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ABSTRACT  

 

Introduction: Regulation of vascular morphogenesis (sprouting, 

branching, lumenization, regression) by Notch signaling has 

been well characterized during vascular development. In adult 

mature vasculature, resting endothelial cells (ECs) also retain 

their growth potential that is activated under certain 

circumstances, but less is known about the maintenance 

mechanism of endothelial homeostasis.  

Methods: We developed an in vitro model of human 

angiogenesis. Human ECs and smooth muscle cells (SMCs) in 

spheroid were co-cultivated on SMC monolayer under high 

glucose or control conditions.  

For in vivo loss-of-function studies, we used both EC-specific 

Jagged1 (Jag1) heterozygous deficient mice (Tie2-

Cre+;Jag1flox/+) and ECs-specific inducible Jag1 deficient  

mice (Tie2-CreERT2+; Jag1flox/flox). 

Results: Using the in vitro angiogenesis model, we observed 

high glucose-induced abnormal angiogenesis characterized by 

increased sprouting and branching points, decreased vascular 

diameter and length, and destabilization of the tubes. As the 
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underlying mechanism, we identified the PKC- and NF-κB-

dependent upregulation of Jag1 in ECs under high glucose 

condition.  

Increased expression of Jag1 was also observed in retinal ECs 

of streptozotocin-induced diabetic model. We confirmed 

attenuation of hyperglycemia-induced retinal vascular 

abnormalities in EC-specific Jag1 deletion mice. 

Conclusions: We found that increased expression of Jag1 might 

be a mechanism of diabetic microvasculopathy. Correction of 

the pathologic angiogenesis by modulating the aberrant 

signaling in the present study highlighted a future direction of 

treatment of diabetic vasculopathy other than glucose control. 

 

 

*Some of these works are published in Journal of Molecular and 

Cellular Cardiology. 2014 Apr;69:52-66., Circulation. 2016 Jul 

12. [Epub ahead of print]. 

------------------------------------- 

Keywords: Diabetes mellitus, microvasculopathy, Notch signaling 

Student number: 2008-31033 
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GENERAL INTRODUCTION 

 

Microvessels consist of arterioles, capillaries, and venules. 

Among them, capillaries have the largest area and regulate 

permeability and myogenic responses that can adapt flow to 

local metabolic needs in contrast to larger vessels supplying 

blood to organs. Disturbances in capillaries are hard to be 

measured clinically. It may arise before overt hyperglycemic 

vascular pathologic changes. This diagnostic difficulty obscures 

the importance of the distinct role of the capillaries in the 

natural history of diabetes mellitus (DM). Aberration in the 

hyperglycemic microvasculature can reduce organ perfusion, 

particularly affecting organs dependent on their microvascular 

flow, namely the retina, kidneys, myocardium and peripheral 

nervous system. The clinical diseases associated with these 

changes—retinopathy, nephropathy, cardiomyopathy and 

neuropathy— cause a large burden of diabetic morbidity. 

Microvasculopathy also contributes to peripheral vascular 

disease and poor wound healing. To some extent, diabetic 

microvascular disease has been overlooked in terms of its 

clinical impact and research attention, in part, because there is 
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neither an established clinical tool for diagnosis nor an effective 

therapeutic option. Therefore, further investigation of 

microvascular disease should begin with regard to a novel 

therapeutic target of the microvasculature. 
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CHAPTER 1 

High glucose-induced Jagged1 in 

endothelial cells disturbs Notch 

signaling for angiogenesis: A novel 

mechanism of diabetic vasculopathy  
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INTRODUCTION 

Angiogenesis, the growth of new blood vessels from pre-

existing vasculature, is a multistep process that involves 

sprouting, branching, lumenized tube formation and stabilization 

with recruiting pericytes or SMCs1. Recent studies provided 

tremendous insights into fundamental aspects of angiogenesis 

that have led to a mechanistic model of vessel sprouting and 

branching including Notch pathway in physiologic or pathologic 

angiogenesis1-3. The formation, extension and anastomosis of 

endothelial sprouts at the leading edge of the growing vessel 

front of neonatal murine retina lead to the generation of an 

immature network, which is strongly controlled by Notch and 

vascular endothelial growth factor (VEGF) signaling4. Notch 

receptors and the ligands delta-like 4 (Dll4) and Jag1 regulate 

the dynamic and transient selection of filopodia-extending 

endothelial cells (tip cells), which lead and guide vascular 

sprouts. Once the Notch extracellular domain interacts with a 

ligand, γ-secretase cleaves the Notch intracellular domain 

(NICD) of the Notch protein. This releases the NICD, which 

then moves to the nucleus, where it can regulate gene 
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expression by activating the transcription factors. Dll4 

expression in tip cells leads to the activation of Notch in 

adjacent ECs, and induces a stalk-like phenotype characteristic 

of cells at the base of sprouts5. The vessel-stabilizing activity 

of Dll4-Notch is opposed by Jag1, which has pro-angiogenic 

activity and is highly expressed by stalk cells and in the 

immature vessel plexus6. Therefore, the balance between Dll4 

and Jag1 seems to control vascular growth via Notch signaling 

modulation. 

Most of the data from previous studies have been acquired in a 

murine neonatal retina angiogenesis model4-6. Human 

angiogenesis has not been thoroughly elucidated due to a lack 

of a proper model for studying intercellular signaling. Several in 

vitro models bridges in vitro and in vivo angiogenesis such as 

embryoid body-derived vascular system7, the aortic ring 

culture8, and most recently a mixture of endothelial and 

mesenchymal cells for three-dimensional vascularization of 

liver tissues created in vitro9. However, there still remains 

much to be improved. 

On the other hand, the major problem in patients with DM is 

vascular complication which consists of macrovasculopathy and 
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microvasculopathy 10-12. Several mechanisms are suggested for 

vasculopathy or pathologic angiogenesis13-16. However, diabetic 

vasculopathy has not been studied in terms of intercellular 

signaling between tip, stalk and phalanx cells, which controls 

angiogenesis and vascular stabilization. 

To gain a proper model of multistep human angiogenesis in a 

high glucose condition, we developed a novel in vitro 2-

dimensional angiogenesis model like the murine retinal 

angiogenesis using co-cultivation of human ECs and human 

vascular SMCs in a spheroid on an SMC monolayer. This model 

enabled us to characterize the effect of high glucose condition 

on human angiogenesis which was mediated by an abnormal 

Notch signaling in the present study. 
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MATERIALS AND METHODS 

1. Isolation of human ECs and human SMCs 

ECs and SMCs were isolated from mesenteric and 

gastroepiploic arteries as described earlier17 with some 

modifications. The institutional review board of Seoul National 

University Hospital approved the protocol of isolation of ECs 

and SMCs from the arteries of the resected stomach due to 

cancer (IRB number: H-0910-006-295). In brief, the vessel 

surface was rinsed off and the fat or connective tissue was 

removed in cold phosphate-buffered saline (PBS), and then a 

25-gauge catheter was inserted. The inside of the lumen was 

washed with a cold PBS and filled with 0.1% type II collagenase 

(Gibco, Carlsbad, CA, USA) in PBS. After incubation for 10 

minutes at 37℃, ECs were collected by flushing with 2 ㎖ of 

EGM-2MV (Lonza, Verviers, Belgium) and plated on 1.5% 

gelatin (Sigma Aldrich, St. Louis, MO, USA)-coated dishes. 

Incubation with the collagenase solution and flushing with the 

media were repeated 5 times. After the removal of ECs, the 

remaining tissue was cut into pieces and digested with 0.5% 

collagenase in PBS. After incubation for 4 hours at 37℃ in a 
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shaking incubator, the digest was filtered through a 70-μm cell 

strainer (BD Pharmingen, San Diego, CA, USA) and cells were 

collected by centrifugation. It was then suspended in low 

glucose DMEM (Gibco, Carlsbad, CA, USA) containing 10% FBS 

and plated on 0.1% gelatin-coated dishes. Bone marrow 

mononuclear cells from healthy volunteers were isolated from 

bone marrow aspirates by density gradient centrifugation as 

previously described18. 

 

2. Lentiviral transduction 

To visualize cell behavior in real time, we used a lentivirus-

based transduction system as described previously19. We used 

lentiviral vectors that contained the enhanced green 

fluorescence protein (GFP), yellow fluorescence protein (YFP, 

Clontech, Palo Alto, California, USA), and cyan fluorescence 

protein (CFP, Clontech, Palo Alto, California, USA). To further 

investigate the effect of gene overexpression, we subcloned a 

construct encoding Jag1 cDNA (Open Biosystems, Huntsville, 

AL, USA) into the lentiviral vector. 

We utilized the lentiviral vector pLentiLox 3.7 (pLL3.7)20 

expressing shRNA to knockdown the expression of endogenous 
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Jag1 targeting the sequence 5′-GTGCACCTCTGACTCC-3′. 

A scrambled sequence, 5′-CAACAAGATGAAGAGCACCAA-

3′, was used as a control. We co-transfected lentiviral 

constructs with packaging vectors into 293T cells by 

polyethylenimine (Polyscience, Warrington, PA, USA) and 

collected the supernatants containing lentiviral particles after 

48 hours. We transfected the target cells twice by adding the 

viral supernatants to the cell-specific medium. Transduction 

efficiency was over 98% for ECs. 

