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SUMMARY

A functional network of blood vessels is essential for organ growth and homeostasis. Yet, how 

the vasculature matures and maintains homeostasis remains elusive in live mice. By longitudinally 

tracking the same neonatal endothelial cells (ECs) over days to weeks, we found that capillary 

plexus expansion is driven by vessel regression to optimize network perfusion. Neonatal ECs 

rearrange positions to evenly distribute throughout the developing plexus and become positionally 

stable in adulthood. Upon local ablation, adult ECs survive through a plasmalemmal self-repair 

response while neonatal ECs are predisposed to die. Furthermore, adult ECs reactivate migration 

to assist vessel repair. Global ablation reveals coordinated maintenance of the adult vascular 

architecture that allows for eventual network recovery. Lastly, neonatal remodeling and adult 

maintenance of the skin vascular plexus are orchestrated by temporally restricted, neonatal 

VEGFR2 signaling. Our work sheds light on fundamental mechanisms that underlie both vascular 

maturation and adult homeostasis in vivo.
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Graphical Abstract

IN BRIEF

Maturation and expansion of skin vasculature is driven by vessel regression with endothelial cells 

rearranging to distribute and optimize network perfusion. During adulthood, positionally stable 

cells reactivate migration to assist vessel repair. Following membrane injury, adult endothelial cells 

survive through a self-repair response, while neonatal cells are predisposed to die leading to vessel 

regression.

INTRODUCTION

Proper organ function requires an optimally constructed vascular network to ensure an 

adequate supply of nutrients and soluble factors via the bloodstream1. This ability is 

particularly relevant to capillaries, the small diameter vessels that function as the primary 

conduits for transport of soluble factors, nutrients, and immune cells to perfused tissues2–4. 

Endothelial cells (ECs) are the functional units of capillaries, consisting of specialized 

squamous cells that form the inner lining of all blood vessels5. ECs execute many processes 

involved in vascular network formation, refinement, and function by regulating fundamental 

aspects of vessel morphogenesis5–10.

The period immediately following birth is known as the neonatal developmental stage. It 

is an understudied, critical window that bridges the morphogenic events of embryogenesis 

Kam et al. Page 2

Cell. Author manuscript; available in PMC 2024 May 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to adult homeostasis11–15. Yet, there are significant gaps in our understanding of the tissue, 

cellular and molecular mechanisms involved in postnatal vessel network maturation and 

maintenance of adult vascular homeostasis. This is largely due to technical challenges 

associated with long-term tracking of changes in vascular architecture, function, and 

underlying EC behaviors, particularly within mammalian model systems. The skin functions 

as an essential barrier to the external environment16,17. Skin capillaries play a vital 

role in maintaining organ homeostasis: they control body temperature, regulate immune 

surveillance, and transport nutrients and paracrine factors18–20.

Here, we investigated cellular-, tissue-, and molecular-level mechanisms that define 

the maturation, maintenance, and function of the mouse skin capillary plexus via our 

longitudinal intravital imaging approach21. We found that capillary plexus maturation 

is mediated by coordinated regression and rearrangement of existing ECs to optimize 

network perfusion. Adult ECs become positionally stable but maintain vessel and network 

integrity via coordinated behaviors of neighbors. Furthermore, adult but not neonatal ECs 

preferentially survive damage through a plasmalemmal self-repair mechanism that prevents 

vessel regression. Collectively, our work demonstrates that distinct mechanisms regulate 

postnatal skin maturation and vascular homeostasis in adult skin, and that responses to 

cellular loss differ in the context of scale and developmental stage.

RESULTS

Vessel regression drives maturation of the capillary network to optimize network perfusion

The mouse skin vasculature resides in the dermis and is organized in connected plexuses 

throughout the organ (Figures S1A–C). We sought to elucidate the mechanism by which 

the skin superficial capillary plexus matures into an adult network. To achieve this, we 

focused on the neonatal developmental period and visualized blood vessels in live mice21. 

We conducted our studies in palmoplantar skin as this anatomical region offers a simplified 

model devoid of cycling appendages22,23.

To label the vascular architecture, we utilized an EC restricted Cre driver, recombining 

membrane-GFP specifically in ECs (VECadCreER; mTmG)24,25 (Figures 1A–1B). We 

compared the skin capillary plexus as it expands during various postnatal periods, including 

neonatal mice at postnatal day 5 (P5), weanling (P21), and juvenile (P35) stages. P5 

mice exhibited significantly smaller capillary loops and more abundant branching points 

compared to P21 cohorts (Figures 1A, 1A’ and 1A”). In addition, we observed an overall 

decrease in vascular coverage in the older mice (Figures 1A and 1A’”). When comparing 

P21 and P35 mice, these differences were not observed, indicating that the majority of 

postnatal vascular remodeling occurs before weaning (P21).

We next investigated the mechanisms responsible for the observed changes in vascular 

architecture by longitudinally tracking these same vessels over time. We revisited the 

capillary plexus at P5-P9-P15 and identified active remodeling events such as vessel 

regression (Figure 1C; Red inset) and new vessel growth (angiogenesis) during this time 

period (Figure 1C; Green inset). Quantifications of these events over larger areas (>300,000 

μm2) during P5-P15 show that vessel regression significantly outpaced angiogenesis at both 
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the P5-P9 (4:1 ratio) and P9-P15 (18:1 ratio) intervals (Figure 1C’). Furthermore, these rates 

were comparable between hairy and non-hairy skin (Figures S1D–S1E).

In accordance with previous studies26, vessels undergoing regression were indistinguishable 

from those undergoing angiogenesis as ~70% of vessel “sprouts” tracked from P5 to 

P9 resulted in regression (Figures S2A–S2A’). Similarly, lateral filopodia, established 

indicators of remodeling vessels, significantly decreased as the network matured (Figures 

S2B–S2B’)27. To characterize the kinetics of vessel regression, we performed daily revisits 

and found that while some segments regressed within 1–2 days (Figure S2C), others took up 

to 4-days to completely regress (Figure S2D). Intriguingly, many angiogenesis events from 

P5-P9 were transient as ~70% of these segments were found to be regressed at P15 (Figures 

1D–1D’). In contrast, newly formed vessels in a wound context were largely maintained 

(>80%) (Figures S2E–S2E’), indicating that transient angiogenesis may be a feature of 

developing vessel beds.

