTCGGTATTAAC
Human Forward GTTCGGCTCTAGGTTCCATGT
Heyl Backward CGTCGGCGCTTCTCAATTATTC
Human Forward GCGACCTGTCCTACGCCGACCTCA
FOXO01 Backward CCTTGAAGTAGGGCACGCTCTTGACC

Table 3. Cloning Primers

Primers | qRT-PCR primer sequence (5’- 3’)
Rat NICD Forward GCAGGATCCACCATGGGTTGTGGGGTGCTGCTGTCCCG
CAAG
Backward CTTGAATTCTTACTTAAATGCCTCTGGAATGTGGGTG
Zebrafish Forward GATCCCATCGATTCGAATTCACCATGCATCTTTTCTTCG
DN-Notchlb TGAAACTAATTGTTG

Backward CTATAGTTCTAGAGGCTCGAGCTAAGCGTAATCTGGAA
CATCGTATGGGTATTCTCCGACCGGCTCTCTCCTC

Zebrafish Forward ATTCGAATTCCACCATGGGCGACTCTTTGTGGAGATATT
Ephrinb2 ACTTTG
Backward AGAGGCTCGAGTCACACCTTGTAATAGATGTTTGCTGG
GC
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