 

3. Generation of an angiogenesis model using ECs and 

SMCs: a hybrid spheroid 

In order to make the best vessel-like structures from the 

spheroid, we tried several different conditions in terms of total 

cell number per spheroid (ranging from 1 × 103 to 1 × 104) 

and ratio of ECs/SMCs (1:1, 2:1, 1:2). Then, we fixed the 

number of cells to three thousand ECs/spheroid with a 2:1 

ECs:SMCs ratio for our experiments. 

For the preparation of the hybrid spheroids, we suspended a 

mixture of GFP-transduced ECs and non-labeled SMCs in 
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EGM (Lonza, Verviers, Belgium) containing 20% MethoCult 

(StemCell Technologies, Vancouver, Canada) and then cultured 

them in conical-bottom 96-well plates (Nunc, Wiesbaden, 

Germany). After 24 hours, we harvested the spheroids and then 

seeded them in collagen gels (Chemicon, Tenecula, CA, USA) 

or on an SMC monolayer in a dish with a cover glass bottom 

(μ-Dish, ibidi, Verona, WI, USA). We maintained culture for 7 

days with medium change every other day. 

 

4. Immunofluorescent staining and confocal microscopic 

analysis  

Immunostaining was performed as described previously21 with 

slight modifications. Briefly, cells were fixed with 4% 

paraformaldehyde for 30 minutes, permeabilized with 0.25% 

Triton X-100 in PBS for 5 minutes, and blocked with 1% 

bovine serum albumin in PBS for 1 hour. After blocking, cells 

were incubated overnight at 4℃ with specific primary 

antibodies: anti-Notch1 (Cell Signaling Technology, Danvers, 

MA, USA), anti-Jag1 (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA), and anti-VE cadherin (Santa Cruz Biotechnology, 
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Santa Cruz, CA, USA) and followed by incubation with 

fluorescent tagged secondary antibodies (Invitrogen, Carlsbad, 

CA, USA). The images were acquired by a confocal laser 

scanning microscope system (LSM 710, Carl Zeiss AG, 

Oberkochen, Germany) and processed with Zen 2008 software 

(Carl Zeiss AG, Oberkochen, Germany). A water- or oil-

immersion objective (40×, or 63×, 1.4 numerical aperture, NA) 

with the pinhole set for a section thickness of 0.8㎛ (pinhole 

set to 1 airy unit in each channel) was used. To visualize a 3D 

reconstructed image, a Z-stack of 20 ㎛ thickness was 

obtained. Diode (405 nm), Multi-Argon (488 nm), HeNe (543 

nm), and HeNe (633 nm) laser lines were selected and images 

were acquired sequentially using separate laser excitations to 

avoid cross-talks between different fluorophores. 

 

5. Analysis of reactive oxygen species 

After 14 days of culture, the culture medium was changed to 

EGM. We added 1 mM N-acetylcysteine to the negative control 

sample and incubated it for 1 hour. And then we added 400μM 

tert-butyl hydroperoxide (TBHP) to the negative and positive 

control samples and incubated them for 1 hour. Then, we 
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incubated the samples for 1 hour with the 1mM CellROXDeep 

Red reagent (Life Technologies, Carlsbad, CA, USA). We 

acquired fluorescent images by confocal microscopy and then 

quantified the intensity of fluorescence in ECs. 

 

6. Reverse transcription-polymerase chain reaction (RT-

PCR) 

We isolated total RNA using RNeasy RNA isolation kit (Qiagen, 

Valencia, CA, USA). We performed reverse transcription using 

1μg RNA with amfiRivert cDNA synthesis premix (GenDepot, 

Barker, TX, USA). We performed PCR using the following 

primers: for Jag1, 5′-CTCCTGTCGGGATTTGGTTA-3′ 

forward and 5′-CCACAGACGTTGGAGGAAAT-3′ reverse 

primers; for Dll4, 5′-ACCTTTGGGTGTCTGTCTGG-3′ 

forward and 5′-ACTTTTGGAAACACGGATGC-3′ reverse 

primers; for GAPDH, 5′-CGTGGAAGGACTCATGAC-3′ 

forward and 5′-CAAATTCGTTGTCATACCAG-3′ reverse 

primers. We measured PCR band intensity for quantification 

using Image J software (NIH, MD, USA). 
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7. Assessment of the activity of PKC isoforms in ECs under 

high glucose condition 

ECs were seeded on a 1.5% gelatin-coated dish in EGM 

medium. ECs were incubated at 25.6mM of glucose or mannitol 

for 72 hours. We loaded 25㎍ of protein from the cell extract 

for western blot. We incubated the membrane with primary 

antibodies included in PKC and phospho-PKC isoform antibody 

sampler kit (Cell Signaling Technology, Danvers, MA, USA) at 

1:1500 at 4℃ overnight. 

 

8. Quantification and statistical analysis 

We obtained images for comparative analysis under identical 

conditions of light, contrast and magnification. The sprouting 

area of the hybrid spheroid model was automatically measured 

by Image J software (NIH, MD, USA). To calculate sprout 

length, we drew lines on the image along the sprout and then 

measured the length of the lines using the software. We 

counted every point of branching from the spheroid for the 

number of branching points. All results are expressed as mean 

± standard deviation. The differences of continuous variables 
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between experimental groups were analyzed by Student’s t-

test or one-way ANOVA using GraphPad Prism 5 (GraphPad 

Software, San Diego, CA, USA). To analyze the effect of time 

and treatments, we performed two-way ANOVA. 
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RESULTS 

Multi-step process of the human angiogenesis in a spheroid 

model 

The multistep process of angiogenesis in human cells could not 

be well presented by current in vitro angiogenesis models, for 

example, Matrigel tube formation assay or endothelial spheroid 

culture22. In vitro three dimensional collagen matrix models 

successfully demonstrated endothelial lumen formation, but 

such a three-dimensional matrix made it difficult for us to 

perform further immunofluorescent staining, confocal 

microscopic imaging and quantification23, 24. Therefore, we co-

cultured GFP-transduced ECs with non-labeled SMCs in a 

spheroid on an SMC monolayer. We could observe, without 

further staining, the multistep process of angiogenesis which 

recapitulated the 2-dimensional developmental angiogenesis in 

the neonatal murine retina (Figure 1-1). First, ECs sprouted 

out of the spheroid (Figure 1-1a,b) leading to endothelial tube 

formation (Figure 1-1c). Tip cells, ECs with many filopodia 

(Figure 1-1d), stood at the front end of sprouts, led sprouting, 

and were followed by stalk cells (Figure 1-1e). Angiogenesis 
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in vitro was augmented by exogenous VEGF treatment as 

compared to the nontreated one (Figure 1-1c,f). As it 

maturated, multiple vacuoles developed and then capillary-like 

lumen appeared between adjacent ECs which were connected to 

each other by VE-cadherin (Fiture 1-1g,h,i). There was 

dynamic remodeling which included regressing, growing and 

newly appearing sprouts (Figure 1-1j,k). Stabilized tubes were 

supported by basement membrane which consisted of type IV 

collagen (Figure 1-1l,m). The remodeling process made 

connections among the sprouts and then formed a network of 

capillaries (Figure 1-1n). 

 

High glucose concentration disturbed both sprouting activity of 

ECs and stabilization of endothelial tubes  

Next, we evaluated the effect of high glucose concentration on 

the multi-step process of the human angiogenesis in vitro. 

When we cultivated the spheroids at several different glucose 

concentrations (5.6, 15.6, 25.6, 35.6 mM), we found that any 

glucose concentration higher than normal decreased the mean 

length of sprouting tubes from the spheroids. Then we fixed the 

high glucose concentration at 25.6 mM for the next experiments. 
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High glucose concentration, compared with normal, produced 

more sprouting tubes and filopodia at the tip cells with more 

frequent branches and tubes with smaller diameter (Figure 1-

2a,b,c). When we continuously monitored the remodeling 

process of the preformed tubes at the same field for 72 h, we 

found that endothelial tubes in 25.6 mM of mannitol 

continuously grew and formed new vessels (Figure 1-2d, 

arrows) whereas those in 25.6 mM of glucose became thinner, 

regressed, and then disconnected (Figure 1-2d, arrow heads). 

Image quantification revealed that endothelial tubes in high 

glucose condition produced more new filopodia than control 

whereas they regress more than control (Figure 1-2e). When 

we added exogenous VEGF in the medium, we noted that the 

high glucose group showed many filopodia from EC tubes 

through type IV collagen breakage in contrast to the mannitol 

group (Figure 1-2f). We assessed the proliferation activity of 

ECs and SMCs in this spheroid depending on glucose 

concentration (Figure 1-2g). First, the proliferation activity 

was significantly higher in SMCs than in ECs regardless of 

glucose concentration. Second, there was an intriguing 

reciprocal pattern of cell proliferation by high glucose between 
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ECs and SMCs. Proliferation of ECs was suppressed by high 

glucose condition compared with mannitol at days 3 and 10. 