Hemodynamics are critical in the regulation of vascular remodeling7,28,29. To investigate the 

functional relationship between vessel regression and blood flow, we visualized red blood 

cells (RBCs) via third harmonic generation (3HG) imaging (Movie S1)30. Intriguingly, 

a substantial proportion (~50%) of capillaries were non-perfused during neonatal stages, 

whereby non-perfused vessels displayed either a lack of 3HG signal or the presence 

of stalled RBCs (Figures 1E–1E’). As we tracked these vessels, we found that the 

percentage of non-perfused vessels was reduced over neonatal development (Figures 1E–

1E’). Furthermore, the majority of vessels fated for regression (~90%) were non-perfused 

(Figures 1E and 1E”), though lack of perfusion was not a guarantee for subsequent 

regression. Poor network perfusion may influence the hypoxic status of the skin, which was 

found to be significantly higher at P5 compared to P21 as assessed by pimonidazole-HCl 

labeling (Figures S2F–S2F’). Collectively, our findings build upon principles of network 

optimization observed in other model systems28 and suggest that the vessel remodeling 

program of the dermal capillary plexus is driven by network-wide regression leading to 

optimization of network perfusion.

Neonatal ECs participate in plexus-wide positional rearrangement and execute vessel 
regression via migration.

We next sought to understand the cellular mechanisms underlying vessel regression. We 

visualized single ECs via a minimal dose of tamoxifen administered to VECadCreER; 
mTmG mice (Figure 2A). We performed longitudinal imaging of single-labeled ECs over 

the postnatal period spanning P5-P15 and specifically monitored the fate of ECs in vessel 

segments that ultimately underwent regression. We successfully identified the same cells at 

successive time points in nearly all regression events (37/38), indicating that EC apoptosis is 

not a significant contributor to vessel regression. Instead, we found that ECs migrated from 

regressing segments into adjacent vessels (Figures 2A–2A’). Similar regression mechanisms 

have been described in zebrafish brain and mouse retinal vascular development26,28,31, 

pointing to migration-mediated regression as a conserved developmental mechanism in 

vascular biology.
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Most strikingly, we found that EC migration was broadly distributed and not restricted to 

regressing segments; indeed, we found evidence of EC migration in non-remodeling vessels 

(Figure 2B). As they changed positions, these ECs adapted their cellular morphology to the 

plexus structure, migrating within the endothelial layer. Analysis of EC migration (Figure 

S3A) over the P5-P11 interval revealed that the average rate of EC migration decreases 

over developmental time (Figure 2B’). We also employed an independent strategy based 

on the use of an EC nuclear reporter (VECadtTA; pTREH2BGFP; mTmG) allowing for 

simultaneous tracking of all ECs (Figure 2C)32,33. Overlay of a conserved capillary loop 

at P5 and P7 revealed minimal positional overlap of EC nuclei, confirming that the vast 

majority of capillary ECs undergo positional rearrangement (Figures 2C–2C’). The direction 

of EC migration was largely polarized against the direction of blood flow, consistent with 

other model systems (Figures 2D, 2D’ and S3B)7,10,34. These EC migratory behaviors 

were also found in larger caliber venules and arterioles of the dermal microvasculature 

(Figure S3C). The migration rates of venule and arteriole ECs were both consistent with the 

migration rates observed in capillaries (<100 μm over 4 days) (Figure S3C’). Our findings 

show that skin capillaries execute selective vessel regression through a migratory mechanism 

and that ECs undergo network-wide migration and rearrangement that decrease throughout 

neonatal development.

Cellular density in the developing plexus is locally controlled by the incorporation of ECs 
from regressed segments.

The widespread movement of ECs during skin development suggests that local cell density 

might be affected as cells from regressing segments are incorporated into nearby capillary 

loops. We hypothesized that capillary loops containing regressed segments would exhibit 

a larger increase in cell number than conserved loops without regressions. To test this, 

we determined the net change in EC number by tracking “conserved loops” and “regression-

containing loops” from P5 to P21 (Figure 3A). Interestingly, not accounting for P5 ECs 

fated for regression (white asterisks), by excluding them from the analysis, showed that 

regression-containing loops displayed a significant increase in the change of cell number 

compared to conserved loops (Figures 3A, 3A’ and S4C). However, when regressed ECs 

were included in the P5 cell counts, there was no longer a significant difference in the net 

change of EC number between conserved loops and regression-containing loops, indicating 

that regressed ECs were incorporated into the P21 capillary loops (Figure 3A”). We next 

investigated whether EC proliferation or apoptosis contributed to the regulation of EC 

density in the remodeling plexus. Phospho-Histone H3 (pHH3) immunostaining showed that 

active EC proliferation is very low (<0.4%) at P5 (Figures S4A–S4A’). We further probed 

EC proliferation via daily injections of EdU from P5-P8 and found that ~4% of ECs are EdU 

positive within this time window (Figures S4B–S4B’). Altogether these data show that EC 

proliferation does not appear to be a major contributor to plexus expansion. Furthermore, 

when surveying EC nuclei morphology in neonates, we did not detect apoptotic bodies, a 

method we have previously used to score apoptosis events reliably (data not shown)35.

We next investigated plexus-wide changes in EC density by analyzing large numbers of 

ECs (>500 cells) during plexus expansion from P5 to P21 (Figure 3B). Interestingly, when 

controlling for conserved area, EC density was reduced by ~2-fold in P21 compared to 
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P5 mice (Figure 3B’). However, EC density was largely maintained when assessed relative 

to the original, architecturally conserved vessel structures (Figure 3B”). Assessment of 

EC internuclear distance between P5 and P21 vessels revealed a significant increase of 

internuclear distance in P21 compared to P5 vessels (Figure S4D), suggesting that EC 

expansion may also contribute to loop expansion.

Lastly, given that our analysis of plexus expansion was performed within the XY-plane, we 

sought to determine if similar principles of network expansion applied to the XZ-axis. To 

our surprise, we did not detect appreciable expansion of this network in the XZ-plane and 

instead the same vessel structures were found at corresponding depths across revisits (Figure 

S5 and Movie S2). Together, our results demonstrate that EC density in the remodeling 

plexus is regulated by the incorporation of ECs from regressed vessels, allowing for the 

expansion of the capillary network during postnatal development.

ECs become positionally stable in adulthood but coordinate neighborhood rearrangement 
in response to local ablation.

The decreasing rate of EC migration during neonatal development prompted us to 

investigate whether ECs continue to change positions in the adult plexus. To answer this 

question, we labeled ECs at P35 and revisited the animals 1-month later at P63. We 

detected negligible amounts of displacement over this 1-month interval (Figures 4A–4A’). 

The observed cessation of cellular mobility parallels the lack of vessel remodeling observed 

in adult vessels.

Considering the stability of the adult plexus, we next sought to determine how vessel 

maintenance is achieved following neighboring cell loss. To address this, we performed 

localized ablation using the two-photon laser. These ablations were directed at sites adjacent 

to single labeled ECs, allowing for assessment of nearby responses when revisited 1-day 

later (Figure 4B). Interestingly, we found that neighboring ECs responded to ablation 

by either reactivating migration or elongating towards the ablation site (Figures 4B–4C). 

