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Abstract

It is well recognized that decreased vascular endothelial growth factor A (VEGF-A) mRNA 

plays an important role in retinal vessel regression induced by hyperoxia. However, this concept 

has been challenged by increasing new evidence. Furthermore, VEGF-A strongly enhances Dll4 

expression and inhibition of Dll4-Notch signaling leads to excessive sprouting angiogenesis. 

Recently, it is shown that inactivation of Dll4-Notch1 signaling reduce hyperoxia induced vessel 

regression. It is unknown whether sprouting angiogenesis contributes to the protective effect or not 

and further investigations are needed. Moreover, the expression of Dll4 or Notch1 activation in the 

regressing plexus remains elucidated.To determine the role of VEGF-A and Dll4-Notch1 signaling 

in hyperoxia induced vascular regression in the retina, we used mice at postnatal day 5 (P5) - 

P7. Hyperoxia induced massive vascular regression in the central plexus but not in the angiogenic 

plexus and had no effect on sprouting angiogenesis. Immunostaining showed that VEGF-A was 

significantly repressed in the angiogenic front region after hyperoxia exposure but not detectable 

in the central area of both normoxia and hyperoxia treated retinas. In contrast, Notch ligand 

Delta-like 4 (Dll4) and Notch1 intracellular domain (N1-ICD) expression were inhibited in the 

regressing capillaries of central retina but comparable in the angiogenic plexus after high oxygen 

treatment. Moreover, administration of Dll4 neutralizing antibody or γ-Secretase inhibitor DAPT 

significantly aggravated vessel regression induced by short-time hyperoxia administration. Our 

data show that repressed Dll4-Notch1 signaling pathway but not downregulation of VEGF-A 

expression are responsible for hyperoxia induced pervasive vessel regression.
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INTRODUCTION

Blood vessels are responsible for transportation of nutrients and oxygen throughout 

the whole body. Changes of oxygen level or metabolites lead to vascular network 

trimming (also called vessel pruning) or regression, an essential step for establishing 

a functional and hierarchical mature vascular network to meet the needs of various 

organs[1]. Physiological vessel regression occurs during development (such as hyaloid 

vessel regression) and in the adult (for example, luteolysis caused by vessel regression and 

rapid disassociation of the mature ovarian corpus luteum)[2]. Extensive vessel regression is 

an initial event of retinopathy of prematurity (ROP), a disease extremely premature babies 

suffer from[3–5]. This pathological vessel regression is characterized by central capillaries 

pruning in the developing retinal vasculature[4,6]. The mechanisms of vessel regression 

is comprehensively investigated[6–8]. Vascular endothelial growth factor A(VEGF-A), also 

known as VEGF, is recognized as the most important factor for retinal vessel regression 

induced by hyperoxia, especially in the immature vasculature[2,6,7]. For instance, Claxton 

et al show that VEGF mRNA in the central retina is repressed by hyperoxia, and vaso

obliteration is rescued by intraocular injection of recombinant VEGF[6]. Notwithstanding, 

the Ivan group demonstrate that the role of VEGF on the vessel regression induced 

by hyperoxia is rather modest[8]. Stringent VEGF-A inhibition by intravitreal (ITV) 

microinjecting VEGF Trap in the normal retina could not mimic hyperoxia pervasive 

regression[8]. Lobov et al argued that VEGF-A is a proximate cause of the massive vessel 

pruning induced by hyperoxia [8]. Therefore, whether VEGF-A is responsible for hyperoxia 

induced vessel regression or not needs further investigation.

In addition, as a major downstream target, Dll4 is induced by VEGF[9,10]. Dll4-Notch1 

pathway is crucial for sprouting angiogenesis and inhibition of this pathway causes 

excessive sprouting angiogenesis in retina vasculature [11]. Recently, it was demonstrated 

that inhibition of Dll4-Notch1 signaling prevents hyperoxia induced vascular regression2,[8]. 

However, the effects of increased sprouting angiogenesis by Dll4-Notch1 inhibition in vessel 

regression is ignored. More meticulous studies should be carried out.

In our current study, we surprisingly found the mismatched VEGF-A protein location at 

regression vessels after hyperoxia treatment, implying that VEGF-A is not an indispensable 

factor in hyperoxia induced vessel regression. Besides, we demonstrated that repressed 

Dll4-Notch1 signaling in short-time significantly increased the vessel regression. Moreover, 

we showed that high oxygen did not affect sprouting angiogenesis in the angiogenic front.