Proliferation of ECs was very low at day 10, which made the 

statistical analysis impossible. In contrast, SMCs responded to 

high glucose and showed higher proliferation activity at day 10 

than when exposed to mannitol (p = 0.004). The apoptosis of 

ECs and SMCs in this model was similar between high glucose 

and control mannitol conditions at day 10 (Figure 1-2h). 

Notch signaling has been reported to be closely related to 

proper formation and maintenance of the vascular system in 

several human and mouse genetic studies1, 5, 6. This model 

mimicked murine neonatal retina angiogenesis and thus enabled 

us to analyze each step of angiogenesis in association with 

Notch signaling. Especially, high glucose condition induced 

abnormal sprouting angiogenesis with changes in tip and stalk 

cells. Therefore, we evaluated Notch signaling molecules in a 

high glucose condition in the next step. 

 

High glucose increased selectively Jag1 expression via NF-κB 

and PKC pathway in ECs  
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First, we would like to find which molecule is regulated in 

response to high glucose condition in ECs and dissect the 

underlying mechanism. In previous reports, cell-to-cell 

contact influences expression of Notch signaling molecules25-27. 

Thus, we examined the effect of high glucose on the expression 

of the two vasculature-specific Notch ligands, Dll4 and Jag1, 

which showed distinct spatial expression patterns and opposing 

functional roles regulating angiogenesis6 as well as their 

receptors, Notch 1 and 2, in ECs under both sparse and 

confluent culture conditions. In one of the Notch ligands, Dll4, 

expression was higher in confluent culture condition than in the 

sparse condition, while little to no expression of another Notch 

ligand, Jag1, was detected in the confluent condition (Figure 1-

3a). Interestingly, however, when ECs were cultured under 

high glucose (25.6 mM) condition for 3 days, only Jag1 

expression was significantly induced both in sparse and 

confluent conditions (Figure 1-3a), whereas Dll4 was not 

induced by high glucose. The amount of mRNA expression of 

Notch 1 or 2 was not affected by high glucose condition. We 

found that high glucose conditions increased both mRNA 

(Figure 1-3b) and protein (Figure 1-3c) expression of Jag1. 
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When we analyzed the relative expression of Jag1 using real-

time PCR, high glucose condition increased Jag1 expression in 

ECs both in a dose- (3- and 3.5-fold increase at 25.6 mM), 

and time-dependent manner (5-and 7-fold increase after 6 

day-exposure) compared to mannitol control (Figure 1-3d,e). 

In terms of the upstream regulator of Jag1 in this model, we 

investigated the role of nuclear factor-κB (NF-κB) and 

protein kinase C (PKC) because NF-κB has been shown as a 

downstream molecule of tumor necrosis factor (TNF) for 

induction of Jag1 expression in ECs 28 and because PKC was 

reported to be a mediator of diabetic vasculopathy15, 29. 

Induction of Jag1 was attenuated by a PKC-412 compound, a 

non-specific inhibitor of PKC (Figure 1-3f). PKC is known as 

one of the upstream activators of NK-κB. We found that 

induction of Jag1 by high glucose (25.6 mM) was also mitigated 

by NF-κB inhibitor, BAY 11-7082 (Figure 1-3g). Reactive 

oxygen species (ROS) are known to be involved with 

endothelial dysfunction in diabetes especially in ECs. Therefore 

we evaluated whether ROS was involved in the abnormal 

angiogenesis in our in vitro model. Positive control, TBHP 

significantly increased ROS in ECs and NAC reduced ROS in 
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ECs (Figure 1-3hi). We found that the high glucose condition in 

this model did not significantly increased ROS compared to the 

mannitol control. 

 

High glucose increased Jag1 expression and decreased Notch 

signaling in ECs  

To confirm if the abnormal Notch signaling in high glucose 

condition occurred in the spheroid model, we performed 

immunofluorescent staining of vasculature-specific Notch 

ligands, stimulatory Dll4 and inhibitory Jag1. Expression of Dll4 

was not different between mannitol and glucose groups showing 

peri-nuclear spotty staining in ECs (Figure 1-4a). In contrast, 

Jag1 especially at tip cells showed diffuse strong staining with 

frequent nuclear enhancement (Figure 1-4b, arrow head) in 

the high glucose group in contrast to the diffuse dim staining in 

the mannitol group (Figure 1-4b). Then, we performed 

immunofluorescent staining of full-length Notch1, which 

showed both non-cleaved Notch and cleaved NICD. It showed a 

different nuclear translocation of Notch1 in the leading tip cells; 

extra-nuclear localization (only membrane and cytosol 

localization) in the high glucose condition, which means Notch 
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signaling inhibition, whereas prominent nuclear localization in 

the control condition (Figure 1-4c). The different staining 

pattern of Jag1 and Notch1 in the sprouting ECs was quantified 

in Figure 1-4d and Figure 1-4e, respectively. These findings 

suggest that high glucose increases the inhibitory ligand Jag1 

leading to suppression of Notch signaling in ECs. To confirm 

association of the suppressed Notch signaling and the 

overexpressed Jag1, we co-stained NICD and Jag1. ECs with 

diffuse dim Jag1 staining showed strong nuclear translocation of 

NICD (Figure 1-4f, arrow head) whereas ECs with diffuse 

strong Jag1 staining and nuclear enhanced showed weak 

nuclear translocation of NICD, which confirms inhibition of 

Notch signaling in ECs with high Jag1 expression (Figure 1-4f, 

arrow). 

 

Effect of Jag1 overexpression or Notch inhibition on human 

angiogenesis  

Next, we evaluated whether Jag1 overexpression or inhibiting 

Notch signaling by γ-secretase inhibitor resulted in similar 

changes in the spheroid model. We transduced ECs with 

lentiviruses expressing Jag1 to evaluate the effect of Jag1 
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overexpression on angiogenic sprouting. Overexpression of 

Jag1 showed higher number of sprouts, filopodia at the tip cells 

and branching points and lower mean diameter of sprouts than 

control, which were similar changes to the high glucose 

condition (Figure 1-5a,b,c). Immunofluorescent staining 

demonstrated a prominent nuclear translocalization of NICD in 

the sprouting ECs in control (Figure 1-5d). In contrast, NICD 

was detected only at the membrane and cytosol in the Jag1-

overexpression group suggesting Notch signaling inhibition in 

this group. 

Patterns of sprouting and tube formation were significantly 

affected also by another Notch inhibitor, γ-secretase inhibitor 

like DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester) (Figure 1-5e,f). DAPT in the 

medium significantly induced more sprouts, filopodia at the tip 

cells and branching points from a spheroid and made tubes 

narrower than control medium did (Figure 1-5g). When we 

continuously monitored the remodeling process of the 

preformed tubes at the same field for 72 h, we found that 

endothelial tubes in the DAPT-treated group became thinner 

and more arborized after the process of transient growth, 
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regression, and then disconnection of tubes like those in the 

high glucose condition (Figure 1-5h). Endothelial tubes in the 

DAPT-treated group are active in the remodeling process of 

angiogenesis; more new filopodia, transient growth, and active 

regression, compared with control (Figure 1-5i).  

 

High glucose-induced aberrant vascular growth was normalized 

by down-regulation of Jag1  

Then, we evaluated whether endothelial cell-specific 

suppression of Jag1 expression using lentiviral shRNA 

transduction would restore high glucose-induced abnormal 

angiogenesis. Transduction of lentivirus expressing GFP-

labeled shRNA (scrambled or Jag1) did not alter endothelial 

morphology and growth (Figure 1-6a). We confirmed that Jag1 

was effectively down-regulated by Jag1 shRNA transduction in 

ECs in contrast to scrambled shRNA (Figure 1-6b). Down-

regulation of Jag1 remarkably restored aberrant angiogenesis; 

the decreased diameter, increased sprouts and branching points 

induced by exposure to high glucose (Figure 1-6c,d). 
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Figure 1-1. In vitro model of multi-step sprouting angiogenesis. 

a) Co-cultured GFP-transduced EC with non-labeled SMC in a 

spheroid on SMC monolayer in a coverglass-bottom dish on 

day 1. b) Spouting from the spheroid on day 3. c) Multiple 

endothelial tubes from the spheroid on day 6. d) Vivid filopodia 

of a tip cell without additional staining. e) Tip cells followed by 

stalk cells. f) Augmented angiogenesis by exogenous 10ng/ml 

VEGF treatment as compared to non-treated one as shown in 

figure 1-1c on day 6. g) Multiple vacuoles (arrows) developed 

between adjacent ECs of which nucleus were denoted by 

broken blue circles. h) Capillary-like lumen formation by ECs 

in vitro. i) ECs were connected to each other by VE-cadherin 

(red). j-k) Dynamic remodeling of the in vitro angiogenesis, 

which included regression (broken line), growth (becoming 

thicker) and newly-appearing sprout in the same field for 48h. 

l-m) GFP-EC tubes aligned with basement membrane stained 

by type IV collagen. n) A lumenized network of capillaries in 

vitro. 
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Figure 1-2. Characterization of high glucose-induced abnormal 

angiogenesis. 

a-c) High glucose concentration produced the caliber of tubes 

narrower and increased filopodia at tip cells, sprouting and 
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branching more than normal glucose concentration did (n=3). d) 

Active remodeling process (growth and regression) during in 

vitro angiogenesis in high glucose concentration. Arrow: 

growing sprouts, arrow head: regressing sprouts. e) In contrast 

to mannitol, high glucose increased the number of new filopodia 

and regressing sprouts (n=8). f) New filopodia from stalk cells 

through basement membrane (arrow) in a high glucose 

condition in contrast to stable stalk cells in a mannitol control. 