Quantification of the cumulative responses of ablation-adjacent ECs showed that >90% of 

the labeled cells responded by either elongating or migrating towards the ablation site with 

equal probability (Figures 4B’–4B”).

To assess the extent of neighbor participation following ablation, we employed models to 

label more than just one cell. By marking two flanking ECs, we show a rapid response of 

both cells elongating towards the ablation site and closing the distance between each other 

by 24-hour revisit (Figure 4C and Movie S3). By marking all nuclei, we show that EC 

positional rearrangement occurred primarily within the afflicted segment at 24-hours post-

ablation, along with further positional adjustments within neighboring segments 1-week 

post ablation (Figure 4D). No proliferation or EC replacement were captured. Collectively, 

these data demonstrate that adult ECs are positionally stable under homeostatic conditions. 

Following local ablation, these cells do not proliferate but rather mount a coordinated 

rearrangement response that effectively repairs the afflicted vessel.
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Network-wide ablation of adult ECs reveals the coordinated maintenance of plexus 
architecture by surviving ECs.

The robustness of vessel architecture preservation in the face of limited cellular loss 

prompted us to investigate the response of the adult network to large-scale ablation of 

ECs. To test this, we utilized VECadCreER; R26DTA animals that express diphtheria toxin 

(DTA) specifically in ECs upon tamoxifen administration36, combined with VECad-mTnG 
animals that express constitutive nuclear (H2B-GFP) and membrane (tdTomato) in ECs37 

(Figure 5A). Administration of 200 μg of tamoxifen led to induction of EC death throughout 

the vasculature while preserving the survival of the animal (Figure 5A). Ablation of ~25% 

of adult ECs by 6-days post-induction (D6) (Figures 5B–5B’), induced regression of only 

~5% of vessels compared to pre-induction (D0) (Figure 5B”), indicative of significant 

compensation from the remaining network ECs. This was highlighted by various instances 

whereby small numbers of ECs (1–2) were able to maintain vessel connections by extending 

their cell bodies (Figure 5C). We hypothesized that vessel segments subject to a higher 

number of EC losses at D6 would be more susceptible to induced regression. However, 

quantification of the change in EC number/vessel length from D0 to D6 in maintained versus 

regressed segments showed no statistical difference (Figures 5D–5D’). Rather, we detected 

a significant difference between the EC number/vessel length at D0 in maintained versus 

regressed segments (Figures 5D and 5D”), suggesting that segments with a higher starting 

number of ECs are better able to withstand cellular losses and avoid induced regression.

Further tracking of EC density at D12 and D18 showed a partial recovery of overall EC 

density (Figure 5B’), consistent with proliferative response of network ECs following large-

scale injury shown previously8,38. However, this recovery (D6 vs D18) was not statistically 

significant, likely due to the permanent elimination of vessel segments lost to regression. 

A closer inspection of vessels that were maintained following DTA ablation confirmed this 

as we found a significant recovery of ECs/vessel length from D6 to D18 in maintained 

segments (Figures 5D and 5D”). Furthermore, even within maintained vessels, we still 

observed a significant difference between the ECs/vessel length in D0 compared to D18 

conditions (Figure 5D”). These results indicate that while the adult network is able to 

recover in response to plexus-wide losses, this recovery falls short of the original state of 

the plexus from both the standpoint of plexus architecture and network density distribution. 

Collectively, these data demonstrate the resilience of the adult EC network architecture that 

is mediated by the coordinated behaviors of surviving ECs in response to large-scale cellular 

loss.

Adult but not neonatal ECs preferentially activate a plasmalemmal self-repair mechanism 
to survive membrane damage and preserve vessel architecture.

To better understand the repair process following local ablation, we next interrogated the 

mechanism by which damaged ECs are cleared while maintaining the structural integrity of 

the vessels. We visualized the spatiotemporal dynamics of EC death and clearance following 

targeted laser ablation using time-lapse microscopy. Remarkably, we found that many adult 

ECs did not die; instead, they survived by excising portions of their cell body upstream of 

the damage site within the first hour following ablation (Figure 6A and Movie S4). This 

response was followed by EC elongation towards the ablation location. We next determined 
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the fate of injured adult ECs 24-hours following laser ablation (Figure 6B; top panel). We 

found that the majority of membrane-damaged adult ECs (>60%) were present 24-hours 

following laser ablation (Figures 6B–6B’). In contrast, only ~20% of neonatal (i.e., P5-P7) 

ECs were maintained 24-hours post-ablation (Figures 6B–6B’). These observations show 

that plasmalemmal self-repair is utilized by adult ECs to a much greater extent (i.e., 3-fold) 

compared to neonatal ECs.

To further understand EC death or survival at different developmental stages, we performed 

time-lapse imaging of neonatal ECs following laser ablation. Interestingly, neonatal ECs 

exhibited rapid whole-cell membrane blebbing as the cell died (Figure 6D and Movie S6). In 

contrast, adult ECs that underwent cell death did not exhibit peripheral membrane blebbing 

but rather a gradual clearance of the labeled cell (Figure S6). Surviving adult ECs also 

exhibited membrane blebbing close to the ablation site in addition to the excision mediated 

mechanism observed (Figures 6A, 6C, Movie S4 and Movie S5).

To probe the functional consequence of these ablations, we monitored blood flow in 

response to ablations. We found that 1-hour post-ablation, blood flow was halted specifically 

in the afflicted segment (Figure 6E). Revisiting 24-hours later showed a recovery of blood 

flow within the ablated segment (Figure 6E) demonstrating that temporary cessation of flow 

occurs while ECs carry out coordinated behaviors to repair the injured vessel.

The observed differences in cell survival following ablation in neonatal compared to adult 

ECs prompted us to investigate the implications at the tissue level. We assessed the fate 

of vessel segments and showed that all adult vessels evaluated were maintained 24-hours 

post-ablation (Figures 6F–6F’). In contrast, neonatal vessels were maintained in only ~30% 

of the vessels tracked; most neonatal vessels underwent regression following laser ablation 

(Figures 6F–6F’). Together, our findings point at an age-dependent divergence in the 

regulation of EC membrane repair in response to local ablation.

Neonatal vessel regression, optimization of network perfusion, and adult maintenance are 
orchestrated by neonatal VEGFR2 signaling.