MATERIALS AND METHODS

Detailed materials and methods are available on the supplementary data.
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RESULTS

Hyperoxia stimulated massive vessel regression in the central plexus but not in the 
spouting front

To visualize the vessel regression, neonates were exposed to RA or hyperoxia between P4 

to P7 on which we performed retinal whole mount staining of IB4 (marker of endothelial 

cell (EC)) and collagen IV (matrix secreted by EC). Retinas from RA neonates showed 

colocalization of IB4 and collagen IV. In contrast, hyperoxia induced remarkable retinal 

vessel regression in the central plexus indicated by the following observations. a. After 

24hrs hyperoxia exposure, IB4 and collagen IV co-staining demonstrated about 4 folds 

increased empty sleeves (IB4 negative but collagen IV positive) in the central plexus but not 

in the distal plexus at P5 (Fig. 1A, C). b. The prolonged exposure to hyperoxia for 48 or 

72hrs expanded capillary-free spaces in proximal region at P6 and P7, and there were no 

capillaries left except arteries and veins. Even the matrix deposits’ collagen IV disappeared 

(Fig. 1B). However, ECs in the distal plexus were preserved at P5, even at P6–7 after long 

time high oxygen exposure (Fig. 1A–B). The sprouts and filopodia extension showed no 

significant changes compared with RA at P5 retinas (Fig.1D–E), as well as at P6 and P7 

retinas (data not shown). Therefore, hyperoxia stimulated pervasive vessel regression in the 

central retina but not in the front region and did not affect sprouting angiogenesis in the 

leading edge.

VEGF-A was not responsible for hyperoxia induced vessel regression

VEGF-A is mainly secreted by the astrocytes during retinal angiogenesis and 

haploinsufficiency of VEGF-A leads to embryonic lethal[14,15]. Claxton et al demonstrated 

by in situ hybridization that Vegfa mRNA expresses in the entire murine neonatal retina 

and is robustly decreased in central plexus after hyperoxia treatment[6]. Because we 

showed in Fig.1A that capillaries disappear after 2-day hyperoxia treatment, we performed 

the following experiments using retinas from P5 neonates treated with RA or hyperoxia 

for 1 day. Consistently, transcripts of Vegfa and its splice variants except Vegfa 206 in 

retinas were significantly reduced by hyperoxia (Fig. 1F). However, the VEGF-A protein 

expression, especially in the whole-mounted developing retina, was not reported before. 

Recently Ralf Adams’ group demonstrated an optimal antibody which recognizes the 

VEGF-A protein in the flat vascular superficial layer[13]. We performed the VEGF-A 

immunostaining together with IB4. Unexpectedly, in RA treated mice, we observed that 

VEGF-A was expressed in the distal avascular area and the angiogenic plexus but not in 

the central retina (Fig. 1G–H). In hyperoxia treated mice, no VEGF-A was detected in the 

central region (Fig. 1H). In contrast, there was a remarkable decrease of VEGF-A expression 

in distal region (Fig. 1G). In addition, it is known that hyperoxia increases Glial fibrillary 

acidic protein (GFAP) expression in astrocyte[15,16]. Accordingly, we found an enhanced 

GFAP expression throughout the whole retina in hyperoxia group compared to RA control 

(Fig. 1G–H).

Because massive regression was induced and VEGF-A mRNA markedly decreased after 

24hrs hyperoxia treatment, we are wondering whether vessel regression and VEGF-A 

protein level changes at early time points. Thus, neonates at P4 were exposed to hyperoxia 

Zhu et al. Page 3

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for 6 or 12hrs (Fig. 2A–2B). Similar to what we observed after 24hrs, empty sleeves in 

the central retina increased by 1.8 and 2.9 folds at 6 or 12hrs respectively compared to 

RA groups (Fig. 2C), while no differences in the angiogenic front (Fig. 2D–E). VEGF-A 

expression patterns were the same as at 24hrs showed in Fig.1. Together, our findings don’t 

support the critical role of VEGF-A in hyperoxia induced central vessel regression in retina.