High glucose condition significantly increased the number of 

filopodia per tube length in response to exogenous VEGF 

(p=0.026, n=4). g) Ki67 staining to assess cellular 

proliferation and its quantification in EC and SMC in the model 

at day 3 and day 10 (n=9). h) Cleaved caspase-3 staining to 

demonstrate apoptosis and its quantification in EC and SMC in 

the model (n=4). 
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Figure 1-3. Endothelial Jag1 induction and its molecular 

mechanism by high glucose condition. 
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a) High glucose (G) increased Jag1 more than mannitol (M) did 

both in sparse or confluent condition of endothelial cells. 

Neither Dll4, Notch1 nor Notch2 changed significantly by high 

glucose. b,c) Glucose concentration 25.6mM showed highest 

Jag1 expression in b) RT-PCR or c) western blot. d) 

Quantitative PCR confirmed that glucose dose-dependently 

increased Jag1 expression compared to mannitol. (n=4) e) 

High glucose gradually increased endothelial Jag1 expression 

for several days. f) Non-specific PKC inhibitor, PKC-412, 

significantly attenuated the induction of Jag1 by high glucose 

(n=3). g) NF-kb inhibitor, BAY 11-7082, significantly blocked 

induction of Jag1 by high glucose (n=3). h) ROS detection by 

fluorescent dye in the in vitro model. Positive control, TBHP 

significantly increased ROS in EC and NAC reduced ROS in EC. 

i) We found that the high glucose condition in this model did not 

significantly increased ROS. 
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Figure 1-4. High glucose increased Jag1 expression and 

inhibited Notch signaling in endothelial cells. 
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a) Dll4 staining showed spotty and perinuclear pattern in ECs. 

There was no significant difference of Dll4 staining pattern 

between the two conditions. b) In a high-osmolar control, 

mannitol condition, ECs showed dim staining of Jag1. High 

glucose condition increased the intensity of Jag1 expression 

(‘diffuse’, arrow) as well as high nuclear enhancement 

(‘high nuclear’, arrow head) in ECs. c) In contrast to control, 

high glucose inhibited nuclear translocation of Notch1 in 

endothelial nucleus. (+) arrows: Notch1 positive endothelial 

nucleus, (-) arrows: Notch1 negative endothelial nucleus. . d) 

High glucose increased ‘high nuclear’ pattern of Jag1 

staining. e) The fraction of cells that are negative for Notch1 

nuclear translocation was greater in the high glucose condition 

than in the mannitol control. f) Mannitol did not decrease NICD 

nuclear translocation (arrow head) whereas high glucose 

decreased it, especially in ECs with high nuclear enhancement 

of Jag1 (arrow). 
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Figure 1-5. Modulation of Notch signaling in in vitro model of 

angiogenesis. 

a-b) Sprouting angiogenesis using GFP-ECs or Jag1-

overexpressing ECs on day 6. c) Jag1 overexpression showed 

similar changes to the high glucose condition. n=4, respectively. 

d) Jag1 overexpression reduced nuclear translocation of 

Notch1 (white dots in EC nucleus, arrow) compared to the 
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control suggesting inhibition of Notch signaling in Jag1-

overexpressing ECs. e-f) Sprouting angiogenesis in control 

medium and medium with 10μM DAPT (Notch inhibitor) on day 

6. g) DAPT reduced diameter of the sprouts and increased 

sprouting and branching as high glucose condition did. n=4, 

respectively. h) Sequential remodeling of in vitro angiogenesis 

in medium with or without DAPT. Arrow: growing sprouts, 

arrow head: regressing sprouts. i) In contrast to mannitol, 

DAPT increased the number of new filopodia and regressing 

sprouts and decreased the number of growing sprouts  
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Figure 1-6. Down-regulation of Jag1 rescued aberrant 

angiogenesis by high glucose. 

a) Lentivirus transduction into ECs for expression of scrambled 

shRNA or shRNA targeting Jag1. b) shRNA targeting Jag1 
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significantly reduced Jag1 expression in ECs. c) Representative 

figures of spheroid angiogenesis: scrambled shRNA 

(shScrambled) and normal glucose concentration (G5.6mM), 

scrambled shRNA and high glucose concentration (G25.6mM), 

Jag1 shRNA and high glucose, respectively d) Quantification 

data. Jag1 shRNA rescued abnormal sprouting angiogenesis in 

high glucose condition. (n=4) 
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DISCUSSION 

A novel in vitro model of human angiogenesis 

Our model has several advantages compared to previous ones. 

First, we can visualize vessel growth of human ECs without 

additional staining due to stable fluorescent protein transduction. 

It was vivid enough to show multiple filopodia of tip cells. This 

enabled us to observe a real-time vessel growth. Second, this 

model showed not only sprouting but also tubulogenesis, 

lumenization, and vascular network formation. This enabled us 

to reveal the mechanism of vascular stabilization or regression 

which has not been thoroughly investigated yet. Third, genetic 

manipulation in this model is relatively easier than that in 

producing a transgenic animal model. Simple transduction using 

siRNA, microRNA, or lentiviral vector could reveal the effect of 

a target gene on angiogenesis. Fourth, if we combine genetic 

modulation with multicolor labeling, we can dissect even more 

complex signaling by several genes related to vessel growth. 

We expect this model to be useful for investigating the various 

aspects of angiogenesis. 
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Although a murine retina model may recapitulate in vivo 

phenomenon in contrast to an in vitro model, we recognized 

several limitations of the in vivo model. First, it is a mouse 

model which can be different from the human system. Second, 

since neonatal murine retina model is required to investigate 

angiogenesis, we need a neonatal murine hyperglycemic model 

in order to evaluate the effect of high glucose on angiogenesis. 

However, there is no established neonatal hyperglycemic model 

as far as we know. Third, we need more time and effort to 

study various aspects of in vivo phenomenon using a mouse 

model because of the relatively longer breeding time, keeping 

the animal environment controlled, complex genetic 

manipulation of the mice, additional staining work, etc. Fourth, if 

an in vitro model can be an alternative to an in vivo model, it is 

ethical to minimize the sacrifice of animals. In these points, our 

human in vitro model has merits. It is a human model. We can 

control glucose concentration whenever we want. It is easy and 

fast to reproduce experiments. It is relatively easy to modify 

genes by transfecting vectors to endothelial cells before making 

spheroids. It is a good alternative to an in vivo system. 

Therefore, we believe that this model has advantages in 
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studying human angiogenesis, especially in a hyperglycemic 

condition. 

 

High glucose-induced abnormal angiogenesis in in vitro model of 

human angiogenesis 

Delicate regulation and balance between tip and stalk cells via 

cell-to-cell signaling are needed during vascular formation. We 

hypothesized that a disturbance of this signaling resulting in 

endothelial cell-to-cell miscommunication might be one of the 

mechanisms of diabetic microvasculopathy. Using our model, 

we characterized high glucose-induced abnormal angiogenesis 

which is characterized as heavily-arborized fine tubes as 

results of increased sprouting, transient growth, and active 

regression without significant change in EC proliferation and 

apoptosis. Similar effects by Notch signaling inhibition to the 

high glucose condition in this angiogenesis model confirmed that 

high glucose-induced Jag1 overexpression with Notch signaling 

suppression in ECs resulted in the abnormal angiogenesis. 

Induction of Jag1 expression in ECs was known to be mediated 

by NF-κB which is a downstream molecule of TNF30. PKC was 

also reported to be a mediator of diabetic vasculopathy15. We 
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found that the increased endothelial expression of Jag1 is 

mediated by the two well-known DM-related signaling 

molecules in the present study. Therefore, Jag1 overexpression 

in ECs is a novel convergence and divergence of a signal 

pathway from high glucose condition to abnormal angiogenesis. 

 

Modulation of Notch signaling in in vitro human angiogenesis 

model 

The Notch signaling pathway is a highly conserved intercellular 

signaling mechanism that is mediated by interactions between 

transmembrane ligands and Notch receptors; 5 ligands (Dll1, 

Dll3 Dll4, Jag1 and Jag2) and 4 Notch receptors (Notch1–4) 

have been identified in mammals31. Among them, two ligands 

(Dll4 and Jag1) and all four Notch receptors are expressed in 

the vasculature25. Several human and mouse genetic studies 

suggest that Notch signaling is closely related to proper 

formation and maintenance of the vascular system1, 5, 6. 