To understand the molecular underpinnings of vascular maturation, we turned to a critical 

vascular signaling pathway- VEGF-A signaling39. We first assessed the expression of 

VEGF-A and its cognate receptor VEGFR2 during postnatal skin development. We 

determined that VEGF-A expression was significantly higher (~3-fold) in P6 skin compared 

to P15, a difference that was not observed in P15 versus adult skin as assessed by ELISA 

(Figure 7A). Whole-mount immunostaining for VEGFR2 showed enriched expression in 

blood vessels at P5, in contrast to broad dermal expression at P21 (Figure 7B). Furthermore, 

FACS analysis of VEGFR2 expression on ECs reveals a mild but significantly lower 

expression of VEGFR2 at P21 compared to P5 (Figures S7A–S7B’). Altogether, analyses 

of ligand and receptor protein expression suggest that VEGF-A signaling via VEGFR2 may 

play a regulatory role during the skin vascular maturation process.

To test whether VEGFR2 signaling plays a role towards skin vascular maturation, we 

employed DC101, a potent and specific inhibitor of VEGFR240,41 (Figures S7C–S7C”). 

Tracking of treated mice (injected at P4 and P7) from P5 to P9 (Figure 7C) showed that 
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DC101-treated animals displayed ~2-fold higher levels of vessel regression in the P5-P9 

interval when compared to vehicle-treated littermates (Figure 7D–7D’), consistent with a 

previous study that utilized genetic deletion of VEGFR242.

Further tracking at P21 showed overall healthy plexus morphology and vessel coverage 

in both conditions (Figure S7D–S7D’), suggesting that DC101 led to an acceleration of 

the physiological vessel remodeling program. To understand the functional consequences 

of this accelerated remodeling, we performed network blood flow analysis at P9. We 

found that DC101-treated mice displayed a significantly higher percentage of perfused 

vessels compared to controls (Figures 7E–7E’). This result shows that VEGFR2 regulated 

acceleration of vessel regression results in a corresponding acceleration of network 

perfusion.

Lastly, to understand the longer-term consequences of neonatal VEGFR2 blockade, 

we continued to track these mice into adulthood at 2-months of age. Intriguingly, 

when compared to vehicle-treated controls, DC101-treated animals displayed abnormal 

vessel morphology, with widespread distribution of vessel kinks and tortuous capillaries, 

established indicators of unhealthy or diseased vessels (Figures 7F–7F’)9,43–45. Furthermore, 

this morphology was reminiscent of vessel structures that we had previously observed in 

control 6-month old animals (Figure 7F). These results show that blockade of vascular 

VEGFR2 signaling during neonatal stages leads to premature deterioration of vessel 

structure and more aged morphology. These findings emphasize the importance of the 

vascular maturation process and how dysregulation of VEGF-A/VEGFR2 signaling during 

this critical window can lead to impaired vascular homeostasis in adulthood.

DISCUSSION

This study shows that neonatal vessel remodeling in the expanding plexus is driven primarily 

by network-wide vessel regression that favors the elimination of non-flowing vessels to 

optimize network perfusion. The majority of new vessels formed via angiogenesis represent 

transient connections fated for regression. These findings indicate that neonatal remodeling 

of skin capillaries favors an overall reduction in vessel coverage and raises several questions 

regarding the purpose and regulation of these transient vessel connections. It was previously 

proposed that external signals promote the formation of new vessels fated for elimination as 

a strategy to favor regression of immature vessel segments46. Alternatively, these vascular 

structures may play functional roles in the stereotyped remodeling of the developing plexus. 

Future studies should focus on elucidating the regulation of transient vessel formation as this 

process may have important implications for angiogenic remodeling in other developmental 

systems or pathological states.

We find that plexus-wide rearrangement and incorporation of ECs from regressed vessels 

serves as a mechanism to regulate EC density in the growing plexus. It is well established 

that ECs adopt cellular quiescence in adulthood and actively repress their proliferative 

capacity under homeostatic conditions47,48. Our findings suggest that the suppression of EC 

proliferation begins early in postnatal life, as the capillary plexus favors the reabsorption 

of regressed ECs and increases in EC size over increasing EC number as a mechanism for 
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plexus expansion. These results shed light upon shared and divergent cellular mechanisms 

that underlie vessel regression in developmental versus pathological states46,49–51.

Establishing the positional and architectural stability of ECs during adulthood allowed 

us to investigate the cellular mechanisms utilized by ECs to maintain homeostasis. We 

observed that capillary ECs do not proliferate in response to local ablations but rather 

compensate for the loss of neighbors through membrane remodeling. Network-wide EC 

ablation revealed that large losses of ECs (~25%) led to limited induction vessel regression 

and subsequent partial recovery of EC numbers. This finding has important implications 

for various cardiovascular, immune and inflammatory diseases that are known to cause 

wide-spread EC apoptosis as it suggests a permanence of the damage inflicted to an 

endothelial network. Overall, these results provide valuable knowledge towards the differing 

cellular mechanisms employed by EC networks to mediate the repair and recovery towards 

small scale injuries that resemble homeostatic loss of ECs due to wear and tear versus the 

wide-scale EC apoptosis that is characteristic of various pathologies.

In addition to neighboring EC responses, we uncovered a divergence of fates in neonatal 

versus adult ECs following local membrane ablation. The ability of adult ECs to self-repair 

is reminiscent of the membrane resealing capacity observed in muscle fibers, an ability 

believed to have evolved owing to the frequency of membrane injuries resulting from 

repeated muscle contraction52,53. Considering the persistent exposure of ECs to shear 

and contractile forces associated with blood flow, it is plausible that ECs evolved similar 

capacities for self-repair as a protective measure against injuries related to these forces.

In summary, our work describes the postnatal journey of ECs and their role in the maturation 

and maintenance of the capillary network. It establishes an understanding of the cellular 

mechanisms that dictate neonatal vascular development and adult homeostasis. Our findings 

lay the foundation for understanding of pathologies and conditions characterized by vessel 

rarefaction or impaired vascular maintenance, such as scleroderma, primary hypertension, 

and aging49–51. Furthermore, our results contribute to a deeper understanding of therapeutics 

that facilitate vessel maturation such as those that target the VEGF signaling pathway, as 

well as improve drug delivery during tumorigenesis54.

Limitations of the study

In this study, we focused on understanding the developmental remodeling and maintenance 

of the skin microvascular network, with particular emphasis on capillaries. Future studies 

should focus upon understanding the conserved and diverging principles of our findings 

within veins and arteries. Another potential consideration is our use of pan-endothelial 

drivers (VE-Cadherin promoter) that do not account for possible heterogeneity within 

subpopulations of ECs. Subsequent studies that employ single cell RNA sequencing 

approaches to identify potential markers of specialized ECs during development and repair 

would be exciting directions that improve our resolution of these fundamental processes 

while providing potential targets for therapeutics.
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STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Valentina Greco 

(valentina.greco@yale.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability

• All original data are available upon reasonable request to Lead Contact.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the Lead Contact upon request.