Hyperoxia repressed Dll4-Notch1 signaling in the central plexus but not in the angiogenic 
front

It has been reported that Dll4-Notch1 signaling is involved in post angiogenic vascular 

remodeling and oxygen induced vessel regression[8,17]. However, Dll4 expression or 

Notch1 activation (detected by specific antibody for notch1 intracellular domain, N1-ICD ) 

after hyperoxia exposure have not been investigated yet. Because of excessive vessel 

regression caused by long-time hyperoxia, we performed whole mount staining in retinas 

of same littermates at P5 or P6 after RA or hyperoxia treatment for 6 and 12 hours. 

Interestingly, Dll4 protein expression was substantially reduced in the central capillaries in 

the hyperoxia group compared with RA groups, but not in the arteries (Fig. 3A, C). The 

N1-ICD antibody (Val 1744) with high sensitivity and specificity is a useful tool to detect 

the Notch1 activity[18]. The N1-ICD and IB4 co-staining showed that the N1-ICD localized 

in ECs and perivascular cells and was significantly decreased in the central plexus region but 

not in the arteries (Fig. 3B–D). It is well established that Dll4 is enriched in the tip cells and 

sparse in the stalk cells[10,19,20]. Consistently, we observed similar phenomena in retinas 

of RA neonates (Fig. S1 A–B). The Dll4 and N1-ICD expression in sprouting fronts were 

comparable (Fig. S1 A–D). These results imply an important role of Dll4-Notch1 pathway in 

hyperoxia induced vessel regression.

Short-time inhibition of Dll4–Notch1 signaling aggravated hyperoxia induced vascular 
regression

To determine the role of Dll4-Notch1 signaling in vessel regression, neonates at P5 or 

P6 were injected subcutaneously with Dll4 neutralizing antibodies or DAPT (γ-Secretase 

inhibitor ) twice (3hrs and right before hyperoxia exposure) and retinas were harvested 

after 6 and 12hrs hyperoxia or RA treatment. To confirm the inhibitory effects of Dll4 

antibody or DAPT on Dll4-Notch1 signaling, we performed N1-ICD and IB4 co-staining on 

the 6-hour and 12-hour RA treated retinas (6-hour data not shown). As expected, N1-ICD 

expression in retinal central plexus was hardly detected after Dll4 neutralizing antibody or 

DAPT treatment (Fig. S2 A–B). Meanwhile, inactivation of Dll4-Notch1 signaling increased 

sprouting angiogenesis indicated by increased tip cell numbers and filopodia formation 

(Fig. S2 C–H). However, no vascular regression (empty sleeves) were observed (Fig. S2 

I–L). In contrast, in hyperoxia treated neonates, we observed enhanced numbers of empty 

sleeves (increased by 1.6 and 1.8 folds in the Dll4 treated group, 1.8 and 1.7 folds in the 

DAPT treated group, at 6 or 12hrs respectively) in the central plexus (Fig. 4A–D) after 

the short-time (6–12hrs) inhibition of Dll4-Notch1 signaling. Whereas there were no overt 

changes in the distal capillary plexus (Fig. 4E–H), except enhancing sprouting angiogenesis 

(data not shown).
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DISCUSSION

The major finding of our current study is that inactivation of Dll4-Notch1 signaling is 

critical for hyperoxia induced vessel regression in mouse retina, whereas the role of VEGF

A is dispensable. Our data demonstrated that VEGF-A was massively expressed in the distal 

avascular area but almost undetectable in the central retina in normal neonates. Hyperoxia 

induced substantial vessel regression in the central retina where there was no significant 

VEGF-A immunosignal changes compared with RA. We do observe significant decrease 

of VEGF-A protein expression in the distal region of retina where vessel regression was 

unaffected by hyperoxia. Inconsistent location of regression vessels and VEGF-A suggests 

that VEGF-A is not responsible for triggering pruning or regression induced by high oxygen. 

We also found that short-time(6–12h) hyperoxia treatment reduced Dll4 protein expression 

and Notch1 activation in the regressing central plexus. Inhibition of Dll4-Notch1 pathway 

exacerbated hyperoxia induced vessel regression in proximal plexus but not in the distal 

plexus. In addition, sprouting angiogenesis was not affected by hyperoxia.

Reduced VEGF-A mRNA expression is regarded as the most important cause of hyperoxia 

induced vessel regression[2,6,7]. Liu et al demonstrated that protein levels could not be 

predicted only by transcript levels[21], especially during dynamic transition like current 

scenario, e.g. immature vessel developing into functional and quiescent vasculature. 