New vessel formation is a dynamic process which involves 

specification of several types of specialized ECs such as tip, 

stalk, and phalanx EC, each of which has a distinct function in 

vessel growth4, 32. A previous study implicated Notch signaling 
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as a key determinant to specify EC phenotypes5. Various key 

molecules and pathways also have been studied in the dynamics 

of angiogenesis in the context of controlling tip cell selection, 

sprouting and the formation of new vessels2. We found that our 

model could vividly present the abnormal angiogenesis by 

visualization of the disturbed behavior of the specialized ECs, 

which were modulated by Notch signaling. Inhibition of Notch 

signaling by DAPT increased the number of sprouts and 

branching points, which were a result of the enhanced tip cell 

formation. This finding was consistent with a previous report 

which showed increased sprouts and branching points in retinal 

angiogenesis of neonatal mice by DAPT administration5. We 

also found that Jag1 overexpression had similar effects to 

DAPT treatment in this spheroid model of mixed ECs and SMCs. 

This is consistent with previous reports of the concentration-

dependent, ligand-mediated inhibition of Notch signaling. Fiuza 

et al.33 showed that ligand can inhibit Notch signaling as a cell 

autonomous process, which is called as cis-inhibition. In the 

signal-receiving cells of this study, the overexpressed 

Jag1 may bind and inhibit Notch (cis-inhibition) as well as 

inhibit trans-signal from the signal-sending cells (like Dll4 on 



44 

 

 

adjacent cells). Yang et al. showed that Notch glycosylation 

differentially affect signal transduction by Delta-like ligands or 

Jag134. In line with the above studies, Benedito et al. showed 

that Notch ligand Jag1 antagonized Dll4-Notch signaling in 

mice6. The mechanism of aberrant vessel growth by elevated 

Jag1 expression may be due to disequilibrium between the two 

Notch ligands, Dll4 and Jag1, which showed distinct spatial 

expression patterns and opposing functional roles regulating 

angiogenesis. 

 

A novel target to control diabetic microvasculopathy beyond 

glucose control 

It is well known that diabetic vasculopathy, especially 

microvasculopathy, can be prevented by intensive glucose 

control10, 35. Inversely, it means that the mechanism of 

microvasculopathy is closely linked to high glucose condition. 

However, intensive glucose control often causes fatal 

complication such as hypoglycemia, resulting in the difficulty to 

achieve the predetermined goal of glucose level even with this 

strategy36. Until now, clinical trials by targeting the previously-

proposed pathophysiology of diabetic vasculopathy have failed 
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to prove therapeutic efficacy, in part because the mechanism of 

diabetic vasculopathy is too complex and heterogeneous for one 

to decide a target14. Therefore, we need to find a new target 

which is a bottle neck or a critical step in the mechanism of 

diabetic microvasculopathy. In that sense, Jag1 or Notch 

signaling in ECs can be a feasible therapeutic target for diabetic 

microvasculopathy. In fact, we proved that down-regulation of 

Jag1 could rescue the abnormal angiogenesis and vascular 

remodeling in high glucose condition. This could be validated in 

vivo in a future study. 

 

Limitation 

We used a monolayer of SMCs for the culture of EC and SMC 

spheroids. This system has an advantage for microscopic 

observation of angiogenesis. However, it has a drawback also. 

Since cells are co-cultured and RNA and proteins are collected 

from the mixture of ECs and SMCs, the accuracy of RT-PCR 

and western blot cannot be assured for a molecular study. To 

identify the mechanisms of Jag1 expression in response to 

glucose levels, we used single cell (EC) culture for the 

molecular study. The result may not correctly represent the 
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findings obtained from the co-culture system. Therefore, we 

used immunofluorescence-imaging study to identify the 

induction of Jag1 and suppression of Notch signaling in ECs, 

and used the molecular study of an EC monolayer to confirm it. 

In addition, the possibility that DAPT or high glucose affected 

SMCs in the model may not be excluded. This is because Notch 

signaling regulates differentiation of SMCs as well. In return, 

altered SMC function might affect EC angiogenesis. However, 

EC-specific Jag1 over-expression or down-regulation showed 

similar changes to the one by treatment of DAPT or high 

glucose. Therefore, we believe that the abnormal angiogenesis 

in high glucose condition is probably caused by the disturbed 

Jag1/Notch signaling in ECs. 

The significance of this study representing diabetes is limited 

as we only used glucose in vitro. Further study using a diabetic 

animal model or human tissue may reveal a pathogenic role of 

Notch signaling in diabetic vasculopathy. 

In conclusion, a novel in vitro model of human angiogenesis is a 

useful tool for investigating the mechanism of physiologic and 

pathophysiologic angiogenesis and vascular remodeling. 

Specifically, high glucose condition induced Jag1 and 
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suppressed Notch signaling in ECs, which suggests that 

Jag1/Notch would a promising therapeutic target of diabetic 

microvasculopathy. 

 

In summary, we characterized abnormal angiogenesis in high 

glucose condition using a novel in vitro angiogenesis model 

using co-cultivation of ECs and SMCs in a spheroid on an SMC 

monolayer. It was mediated by Jag1 overexpression and Notch 

signaling inhibition in ECs. Suppression of Jag1 could rescue 

the aberrant angiogenesis (Figure 1-7). 
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Figure 1-7. Scheme of the aberrant angiogenesis induced by 

Jag1 overexpression under high glucose condition in the in vitro 

model of human angiogenesis. 
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CHAPTER 2 

Hyperglycemia-induced Jagged1 

overexpression in endothelial cells 

causes retinal capillary regression 

in a murine model of diabetes 

mellitus: Insights into diabetic 

retinopathy 
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INTRODUCTION 

Hyperglycemia, a major risk factor for diabetic microvascular 

complications, induces apoptosis in retinal pericytes, renal 

podocytes, and vascular endothelial cells (ECs) directly or 

indirectly through inflammation, oxidative stress, glycated 

products, or protein kinase C activation14, 15. Although intensive 

glucose control in diabetic patients can delay the onset and 

progression of diabetic vascular complications11, 37, clinicians 

have frequently failed to effectively prevent the progression of 

vascular diseases, including retinopathy, amongst others, which 

necessitates further investigation into novel mechanisms of 

diabetic vasculopathy35. 

Recent advances in vascular biology have revealed that 

intercellular signaling between adjacent ECs has important roles 

in development, remodeling, and homeostasis of vessels2. ECs 

in the capillaries are not static but dynamically changed by 

intercellular signaling8. Notch receptors and their ligands, 

delta-like ligand 4 (Dll4) and Jagged1 (Jag1), regulate the 

dynamic and transient intercellular signaling between ECs. Once 

the Notch extracellular domain of one cell interacts with the 
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Dll4 in adjacent cell, γ-secretase cleaves Notch, thereby 

releasing the Notch intracellular domain (NICD), which 

subsequently regulates gene expression via activation of 

transcription factors. Expression of Dll4 in filopodia-extending 

ECs (tip cells) leads to the activation of Notch in adjacent ECs, 

and induces stable tube-forming ECs (stalk cells) at the base 

of sprouts5. The vessel-stabilizing activity of the Dll4-Notch 

interaction is opposed by Jag1, which destabilizes stalk cells 

and leads to the immature vessel plexus6.  

Acellular capillaries (e.g., empty basement membrane sleeves 

or ghost vessels) have been reported to be an irreversible 

result of hyperglycemia-induced endothelial cell apoptosis15. 

Acellular capillaries are also observed during developmental 

angiogenesis in the mouse retina, which is tightly regulated by 

intercellular signaling via Notch and its ligands2. In addition, 

endothelial glucose metabolism affects developmental 

angiogenesis by modulating Notch signaling38 which is crucial 

for the remodeling of veins and the perivenous capillary plexus 

after the initial angiogenic growth phase in the postnatal retina39. 

Therefore, it is likely that Notch signaling has a role in adult 
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vascular homeostasis and is affected by dysregulated glucose 

metabolism.  

However, Notch signaling and vascular remodeling in mature 

adult capillaries has not yet been fully investigated, especially 

in relation to hyperglycemia. We demonstrate that abnormal 

intercellular Notch signaling has a crucial effect on diabetic 

microvasculopathy in the present study.  
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MATERIALS AND METHODS 

1. Mice 

All animal experiments were approved by the Institutional 

Animal Care and Use Committee (IACUC). Diabetes mellitus 

(DM) was induced in 8-week–old male C57BL/6 mice by 

intraperitoneal (i.p.) injection of 150 mg/kg streptozotocin 

(STZ; Sigma Aldrich, St. Louis, MO, USA) dissolved in citrate 

buffer. Blood glucose levels were measured every week after 

STZ administration. Induction of diabetes was defined in mice 

when their non-fasting blood glucose levels were greater than 

250 ㎎/㎗. HbA1c levels were determined using the HITACHI 

7070 automatic biochemical analyzer (Hitachi Instruments, 

Tokyo, Japan) at 6 weeks after STZ injection. Eyes, hearts and 

thigh muscles were harvested 6 weeks after induction of 

diabetes and compared to a control group. To elucidate the role 

of Jag1 in ECs, we used both EC-specific Jag1 heterozygous 

deficient (Tie2-Cre+;Jag1flox/+) mice and EC-specific inducible 

Jag1 deficient (Tie2-CreERT2+;Jag1flox/flox) mice. Jag1flox/+ mice 

were purchased from Jackson Laboratories (Bar Harbor, ME, 

USA). Tie2-Cre mice were kindly provided by Dr. Gou Young 
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Koh (Korea Advanced Institute of Science and Technology, 

Daejeon, South Korea). Tie2-CreERT2 mice were a generous 

gift from Dr. Stefan Offermanns (Max Plank Institute, Bad 

Nauheim, Germany). For comparison, Tie2-Cre+;Jag1flox/+ 

mice and Tie2-Cre+;Jag1+/+ litter-mate controls were 

examined in the same experiments.  