Experimental Model and Subject Details

Mice: VE-CadherinCreER (VECadCreER)24 and VECadherin-mTnG (VECad-mTnG)37 

mice were obtained from Ralf Adams (Max Planck Institute). Elaine Fuchs 

(Rockefeller University) provided pTRE-H2BGFP mice33. Rosa26-loxP-membraneTomato-
(stop)-membraneEGFP (mTmG)25 VE-CadherintTA (VECadtTA)32, and R26-LSL-DTA36 

mouse lines were from The Jackson Laboratory. All mice were bred to a mixed CD1 albino 

background. The animals used in this study were of both genders and within an age range 

of P1 to P21 for postnatal development studies and 2–4 months for adult studies. The 

experiments were not randomized. The investigators were not blinded to allocation during 

experiments and outcome assessment. All experimentation involving animal subjects was 

approved by the Institutional Animal Care and Use Committee at Yale School of Medicine 

and conducted following the approved animal handling protocol.

Method Details

In vivo imaging: In vivo imaging procedures were carried out as previously described21. 

Mice were anesthetized in an isoflurane chamber and continuously received vaporized 

isoflurane through a nose cone (1% oxygen and air) on a warm heating pad for the duration 

of the analysis. A LaVision TriM Scope II (LaVision Biotec) laser scanning microscope 

equipped with a Chameleon Vision II (Coherent) two-photon laser (using 940 nm for live 

imaging and whole-mounts) and a Chameleon Discovery (Coherent) two-photon laser (using 

1120 nm for live imaging and whole-mounts) was used to acquire z-stacks of 100–200 

μm in 1–2 μm steps through either a Nikon 25×/1.0 or a Nikon 40x/1.15 water immersion 

objective. Optical sections were scanned with a field of view of 0.44 × 0.44 mm2 or 0.28 

× 0.28 mm2, respectively, at 700 Hz. To visualize large areas, we imaged 4–24 tiles of 

optical fields with a motorized stage and automatically acquired sequential fields of view, 

as previously described. For time-lapse imaging, serial optical sections were obtained in 

a range of 5–20 min intervals, dependent upon experimental setup with a duration of 1–5 

hours. For imaging of blood flow via third harmonic generation (3HG), the Chameleon 

Discovery (Coherent) two-photon laser was tuned to 1275 nm, allowing for label-free 
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detection of red blood cells. To evaluate network perfusion status, 3HG imaging at fine 

Z-increments (0.5 μm) whereby repeated scanning through vessel lumens when projected 

maximally provided a visualization of vessel perfusion status.

Tamoxifen induction: To induce maximal expression of membrane-GFP labeling in 

neonates, VECadherin-CreER; mTmG mice received intragastric injections of 100 μg of 

tamoxifen at postnatal days 1 (P1) and P2. To induce single cell labeling in neonates, mice 

received intragastric injection of 2 μg of tamoxifen at P2. To induce single cell labeling 

in adults, mice received intraperitoneal injection of 10 μg of tamoxifen at least 3-days 

prior to imaging. To induce dipththeria toxin (DTA) expression, VECadherinCreER; R26-
LSL-DTA; VECadherin-mTnG adult animals were administered with 200 μg of tamoxifen 

via intraperitoneal injection prior to in vivo imaging at indicated time-points. Tamoxifen 

(Sigma) stocks were prepared by dissolving 200 mg of tamoxifen powder in 10 mL of corn 

oil. 2 mg aliquots were stored at −20°C and diluted in the required volume of corn oil before 

injection.

VEGFR2 neutralization: Inhibition of VEGFR2 was carried out by intraperitoneal 

injection of an anti-VEGFR2 neutralizing antibody (DC101, BioXcell) at a concentration 

of 20 mg/kg in PBS or vehicle (PBS) alone as a control. DC101 or vehicle treatment was 

carried out at P4 and P7.

Wound induced angiogenesis: Mice were anesthetized by intraperitoneal injection of 

ketamine and xylazine cocktail mix (100 mg/kg and 10 mg/kg, respectively in phosphate-

buffered saline). Once a surgical plane of anesthesia was verified by the absence of a 

physical and physiologic response to a noxious stimulus, a punch biopsy was performed 

using a 1 mm diameter punch biopsy tool (Miltex, USA). The punch biopsy tool was used to 

make a circular full thickness wound on the palmoplantar side of the mouse hind paw.

Laser ablations: Laser ablations were carried out using a Chameleon Vision II (Coherent) 

two-photon laser at a wavelength of 810 nm, using either a Nikon 25×/1.0 or Nikon 40×/

1.15 water immersion objective with 10% laser power. Experimentally, the field of view of 

the scanning head was reduced to a 1 μm2 sized window and positioned at the location to 

be ablated. We then activated the “live” scan function until a mild autofluorescence signal 

became visible in the green channel (~3–5 seconds). For adjacent ablation experiments, 

ablations were positioned ~30 μm away from a labeled EC. For experiments involving 

ablation of the labeled EC, ablations were carried out on the tip of EC membranes to 

ensure consistency of ablations from cell to cell and maximize the distance between the 

site of ablation and the nucleus as nuclear ablation invariably leads to cell death. For 

all experiments that utilize mosaic fluorescent membrane GFP labeling, all labeled single 

cells across the large palmoplantar surface of the mouse paw were longitudinally tracked 

manually. Briefly, to induce single-cell labeling of ECs, neonatal VECadherinCreER; 
mTmG pups received a single low dose of tamoxifen (2μg) at P2, allowing for sporadic 

single EC recombination throughout the vascular plexus. To ensure a sufficient number of 

ECs is available for manual segmentation and quantification of migration in relation to 

conserved vascular structures, we acquired large mosaics of the palmoplantar surface with 
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a minimum of 3×5 tiles of 444μm × 444μm area per tile across all revisits. ECs were 

manually tracked across time points (2-day revisits) and selected for analysis as long as they 

were present in the skin capillary plexus and could be resolved across all time points for 

displacement quantification.

Image analysis: Raw image stacks were imported for analysis into FIJI (ImageJ v1.52p, 

NIH) or Imaris software (v.9.5.1; Bitplane/Oxford Instruments). Individual optical planes, 

summed or max Z stacks of sequential optical sections were used to assemble figures. 

The tiled images were stitched by a grid/collection stitching plugin in Fiji. Prism software 

(Graphpad, v.8.0.0) was used to graph the data. EC migration (average normalized 

displacement) was determined based on the schematic and calculations depicted in 

Figure S3A. Briefly, we measured and averaged trailing- and leading-edge membrane 

displacements between successive time points to assess average displacement. This value 

was then normalized to the expansion factor of the occupied vessel to correct for vessel 

growth, resulting in the average normalized displacement value. Pearson’s correlation 

coefficients were calculated using ImageJ software.