Consistently, our data showed reduced VEGF-A protein expression induced by hyperoxia 

in the distal retina doesn’t increase the empty sleeves of angiogenic plexus compared with 

normoxia. The discrepancies are possibly caused by the spatial-temporal expression of 

various Vegfa transcripts or unavailability of resources for VEGF-A protein biosynthesis in 

the central retina.

We chose the P4-P7 pups for studying vessel regression while P7-P12 mice are commonly 

used for the traditional oxygen-induced retinopathy (OIR) model[3]. The reasons are: 

First, retinal vasculature grows from central to periphery in the first week and only 

superficial plexus layer is easily imaged and analyzed at high resolution by confocal 

microscope[22,23]. Second, investigation of murine expanding retinal vasculature in the 

first week might be more relative to the retinal vessel development of premature babies who 

are treated with hyperoxia[24]. Third, the retinal vasculature begins to penetrate into three 

dimension after P7 which makes it more complicated to investigate the role of VEGF-A or 

Dll4-Notch1 signaling pathway in the vessel regression[22,23].

Lobov et al demonstrates that genetic manipulation or pharmacological inhibition of 

Dll4-Notch1 signaling attenuates hyperoxia induced vessel regression[8]. In contrast, we 

observed decreased Dll4-Notch1 signaling in the regressing central plexus after hyperoxia 

exposure compared with RA. Inhibition of Dll4-Notch signaling did not rescue but 

deteriorated the central vascular regression after hyperoxia exposure. There are two 

explanations for these controversies. a. Different experimental duration. Lobov et al carried 

out the experiments under long-term hyperoxia exposure to induce retinopathy(P7-P12). 

It is well recognized that long-term inhibition of Notch signaling pathway results in 

excessive sprouting angiogenesis in the central retina under normoxia as well as after 

hyperoxia exposure[11]. Therefore, their observation is a combination of increased sprouting 
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angiogenesis and decreased regression. Whereas in our study, neonates were treated with 

pharmacologic inhibitors of Dll4-Notch1 pathway and hyperoxia for a short time (6–12h). 

During this period, sprouting angiogenesis in central plexus is not initiated as we observed 

and other group reported before [11]. b. Different mouse ages. Most studies of vascular 

regression use neonate at P7–15 because the vasculature is regarded as mature vessel. 

However, during P7-P15 angiogenesis occurs in the perpendicular or deeper layer of retina 

and Dll4-Notch1 signaling pathway is pivotal for this process[11,19].

The mechanisms of how Dll4-Notch signaling regulates vessel regression is still unknown. 

Nevertheless, based on our and other groups’ findings, we speculate that EC and pericyte 

apoptosis could be potential mechanisms. Vessel constriction and capillary occlusion are 

important for hyperoxia induced vessel regression[6,8,25]. It has been proven that Dll4

Notch1 signaling could be activated by shear stress[26,27]. Schermuly group demonstrates 

depletion of Notch1 in EC increases cell apoptosis[28].Thus, we presume that decreased 

shear stress is responsible for reduced Dll4-Notch1 signaling after hyperoxia exposure in our 

study. Inactivation of Dll4-Notch1 signaling can lead to EC apoptosis and vessel regression. 

Moreover, It is well known that pericyte-EC attachment maintains vascular stability and 

prevents vessel regression[25,29,30]. Recently, several studies reveal loss of Notch signaling 

cause pericyte apoptosis. Consistently, we found marked decrease of Notch1 activity in 

perivascular cells (possible pericytes because capillary usually associates with pericyte) 

after hyperoxia or Dll4 neutralizing antibody treatment. These findings suggest EC-pericyte 

communication through Dll4-Notch1 signaling. Therefore, further investigation utilizing 

inducible pericyte specific Notch1 knockout mice is needed.

We observed significant decrease of VEGF-A expression in sprouting region but no 

change in the Dll4-Notch1 signaling. Compelling evidence shows that VEGF is essential 

for sprouting angiogenesis[31]. We observed significant decrease of VEGF expression in 

sprouting region. Unexpectly, sprouting angiogenesis and Dll4-Notch signaling are not 

affected by hyperoxia treament. It implies novel mechanisms responsible for maintaining 

Dll4-Notch signaling need exploring.