To confirm that Notch inhibition led to retinal 

microvasculopathy (RM), we generated conditional Mib1 

knockout mice under the control of an inducible Tie2 promoter. 

Mib1flox/flox mice were kindly provided by Dr. Young-Yun Kong 

(School of Biological Science, College of Natural Sciences, 

Seoul National University, Seoul, South Korea). Tie2-

CreERT2+;Mib1flox/+ mice received i.p. injection of 1 ㎎ 4-

OHT-tamoxifen for 7 consecutive days from 8 weeks after 

birth. We harvested retinas at 10 weeks after birth. 

Pharmacological Notch inhibition was achieved by 

intraperitoneal injection of a gamma secretase inhibitor (GSI), 

100 ㎎/㎏ DAPT (N-[N-(3,5-difluorophenacetyl-L-

alanyl)]-S-phenylglycine tert-butyl ester, Sigma Aldrich) for 

3 consecutive days prior to harvesting. We also used another 
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GSI, dipeptidic DBZ. We injected DBZ intraperitoneally at a 

dosage of 10μ㏖/㎏ every other day for 4 weeks. 

 

2. Immunofluorescence staining and confocal microscopic 

analysis 

Mice were anaesthetized and perfused with 30 ㎖ of PBS via 

the left ventricle. The eyes were enucleated and fixed in 2% 

paraformaldehyde (PFA) in PBS for 45 minutes at room 

temperature. Retinas were dissected, permeabilized with 1% 

bovine serum albumin (BSA) in 0.5% Triton-X100 (Sigma 

Aldrich) overnight at 4℃, and incubated with tetramethyl 

rhodamine isothiocyanate (TRITC)-conjugated Bandeiraea 

simplicifolia (BS)1-lectin (Sigma Aldrich, St. Louis, MO, USA) 

overnight at 4℃. For further investigation, the retinas were 

stained overnight at 4℃ with specific primary antibodies: anti-

Jag1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; Abcam, 

Cambridge, UK), anti-Dll4 (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA), anti-Notch1 (Cell Signaling Technology, 

Danvers, MA, USA), anti-cleaved Notch1 (Cell Signaling 

Technology, Danvers, MA, USA; Abcam, Cambridge, UK), anti-
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type IV collagen (Southern Biotechnology Associates, 

Birmingham, AL, USA; Abcam, Cambridge, UK), anti-VE-

cadherin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), 

anti-N-cadherin (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA), anti-HEY-1 (Abcam, Cambridge, UK), anti-NG2 

(Millipore, Billerica, MA, USA), anti-ZO1 (Invitrogen, Carlsbad, 

CA, USA), anti-VEGFR2 (R&D Systems, Weisbaden, Germany), 

and anti-VEGFR3 (R&D Systems,  Weisbaden, Germany) 

followed by incubation with fluorescently tagged secondary 

antibodies (Invitrogen, Carlsbad, CA, USA) overnight at 4℃. 

For heart and thigh muscles, the isolated tissues were 

embedded in optimal cutting temperature compound (OCT; 

Tissue-Tek, USA) and stored in a -80℃ deep freezer. Frozen 

sagittal sections were cut at 25–30 μm using a cryostat (HM 

550 MP, Microm; Walldorf, Germany). The sections were fixed 

with 4% PFA in PBS for 10 minutes and permeabilized with 10% 

fetal bovine serum (FBS), 0.5% Triton-X100 in PBS for 4–6 

hours, followed by primary and secondary antibodies 

incubations for 2–3 days each at 4℃. The images were acquired 

by a confocal laser scanning microscope system (LSM 710, 

Carl Zeiss AG, Oberkochen, Germany) and processed with 
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Zen2008 software (Carl Zeiss AG, Oberkochen, Germany) and 

ImageJ (NIH, MD, USA) software. A water- or oil-immersion 

objective (40× or 63×, 1.4 numerical aperture) with the 

pinhole set for a section thickness of 0.8–1.2㎛ (1 airy unit in 

each channel) was used. To visualize the three-dimensional 

reconstructed image, a Z-stack of 20 ㎛ thickness was 

obtained. Diode 405㎚, Multi-Argon 488㎚, HeNe 543㎚, and 

HeNe 633 ㎚ laser lines were selected, and images were 

sequentially acquired using separate laser excitations to avoid 

cross-talk between different fluorophores. 

 

3. Immunofluorescence quantification of retinal 

vasculopathy and statistical analysis 

Images were generated for comparative analysis under identical 

conditions of light, contrast, and magnification. Capillary density, 

diameter, and mean fluorescence intensity were measured by 

ImageJ software (NIH, MD, USA). This program automatically 

detects signal pixel area. If the staining is very specific, i.e., the 

signal-to-noise ratio is high, the capillary area tends to be low. 

If the staining is not very specific, the capillary area becomes 
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high because noise is included in the area. We performed BS-1 

lectin staining for each set of experiments at the same time. 

However, it is hard to compare the results between the 

different sets of experiment in the present study because of 

staining variation.  

We directly evaluated the capillary diameter at various points of 

interest in z-stack images by measuring the width of the 

lectin-positive area perpendicular to the capillary length using 

ImageJ software. Therefore, the capillary diameter in our data 

denotes the abluminal diameter of the capillary, but not luminal 

diameter. We counted a capillary as acellular if the diameter of 

the lectin-stained structure was markedly different from the 

adjacent capillaries, and did not contain a nucleus.  

All results are expressed as mean ± standard error of mean 

(SEM). Differences in continuous variables between 

experimental groups were analyzed by Student’s t-test using 

GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). 

 

4. Apoptosis and proliferation analysis 

For examining cell proliferation, BrdU (BD Pharmingen, San 

Diego, CA, USA) was administered for two consecutive days 
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prior to harvest at a dose of 50 ㎎/㎏ i.p. The eyes were 

enucleated and fixed in 2% PFA for 45 minutes at room 

temperature followed by retinal dissection in PBS. Following 

incubation in a blocking solution (1% BSA, 0.5% Triton X-100 

in PBS) overnight at 4℃, retinas were placed in 2N HCl for 30 

minutes at room temperature and washed twice in 0.2 M sodium 

borate for 15 minutes. The retinas were then incubated with a 

FITC-conjugated anti-BrdU antibody (eBioscence, San Diego, 

CA, USA) overnight at 4℃. 

Retinal cell apoptosis was determined by a terminal 

deoxynucleotide transferase nick end labeling (TUNEL) assay 

using an in situ cell death detection kit (Roche Diagnostics, 

Mannheim, Germany). The total number of TUNEL-positive 

cells was counted in each retina. Retinal cell death was also 

measured by flow cytometry with an Annexin Ⅴ-FITC 

Apoptosis Detection Kit (BD Bioscience, Franklin Lakes, NJ). 

Retinas were digested in Accumax (Millipore, Billerica, MA, 

USA) and retinal cell apoptosis was assessed by annexin Ⅴ 

binding by flow cytometry (FACSAriaⅢ, BD Bioscience, San 

Jose, USA). 
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5. Genotyping and Reverse transcription-polymerase chain 

reaction (RT-PCR) 

Genomic DNA extraction from a mouse tail biopsy and 

polymerase chain reaction (PCR) were performed using 

REDExtract-N-Amp Tissue PCR kit (Sigma Aldrich, St. Louis, 

MO, USA) with the following primers: 5′-

TCAGGCATGATAAACCCTAGC-3′, 5′-CTACATACAGC-

ATCTACATGC-3′ for Jag1flox/+ mice; 5′-GCGGTCTGGCA-

GTAAAAACTATC-3′, 5′-GTGAAA-CAGCATTGCTGTC-

ACTT-3′ for Tie2-Cre mice; 5′-GAA-GTCGCAAAGTT-

GTGAGTTG-3′, 5′-TGGCTTGCAGGTACAGGA-3′, 5′- 

GAGAATGGCGAGAAGTCACTG-3′ for Tie2-CreERT2 mice.  

To verify the efficiency and specificity of Cre recombinase 

activity, aortic ECs were isolated by enzymatic digestion. The 

inside of the aortic lumen was washed with PBS and filled with 

0.1% type II collagenase (Gibco, Carlsbad, CA, USA) in PBS 

through a 24-gauge catheter (BD, Franklin Lakes, NJ, USA). 