Whole-mount immunostaining: Mouse hind paw tissues were processed for whole-mount 

staining. Briefly, full-thickness paw skin was dissected and fixed in 4% paraformaldehyde 

(PFA) in PBS for 4–6 hours at room temperature, washed in PBS, and then blocked with 

0.2% Triton X-100, 5% normal donkey serum, 1 % BSA in PBS overnight at 37°C. The 

samples were then incubated with primary antibodies for 48–72 h and secondary antibodies 

for 24 h on a rocker at 37°C. The anti-phospho-histone H3 (Ser10) antibody was from EMD 

Millipore (06–570) and was used at a 1:100-fold dilution; anti-Flk-1 (VEGFR2) antibody 

was from BD Biosciences (555307) and was used at 1:100-fold dilution; anti-ERG antibody 

was from Abcam (AB92513) and was used at 1:200-fold dilution; goat anti-rabbit IgG H&L 

(Alexa Fluor®) 568, goat anti-rat IgG H&L (Alexa Fluor®) 568, goat anti-Chicken IgY H&L 

(Alexa Fluor®) 488, and goat anti-rat IgG H&L (Alexa Fluor®) 488 was from ThermoFisher 

and was used at a 1:400-fold dilution. Tissue samples were mounted with Vectashield 

anti-fade mounting medium (Vector Laboratories) on individual slides and imaged on a 

LaVision TriM Scope II, as described in ‘In vivo imaging.’

EdU incorporation assays: 5-Ethynyl-2′-deoxyuridine (EdU) was administered via intra-

peritoneal injection (50 mg/kg in PBS) at indicated time-points before collecting tissue. 

Tissues were harvested and fixed in 4% paraformaldehyde (PFA) in PBS for 4–6 hours at 

room temperature, washed in PBS, and then blocked with 0.2% Triton X-100, 5% normal 

donkey serum, 1 % BSA in PBS overnight at 37°C. Anti-GFP antibody from Abcam 

(AB13970) was used at a 1:100-fold dilution to detect nuclear H2B-GFP signal (48 h 

at 37°C) prior to beginning the EdU labelling protocol. EdU labelling was performing 

using the Click-iT AlexaFluor 568 kit (Thermo Fisher) according to the manufacturer’s 

instructions. Fixed whole-mount tissue was mounted on a slide with Vectashield anti-fade 

mounting medium (Vector Laboratories) and imaged on a LaVision TriM Scope II, as 

described in ‘In vivo imaging.’
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Pimonidazole-HCl labeling: Pimonidazole-HCl used to assess hypoxic status was from 

Hypoxyprobe, Inc (HP2–100Kit). Pimonidazole-HCl was administered via intra-peritoneal 

(60mg/kg in PBS) 90 minutes prior to tissue collection. Tissues were fixed in 4% 

paraformaldehyde (PFA) in PBS for 4–6 hours at room temperature, washed in PBS, 

and then blocked with 0.2% Triton X-100, 5% normal donkey serum, 1 % BSA in PBS 

overnight at 37°C. Tissues were stained with FITC-conjugated mouse monoclonal antibody 

to pimonidazole adducts (48 h at 37°C). and imaged on a LaVision TriM Scope II, as 

described in ‘In vivo imaging.’

Flow cytometry: P5 and P21 VECadCreER; mTmG mice were euthanized for fluorescence 

activated cell sorting (FACS) 3-days post tamoxifen induction (P2, 100 μg intragastric; P18, 

2 mg intraperitoneal). Dermal single cell suspensions were prepared for flow cytometry with 

a protocol adapted from previously described55. Briefly, back skin was incubated for 1 hour 

at 37 °C in 0.3 % trypsin (Sigma-Aldrich) in 150 mM NaCl, 0.5 mM KCl and 0.5 mM 

glucose. The dermis was physically separated from the epidermis, minced, and incubated in 

2 mLs of collagenase (Sigma; C2674–11MG) at 125 U/mL final concentration in Hank’s 

Balanced Salt Solution (HBSS; Gibco 14170–112) with no calcium, magnesium chloride, 

or magnesium sulfate for 2 hours at 37°C. The resulting cells were crushed and filtered 

through a 70 μm filter and spun at 240G for 10 minutes. All samples were pre-treated with 

rat serum (Sigma-Aldrich), and incubated with anti-mouse/human CD309 (Flk-1/VEGFR2)-

APC (Thermofisher, 17-5821-81; 1:100) for 30 minutes at 4°C. Samples were run on a 

Becton Dickinson LSRII outfitted with Diva software v 8.0.1, and the data was analyzed 

using Flowjo v10.6.2.

VEGF-A Quantikine ELISA & skin sample preparation: Paw skin was excised, flash 

frozen with liquid nitrogen and stored at −80°C until all samples were collected. The tissue 

was then processed for lysate using a standard western blot protocol. In short, samples were 

homogenized with 100 μls of RIPA buffer (Sigma-Aldrich; R0278) containing a phosphatase 

inhibitor (Sigma; 4906845001) and protease inhibitor (Sigma; 11697498001), incubated 

on ice for 30 minutes, and then spun at 15,000G for 10 minutes. Supernatants were then 

transferred to a clean 1.5 ml Eppendorf and stored at −80°C.

Full thickness paw tissue lysate concentration from either P6, P15 or adult mice (2 months) 

were first quantified using a Pierce BCA Protein Assay Kit (Thermofisher; 23225) with 

absorbance read using a Glomax Explorer Microplate reader (Promega) at 560 nm and 

normalized for amount of total protein across all samples. The levels of mouse VEGF-A 

in paw lysates were then analyzed using a Quantikine ELISA kit specific for VEGF-A164 

and VEGF-A120 (R&D Systems; MMV00) according to the manufacturer’s protocol and 

absorbance was read using a Glomax Explorer Microplate Reader at 450 nm.

Quantification and Statistical Analysis: Statistical calculations were performed using 

Prism software (GraphPad, v.8.0.0). A two-sided unpaired t-test was used to determine the 

statistical significance between two experimental conditions. One-way ANOVA followed by 

Tukey’s multiple comparisons test was utilized for multiple comparisons. A p-value of <0.05 

was considered significant; specific p-values are noted in the figure legends. No statistical 

method was used to predetermine sample size (n). Mouse numbers represent the biological 
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replicates; sample size and replicates are indicated in the figure legends. All experiments 

were conducted at least three times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Plexus maturation is mediated by coordinated regression and rearrangement 

of ECs

• Adult ECs are positionally stable but reactivate migration following local 

ablation

• Global ablation reveals resilience of network architecture to large-scale cell 

loss

• Adult but not neonatal ECs are competent for plasmalemmal self-repair
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Figure 1. Vessel regression drives maturation of the capillary network to optimize network 
perfusion.
(A) Static comparison of the capillary plexus of P5, P21, and P35 skin of VECadCreER; 
mTmG mice. (A’, A” & A’”) Quantification of capillary loop size (μm2), branching points, 

and % vascular coverage (n=3 mice). **, P<0.01; ***, P<0.001; ****, P<0.0001 by one-

way ANOVA followed by Tukey’s MCT. (B) Schematic of the VECadCreER; mTmG 
reporter and longitudinal imaging workflow. (C) Longitudinal tracking of the capillary 

plexus at P5, P9 and P15. The same loops are pseudocolored in yellow. Example of 

regression (red inset) and angiogenesis events (Green inset). (C’) Quantification of overall 

vessel remodeling from P5-P9 and P9-P15 (n=3 mice). *, P<0.05; **, P<0.01 by unpaired 