In conclusion, our results break the dogma that VEGF-A is responsible for hyperoxia 

induced vaso-obliteration. Moreover, we find inactivation of Dll4-Notch1 signaling in vessel 

regression region after hyperoxia exposure. Short-time administration of Dll4 neutralizing 

antibodies or DAPT accentuates the hyperoxia induced vascular regression. However, novel 

mechanisms related to vessel regression require further investigation. These studies will 

provide novel mechanisms and therapeutic strategies for hyperoxia related vascular diseases, 

such as ROP. More importantly, Dll4 neutralizing antibody is under clinical trial for 

cancer patients[32,33]. Our findings suggest a more cautious approach when using Dll4 

neutralizing antibody as a treatment due to the vascular side effects observed in our study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. VEGF-A protein expression patterns in retina of RA or hyperoxia treated neonate for 
24hrs.
A. P4 murine neonates were exposed to RA (room air) or O2 (hyperoxia) for 24hrs, and 

the retinas were harvested at P5, followed by staining of IB4 (blue) and Collagen IV 

(green). Retinal vasculature of high magnification was represented at central and bottom 

panels. White arrows indicate Collagen IV-positive and IB4-negative staining. B. Confocal 

images of IB4 (blue) and Collagen IV (green) stained retinal vasculature of neonates treated 

by RA or O2 for 48 and 72 hrs. C. Numbers of empty sleeves were quantified. *p< 

0.05 compared with RA (mean ± SEM; n = 6). D. Whole-mount staining of IB4 (white) 

showing the angiogenic plexus after RA (room air) or O2 (hyperoxia) treatment for 24hrs. 

E. Quantification of vascular length, tip cells and filopodia in RA or O2 treated retinas for 

24hrs. Data are presented as mean ± SEM (n=4). F. After RA (room air) or O2 (hyperoxia) 

exposure for 24hrs, the retina samples were collected and mRNA was extracted at P5, 

followed by RT-qPCR analysis of Vegfa and its splice variants. *p < 0.05 compared with RA 

(mean ± SEM; n = 4). G-H. Whole-mount double immunostaining for VEGF-A (red) and 

IB4 (blue) or GFAP (green) and IB4 (blue) at P5 retinas.
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Fig. 2. VEGF-A protein expression patterns in retina of RA or hyperoxia treated neonate for 6 
and 12hrs.
A-B. Triple immunostaining of VEGF-A (red), IB4 (blue) and Collagen IV (green) in the 

central region of P6 retinas exposed to RA or O2 for 6 and 12h. VEGF-A immune-signal 

was hardly measured in the proximal area of retinas. White arrows indicate empty sleeves 

(Collagen IV+ IB4-). C. Numbers of empty sleeves in the central plexus were quantified. *p 
< 0.05 compared with RA (mean ± SEM; n = 6). D-E. Confocal images of VEGF-A (red), 

IB4 (blue) and Collagen IV (green) staining.
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Fig. 3. Dll4-Notch1 signaling was inhibited in the regressing central plexus induced by short-time 
hyperoxia treatment.
A, C. Representative images of Dll4 (red), IB4 (blue) and Collagen IV (green) staining of 

P6 retinas after 6 or 12hrs hyperoxia (O2) exposure compared with room air (RA). B, D. 
Whole-mounted P6 retinas stained by IB4 (green) and NICD (red). Higher magnification of 

boxed areas are showed in middle panels.
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Fig.4. Short-time pharmacologic inhibition of Dll4-Notch1 signaling deteriorated the hyperoxia 
induced vessel regression.
A, E. Representative images of P6 retinas treated by control (IgG) and anti-Dll4 antibody 

for 3h, followed by 6h or 12h hyperoxia (O2) exposure, stained with IB4 (blue) and 

Collagen IV(red). The central plexus(A) and angiogenic plexus (E) were presented. C, F. 
Confocal images of IB4 (blue) and Collagen IV(red) stained retinas from P6 pups by pre 

administration of Vehicle and DAPT for 3h, followed by 6h or 12h of hyperoxia (O2) 

treatment. B, D, G, H The proximal (B) and distal capillaries (F) were demonstrated. White 

arrows indicate empty sleeves (Collagen IV+ IB4-) were quantified. *p < 0.05 (mean ± 

SEM; n = 4).
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