After incubation for 10 minutes at 37℃, ECs were collected by 

flushing with 2 ㎖ of EC growth media EGM-2MV (Lonza, 

Verviers, Belgium) and plated on culture dishes coated with 1.5% 
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gelatin (Sigma Aldrich, St. Louis, MO, USA). After removal of 

ECs, SMCs were subsequently isolated. The remaining tissue 

was cut into pieces and digested with 0.5% collagenase for 4 

hours at 37℃ in a shaking incubator, followed by collecting and 

culturing of cells in low-glucose DMEM containing 10% FBS 

(Gibco, Carlsbad, CA, USA). For reverse transcriptase (RT)-

PCR, total RNA was isolated from cultured ECs using an 

RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Reverse 

transcription was performed using 1 ㎍ of RNA with amfiRivert 

cDNA synthesis premix (GenDepot, Barker, TX, USA). cDNA 

was PCR-amplified using EX Taq (TaKaRa, Kyoto, Japan) and 

the following primers: 5′-CGACCGTAATCGCATCGTAC-3′ 

and 5′- AGTCCCACAGTAATTCAGATC-3′ for the flanked 

exon 4 of Jag1. The upper band (541 bp) indicates that the 

wild-type allele is present. The lower bands (286 bp) indicate 

the Jag1 mutant allele that does not contain exon 4. 

 

6. In vitro angiogenesis model using hEC and hSMC 

ECs were transduced with shRNA and eGFP expressing 

lentiviral vector. Mixture of transduced ECs and non-labeled 

SMCs were suspended in EGM (Lonza, Basel, Switzerland) 
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containing 20% MethoCult (Stem Cell Technologies Inc., 

Vancouver, BC, Canada) and then spheroidal cell aggregates 

were formed in conical-bottom 96-well plates (Nunc, 

Wiesbaden, Germany). After 24 hours, mixed cell spheroids 

were seeded on monolayer cultured SMCs. We utilized the 

lentiviral vector, pLentiLox 3.7 (pLL3.7), to deliver shRNA 

targeting endogenous Mib1: 5’- CCTCTGGGATAATGGTGC-

3’. A scrambled sequence, 5’- CAACAAGATGAAGAGCAC-

CAA -3’, was used as a negative control. 
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RESULTS 

Characterization of hyperglycemic retinal and myocardial 

vasculopathy in adult mice 

We induced hyperglycemia in mice by intraperitoneal 

administration of 150 mg/kg STZ. Blood glucose levels were 

maintained higher than 400 mg/dL and the HbA1c level was 7.2% 

at six weeks. At this point, we identified RM. In the 

hyperglycemic mice, capillary area and capillary diameter were 

significantly decreased (Figure 2-1a,b). These changes were 

more prominent in the peripheral retinal region than in the 

central region near the optic disc. Therefore, we performed 

further analysis in the peripheral retinal region. We separately 

analyzed the three layers of the retinal capillaries: superficial, 

intermediate, and deep, according to their proximity to the 

vitreous body (Figure 2-1c). Compared to normal mice, 

hyperglycemic mice showed a marked decrease in capillary 

density (percent capillary area/retinal area; Figure 2-1d,e). 

Acellular capillaries were markedly increased in hyperglycemic 

mice, especially in the deep layer (Figure 2-1f). In addition, 

the diameter of the intact capillaries with lumens was narrower 
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in hyperglycemic mice than normal controls (Figure 2-1g). In 

addition, we observed two different acellular capillaries: 

regressing vessels having thick type IV collagen deposition and 

growing ones having thin or no type IV collagen lining (Figure 

2-1h). Therefore, we surmised that hyperglycemia increased 

dynamic capillary remodeling and regression leading to 

decreased capillary density in adult mice.  

 

Hyperglycemia-induced Jag1 overexpression in endothelial cells 

of retina and myocardium 

Two Notch ligands (Dll4 and Jag1) are expressed in the 

vasculature25. Jag1 was highly expressed in the hyperglycemic 

retinal capillaries compared to those in controls (Figure 2-2a). 

Jag1 signal intensity in ECs markedly increased in the 

hyperglycemic mice (Figure 2-2b). Jag1 in the capillaries of 

hyperglycemic heart, skeletal muscle, and glomerulus of the 

kidney was also upregulated. We confirmed Jag1 

overexpression in response to the high glucose condition in 

human umbilical vein endothelial cells by western blot. In 

contrast to Jag1, no difference in Dll4 expression was observed 

between hyperglycemic mice and the controls.  
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Knockdown of Jag1 prevented retinal microvasculopathy in 

diabetic mice 

To evaluate whether endothelial Jag1 overexpression is the 

primary mechanism for hyperglycemia-induced RM, we 

assessed the effect of hyperglycemia in endothelial-specific 

Jag1 knockdown mice, Tie2-Cre+;Jag1flox/+. We confirmed the 

endothelial-specific knockdown of Jag1 in isolated ECs from 

these mice (Figure 2-3a). In the normoglycemic condition, 

Tie2-Cre+;Jag1flox/+ mice did not display any capillary 

abnormality compared to Tie2-Cre+;Jag1+/+, wild-type mice 

(Figure 2-3b,c). Hyperglycemic wild type mice (Tie2-

Cre+;Jag1+/+) developed apparent RM. However, knockdown of 

Jag1 in ECs as in Tie2-Cre+;Jag1flox/+ mice markedly 

attenuated RM even under hyperglycemic conditions (Figure 2-

3b,c).  

 

Hyperglycemic retinal vasculopathy can be reversed by Jag1 

knockdown in endothelial cells 

To confirm that the established RM was reversed by modulation 

of Jag1, i.e., whether RM could be treated and cured, we 
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suppressed Jag1 expression in ECs at 4 weeks after 

hyperglycemia induction using an inducible knockdown model: 

Tie2-CreERT2+;Jag1flox/flox mice. We confirmed that RM was 

established at 4 weeks after hyperglycemia induction (Figure 2 

-4a,b). Starting from 4 weeks after hyperglycemia induction, 

we administered 4-OH tamoxifen (OHT) or vehicle for 7 days 

(Figure 2-4c). Endothelial-specific inducible knockdown of 

Jag1 was confirmed in isolated ECs from the mice (Figure 2-

4d). We evaluated the efficiency of Tie2-CreERT2-mediated 

recombination using Rosa26-eYFP mice. eYFP expression was 

observed at about 60% of endothelial cells. Inducible 

knockdown of Jag1 in Tie2-CreERT2+;Jag1flox/flox 

normoglycemic mice receiving OHT did not produce a different 

capillary phenotype. Whereas hyperglycemic Tie2-

CreERT2+;Jag1flox/flox mice (STZ group) showed vivid RM in the 

retina compared to control (Figure 2-4e,f), knockdown of Jag1 

at 4 weeks after hyperglycemia induction by treatment with 

OHT (OHT group) markedly reversed the established RM 

during the next 4 weeks compared to the STZ group. 

Immunofluorescent staining of Jag1 confirmed the 

downregulation of Jag1 in the STZ+OHT group in contrast to 
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the STZ+vehicle group (Figure 2-5a,b). This result supports 

the observation that downregulation of Jag1 can rescue 

capillary regression and vascular remodelling under high-

glucose conditions.  

 

Hyperglycemia decreased Notch signal activity, which was 

prevented by Jag1 knockdown in endothelial cells of myocardium 

as well as retina. 

To examine the downstream of Jag1 induction by 

hyperglycemia, we assessed the signal activity of Notch1 using 

immunofluorescent staining of full-length Notch1 and NICD1.  

Notch1 expression was diffuse, with a salt-and-pepper 

appearance in neuronal cells and ECs in the retinas of adult 

mice. NICD1 staining displayed a similar pattern to that of full-

length Notch, but relatively higher signaling in the nucleus of 

ECs than in neuronal cells. To quantify endothelial-specific 

levels of Notch1 and NICD1 expression, we cropped the Notch1 

or NICD1 signal within ECs or endothelial nuclei. Next, we 

quantified the signal intensity of Notch1 or NICD1.  

Endothelial Notch1 expression was not substantially different 

between normoglycemia and hyperglycemia in the retina and 
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heart (Figure 2-6a,b,c). By contrast, NICD1 signal intensity 

was markedly lower in the hyperglycemic ECs of retina, heart, 

and skeletal muscle than in normoglycemic ones, which 

suggests that hyperglycemia inhibits Notch1 signaling in ECs 

(Figure 2-6d,e,f). A downstream molecule of NICD1, HEY1 

was also significantly decreased in the hyperglycemic 

myocardial endothelial cells (Figure 2-6g,h). Endothelial-

specific knockdown of Jag1 did not affect Notch1 expression in 

the hyperglycemic mice (Figure 2-6i,k). In contrast, it 

significantly recovered NICD1 (Figure 2-6j,l). This suggests 

that the decrease of NICD1 is mediated by Jag1 upregulation in 

the hyperglycemic condition and NICD1 can be restored by 

inhibiting Jag1 upregulation. Similarly, endothelial-specific 

inducible knockdown of Jag1 at 4 weeks after hyperglycemia 

induction did not change Notch1 expression whereas it 

significantly increased NICD1 suggesting that the decrease of 

NICD1 was reversed by Jag1 knockdown in the hyperglycemic 

condition (Figure 2-6m,n).  

 

Chemical inhibition of Notch signaling phenocopied 

hyperglycemia-induced capillary abnormality. 
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To confirm whether Notch inhibition induces retinal capillary 

regression in adults, we introduced the chemical Notch inhibitor, 

DAPT via intraperitoneal injection. Chemical Notch inhibition 

phenocopied the capillary changes in hyperglycemic mice and 

induced RM in normal mice (Figure 2-7a,b). Another chemical 

Notch inhibition using DBZ also showed similar changes to the 

hyperglycemic RM and DAPT inhibition (Figure 2-7c,d).  