Student’s t-test. (D) Tracking of vessels angiogenesis (white arrowhead) at P5-P9 revisited 

at P15. (D’) Quantification of the fate of angiogenesis events during P5-P9 revisited at P15 

(n=38 events from 3 mice). (E) Tracking of vessel remodeling (top panel) and network 

perfusion (bottom panel) at P5, P9, and P15. Perfused segments are pseudocolored blue; 
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non-perfused segments are pseudocolored orange. Red asterisks denote regressed segments. 

Black arrowheads show examples of stalled RBCs. (E’) Quantification of the percentage of 

perfused vessels at P5, P9, and P15 (n=3 mice). *, P<0.05; ***, P<0.001; ****, by one-way 

ANOVA followed by Tukey’s MCT. (E”) Quantification of perfusion status of regressed 

vessels tracked from P5-P9-P15 (n=80 events from 3 mice). For all bar graphs error bars are 

mean ± standard deviation.
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Figure 2. Neonatal ECs participate in plexus-wide positional rearrangement and execute vessel 
regression via migration.
(A) Tracking of single ECs undergoing vessel regression (white asterisk). White arrow 

depicts migration direction. (A’) Quantification of regressed EC fate (n=38 cells from 

5 mice). (B) 2-day revisits of an EC migrating within existing vessel architecture. (B’) 

Quantification of EC migration in 2-day intervals from P5-P11(n=60 cells from 3 mice). 

**, P<0.01; ***, P<0.001; ****, P<0.0001 by one-way ANOVA followed by Tukey’s 

post-hoc test. (C) P5 to P7 revisit of EC nuclear reporter (VECadtTA; pTREH2BGFP; 
mTmG). Overlay of P5 EC positions (magenta) compared to P7(cyan) indicates EC 

positional change. (C’) Quantification of the Pearson’s correlation coefficient between 

membrane signal compared to nuclear signal of P5 vs P7 vessels (n=3 mice). ****, 

P<0.0001 by unpaired Student’s t-test. (D) Time-lapse imaging of EC nuclei (numbered) 

migration in neonatal vessels. White arrowheads indicate initial EC positions, dotted arrow 

denotes direction of blood flow, and solid arrow indicates EC migration direction. (D’) 
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Quantification of EC migration polarization direction (n=86 ECs from 3 mice). For all bar 

graphs error bars are mean ± standard deviation.
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Figure 3. Cellular density in the developing plexus is locally controlled by the incorporation of 
ECs from regressed segments.
(A) Comparison of changes in EC number in conserved and regression-containing loops 

tracked from P5 to P21 in VECadtTA; pTREH2BGFP; mTmG mice. Examples of conserved 

loops (top panel) and regression-containing loops (bottom panel) with pseudocolored loops 

(yellow) and nuclei within loops of interest (red). ECs within regressed vessels are marked 

with white asterisks. (A’) Quantification of the change in EC number between conserved 

loops and regression-containing loops excluding regressed ECs (white asterisks) or (A”) 

including regressed ECs (n=150 capillary loops from 3 mice). ****, P<0.0001 by unpaired 

Student’s t-test. (B) Tracking of EC nuclei within the same vascular architecture in P5 

and P21 mice. White boxes indicate matching regions of revisits. (B’) Quantification of 

EC density normalized to area Yellow box indicates matched P5 area (250000 μm2) in the 

P21 plexus (n=3 mice). (B”) Quantification of EC density matched to conserved vessel 

architecture. Red outline indicates matched P5 architecture at P21 (460000 μm2) (n=3 mice). 
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**, P<0.01 by unpaired Student’s t-test. For all graphs error bars are mean ± standard 

deviation.
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Figure 4. ECs become positionally stable in adulthood but coordinate neighborhood 
rearrangement in response to local ablation.
(A) Single ECs (numbered) in VECadCreER; mTmG mice at P35 longitudinally tracked 

over 1-month. (A’) Quantification of EC migration from P35 to P63 (n=60 cells from 3 

mice). (B) Adult vessel (2–4 months) inflicted with targeted laser ablation adjacent to single 

labeled ECs followed by 1-day revisit. (B’) The vast majority (>90%) of all labeled cells 

respond to adjacent laser ablation. (B”) ECs adjacent to an ablation respond by migrating or 

elongating with approximately equal probability (n=180 cells from 3 mice). (C) Time-lapse 

of a laser ablation targeted in between two labeled ECs followed by 24 h revisit. (D) 

Tracking of EC nuclei (numbered) inflicted with laser ablation followed by 24 h and 1 week 

revisits (n=3 mice). Dotted arrows indicate migration direction. For all images, lightning 

bolt denotes the sites targeted for ablation; white arrowheads denote sites of anchorage; 
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white asterisks denote the ablated region. For all bar graphs error bars are mean ± standard 

deviation.
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Figure 5. Network-wide ablation of adult ECs reveals the coordinated maintenance of plexus 
architecture by surviving ECs.
(A) Schematic of the VECadCreER; R26-LSL-DTA; VECad-mTnG model and imaging 

workflow. (B) Tracking of EC network at pre-induction, 6-, 12-, and 18-days post-tamoxifen 

induction. (B’) Quantification of EC density tracked at pre-induction, 6-, 12-, and 18-

days post-tamoxifen induction (n=3 mice). **, P<0.01; ***, P<0.001; ****, P<0.0001 

by one-way ANOVA followed by Tukey’s MCT. (B”) Quantification of vessel fate from 

pre-induction to 18-days post-tamoxifen (n= 830 vessels from 3 mice). (C) Example of 

vessel recovery following DTA ablation. (D) (Top panel) Vessel segments that underwent 

regression at pre-induction, 6-, and 18-days post tamoxifen induction. (Bottom panel) Vessel 

segments that were maintained at the corresponding time-points. (D’) Quantification of 

the change in EC number per 100 μm vessel length within maintained versus regressed 

segments from pre-induction to 6-days post-tamoxifen induction. N.S, not significant by 

unpaired Student’s t-test. (D”) Quantification of EC number per 100 μm vessel length 
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within maintained versus regressed vessel segments from pre-induction, 6-, and 18-days 

post-tamoxifen induction (n=63 maintained and 44 regressed vessels from 3 mice). P<0.001; 

****, by one-way ANOVA followed by Tukey’s MCT for maintained segments. ****, 

P<0.0001 by unpaired Student’s t-test for regressed segments (pre-induction vs 6-days 

post-tamoxifen) and maintained vs regressed segments (pre-induction). For all images, white 

arrowheads indicate vessels fated for regression and white asterisks denote the location of 

vessels that were regressed. For all graphs error bars are mean ± standard deviation.
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Figure 6. Adult but not neonatal ECs preferentially activate a plasmalemmal self-repair 
mechanism to survive injury and preserve the vascular architecture.
(A) Time-lapse of a labeled EC (VECadCreER; mTmG) inflicted with laser damage. 

White arrowhead denotes site of excision (n=4 mice). (B) (Top panel) Adult EC induced 

with laser ablation followed by 1-day revisit. (Bottom panel) A neonatal EC inflicted 

with laser ablation followed by 1-day revisit. (B’) Quantification of neonatal versus adult 

EC fates 1-day post laser ablation (n=60 neonatal cells; n=84 adult cells from 3 mice 

respectively). (C) Time-lapse of a labeled adult EC inflicted with laser ablation (inset; 

white arrowheads denote localized membrane blebs) (n=3 mice). (D) Time-lapse of a 

labeled neonatal EC inflicted with laser ablation (inset; white arrowheads denote membrane 

blebbing) (n=3 mice). (E) Tracking of blood flow status of an adult vessel 1-hour and 1-day 

post-laser ablation. Perfused segments are pseudocolored blue; non-perfused segments are 

pseudocolored orange (n=3 mice). (F) Tracking of adult (top panel) and neonatal (bottom 

panel) vessel fate 1-day post ablation. (F’) Quantification of vessel fates 1-day post-ablation 
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(n=88 neonatal vessels; n=99 adult vessels from 3 mice respectively). For all images, 

lightning bolt denotes the site of laser ablation; white asterisks denote the ablation site. For 

all bar graphs error bars are mean ± standard deviation.
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Figure 7. Neonatal vessel regression, optimization of network perfusion, and adult maintenance 
are orchestrated by neonatal VEGFR2 signaling.
(A) VEGF-A ELISA carried out on samples generated from P6, P15 and adult mouse 

paw skin (n=5 mice per condition). ****, P<0.0001 by one-way ANOVA followed by 

Tukey’s MCT. (B) Whole-mount immunostaining of VEGFR2 (green) and ERG (red) in 

P5 and P21 mouse skin. (C) Schematic of DC101 administration and longitudinal imaging 

workflow. (D) Longitudinal imaging of vehicle (PBS) versus DC101 treated mice from 

P5 to P9. Regressed vessels are pseudocolored in red at P5 and red asterisks at P9. New 

vessels from angiogenesis are pseudocolored in green at P9 with green asterisks at P5. 

(D’) Quantification of P5-P9 vessel remodeling in vehicle versus DC101 treated mice 

(n=3 mice). **, P<0.01; ****, P<0.0001 by unpaired Student’s t-test. (E) Comparison of 

network perfusion between vehicle and DC101 treated animals at P9. Perfused segments are 

pseudocolored blue; non-perfused segments are pseudocolored orange. (E’) Quantification 

of the percentage of perfused vessels in vehicle versus DC101 treated animals (n=470 
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vessels from vehicle and 341 vessels from DC101 treated animals across 4 mice). ***, 

P<0.001 by unpaired Student’s t-test. (F) Comparison of the vascular plexus of 2-month old 

vehicle-, 2-month old DC101-treated, and 6-month old control mice. (F’) Quantification of 

the percentage of vessels exhibiting tortuous morphology in 2-month old vehicle-, 2-month 

old DC101-treated and 6-month old control mice (n=3 mice). ***, P<0.001; ****, P<0.0001 

by one-way ANOVA followed by Tukey’s MCT. For all bar graphs error bars are mean ± 

standard deviation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-phospho-Histone H3 (Ser10) Antibody EMD Millipore Cat#06–570 (RRID:AB_310177)

Rat Anti-Mouse Flk-1 Antibody (VEGFR2) BD Pharmingen Cat#555307 (RRID:AB_395720)

Anti-ERG Antibody [EPR3864] Abcam Cat#ab92513 (RRID:AB_2630401)

Anti-GFP Antibody Abcam Cat#ab13970 (RRID:AB_300798)

CD309 (Flk1) Antibody (Avas12a1), APC ThermoFisher Cat#17–5821-81 (RRID:AB_657866)

InVivoMab anti-mouse VEGFR2 (DC101) BioXCell Cat#BE0060 (RRID:AB_1107766)

Goat anti-Rabbit Alexa Fluor 568 ThermoFisher Cat#A-11011 (RRID:AB_143157)

Goat anti-Rat Alexa Fluor 568 ThermoFisher Cat#A-11077 (RRID:AB_2534121)

Goat anti-Rat Alexa Fluor 488 ThermoFisher Cat#A-11006 (RRID:AB_2534074)

Goat anti-Chicken Alexa Fluor 488 ThermoFisher Cat#11039 (RRID:AB_2534096)

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma Cat#T5648

EdU ThermoFisher Cat#A10044

Corn oil Sigma Cat#C8267–2.5L

Critical Commercial Assays

Click-iT EdU Alexa-555 imaging Kit Invitrogen Cat#C10638

Hypoxyprobe Plus Kit (FITC-Mab) Hypoxyprobe Cat#HP2–100Kit

Mouse VEGF Quantikine ELISA Kit R&D Systems Cat#MMV00

Experimental Models: Organisms/Strains

Cdh5(PAC) Cre-ERT2 (VECadherinCreER) Laboratory of Ralf H. Adams RRID:MGI:3848984

Rosa26-mT/mG The Jackson Laboratory RRID:IMSR_JAX:007576

VECadherin-tTA The Jackson Laboratory RRID:IMSR_JAX:013585

pTRE-H2BGFP Laboratory of Elaine Fuchs RRID:IMSR_JAX:005104

Rosa26-DTA (R26-LSL-DTA) The Jackson Laboratory RRID:IMSR_JAX:009669

Cdh5-mTnG (VECadherin-mTnG) Laboratory of Ralf H. Adams Jeong et al.37

CD1 Charles River 022

Software and Algorithms

FIJI (ImageJ) NIH N/A

GraphPad Prism GraphPad Software, inc N/A

FlowJo FLOWJO, LLC N/A

Adobe Illustrator Adobe N/A

Adobe Photoshop Adobe N/A

Adobe Premier Pro Adobe N/A

Imaris Bitplane/Oxford Instruments N/A
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