 

Hyperglycemia and inhibition of Notch signaling decreased 

endothelial junctional molecules 

We also used an additional genetic model of endothelial Notch 

inhibition using Tie2-CreERT2+;Mib1flox/+ transgenic mice with 

or without OHT administration. Again, the inducible Notch 

inhibition with OHT administration induced retinal RM in this 

genetic model (Figure 2-8a,b).  

Next, we investigated whether the endothelial junction is 

affected by Notch inhibition to demonstrate a possible 

mechanism of RM. In in vitro culture, endothelial tubes showed 

well organized cell-to-cell junctions by VE-cadherin in the 

presence of intact Notch signaling (Figure 2-8c). However, 

VE-cadherin was downregulated by inhibition of Notch 
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signaling using shRNA against Mib1 (Figure 2-8d). Likewise, 

C57BL/6 control mice showed higher expressions of VE-

Cadherin and N-cadherin in the retinal endothelial cells than in 

hyperglycemic C57BL/6 mice (Figure 2-8e,g). We also 

investigated whether Notch inhibition affected VE-cadherin and 

N-cadherin using Tie2-CreERT2+;Mib1flox/+ transgenic mice. 

Endothelial specific-inducible Mib1 knockdown significantly 

reduced those adhesion molecules compared to control mice 

(Figure 2-8f,h).  
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Figure 2-1. Characterization of hyperglycemic retinal 

vasculopathy in adult mice. 

a) Whole-mounted retinas with lectin staining of STZ-induced 

hyperglycemic C57BL/6 mice showed a reduction of capillary 

density and diameter in both central and peripheral regions 

compared to normoglycemic retinal controls. b) Quantification 
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of retinal capillary density and diameter in control and STZ 

mice (n = 6 for each group). Capillary density is expressed as 

the percentage of the BS-1 lectin-stained area and capillary 

diameters were evaluated by measuring the width of the lectin-

positive area perpendicular to the capillary length using ImageJ 

software. c) A cross-section displayed three vascular layers of 

the adult retina: the superficial, intermediate, and deep, 

according to the proximity from the vitreous fluid. Yellow 

dashed lines delineate the borders of the retinal layers. d) 

Whole-mounted retinas of STZ mice displayed a reduction of 

capillary density and an increase of acellular capillaries across 

all three retinal layers compared to control mice. e–g) 

Quantification of retinal capillaries in control and STZ mice. 

STZ mice showed reduced density of retinal capillaries in all 

three retinal capillary layers (n = 7 for each group). A marked 

increase in the number of acellular capillaries was observed in 

the deep retinal layers of the STZ mice (n = 7 for each group). 

Additionally, a decrease in capillary diameter was also observed 

in STZ mice (n = 9 for each group). h) Immunofluorescence 

staining for type IV collagen (red), BS-1 lectin (white), and 

DAPI (blue) of whole-mounted mouse retinas. Two different 
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types of acellular capillaries were present, according to the 

patterns of type IV collagen: one with thick type IV collagen 

deposition (presumably a regressing vessel); and the other with 

thin or no type IV collagen lining, (possibly a growing or 

sprouting vessel).  
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Figure 2-2. Hyperglycemia-induced Jag1 in endothelial cells. 

a) Immunofluorescence staining of Jag1 (white), BS-1 lectin 

(red), and DAPI (blue) in adult whole-mounted mouse retinas. 

In control mice, Jag1 expression is observed in most of the 

retinal cells but not endothelial cells of capillary. When we 

focus on endothelial cell of retinal capillary, endothelial 

expression of Jag1 in retinal capillaries is stronger in 

hyperglycemic mice than in normoglycemic mice. b) 

Quantification of endothelial Jag1 immunostaining fluorescence 

intensity in the retinal capillaries of the three layers (n = 6 for 

each group). Jag1 was markedly overexpressed in the retinal 

capillaries of hyperglycemic mice. 
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Figure 2-3. Knockdown of Jag1 prevented retinal 

microvasculopathy in diabetic mice. 

a) RT-PCR confirmation of EC-specific recombination induced 

by Tie2-Cre in primary aortic ECs and SMCs. The upper band 

(541 bp) and the lower band (286 bp) depict wild-type alleles 
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and Jag1 mutant alleles lacking exon 4, respectively. The Jag1 

mutant allele was not detected in SMCs. b) BS-1 lectin staining 

of retinas from EC-specific Jag1 heterozygous deficient mice 

(Tie2-Cre+;Jag1flox/+) and their wild-type litter-mates 

(Tie2-Cre+;Jag1+/+). Representative images of the deep layer 

of the retinas showed that hyperglycemia caused vasculopathy, 

which was prevented by knockdown of endothelial Jag1 in 

diabetic mice. c) Quantification of the deep capillary layers: 

capillary density (n = 7 for each group), number of acellular 

capillaries (n = 7 for each group), and capillary diameter (n = 9 

for each group). 
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Figure 2-4. Hyperglycemic retinal vasculopathy can be reversed 

by Jag1 knockdown in endothelial cells. 

a) Whole-mounted retinas with lectin staining of hyperglycemic 

C57BL/6 mice showed that retinal vascular changes in the deep 

capillary layers were established as early as 4 weeks after STZ 

treatment.  b) Quantification of the retinal deep layer 

capillaries at 4 weeks after STZ injection (n = 4 for each 

group). c) Schematic diagram of the experimental procedure. At 

four weeks after STZ administration, Tie2-

CreERT2+;Jag1flox/flox mice underwent intraperitoneal injection of 

1 mg OHT per day for 7 consecutive days to reduce endothelial 

Jag1 expression in vivo. d) RT-PCR confirmation of EC-

specific Jag1 deletion induced by Tie2-CreERT2 after 

administration of OHT in primary aortic ECs compared with 

SMCs. The upper band (541 bp) and the lower band (286 bp) 

depict the wild-type allele and Jag1 mutant allele lacking exon 

4, respectively. e) BS-1 lectin stained retinas from Tie2-

CreERT2+;Jag1flox/flox mice. EC-specific knockdown of Jag1 

recovered capillary density and corrected retinal 

vasculopathyin in diabetic mice. f) Quantification of the deep 

retinal capillary layers: capillary density (n = 5 for each 

group), acellular capillaries (n = 12 for each group), and 

capillary diameter (n = 9 for each group).  
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Figure 2-5. Induced knockdown of Jag1 in endothelial cells. 

a) Whole-mount retinal immunofluorescence staining for Jag1 

(red) and BS-1 lectin (white). Tie2-CreERT2+;Jag1flox/flox 

hyperglycemic mice without OHT showed overexpression of 

Jag1 in the capillaries compared to the control. Cre-mediated 

EC-specific Jag1 ablation was demonstrated by the absence of 

Jag1 staining in the Tie2-CreERT2+;Jag1flox/flox hyperglycemic 

mice receiving OHT. Arrows show Jag1 staining in the 

capillaries. b) Quantification of Jag1 immunostaining 

fluorescence intensity in retinal capillaries: control (n = 4), 
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STZ (n = 4), and STZ+OHT (n = 6). A marked reduction of 

Jag1 expression was observed in the Tie2-

CreERT2+;Jag1flox/flox hyperglycemic mice receiving OHT. 
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Figure 2-6. Hyperglycemia decreased Notch signal activity, 

which was prevented by Jag1 knockdown, in endothelial cells of 

myocardium as well as retina. 

a) Immunofluorescence staining for Notch1 (red), and BS-1 

lectin (green), in heart myocardial capillaries of control and 

STZ mice. b–c) Quantification of Notch1 immunostaining 

fluorescence intensity in retinal and heart capillaries of wild 

type mice displayed no difference between the normoglycemic 

and hyperglycemic mice (n = 7 for each group of retina, n = 3 
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for each group of heart. d) Immunofluorescence staining for 

NICD1 (red) in the nucleus (blue) of heart myocardial 

capillaries. e–f) NICD1 immunostaining fluorescence intensity in 

retinal and heart endothelial nuclei markedly decreased in the 

hyperglycemic mice compared to the normoglycemic control 

mice (n = 5 for each group’s retina, n = 3 for each group’s 

heart). g) Immunofluorescence staining for HEY1 (red) in the 

nucleus (blue) of heart myocardial capillaries. h) Quantification 

of HEY1 staining fluorescence intensity within endothelial 

nucleus demonstrating the decreased HEY1 expression in the 

nucleus of the STZ mice compared to control mice (n=3). i-l) 

Analysis of myocardial capillary showing that endothelial 

specific knockdown of Jag1 recovered nuclear localization of 

NICD1 which was decreased by STZ. i, j) Endothelial-specific 

knockdown of Jag1 using Tie2-Cre+;Jag1flox/+ mice and control 

experiments using Tie2-Cre+;Jag1+/+ mice. BS-1 lectin 

(green) and DAPI (blue). Notch1 (red) in i), NICD1 (red) in j). 

CTL: normoglycemic mice, STZ: hyperglycemic mice. k) 

Quantification of Notch1 expression (n = 2 CTL, n=3 STZ). l) 

Quantification of NICD expression (n = 3, respectively). m–n) 

Analysis of retinal capillaries in Tie2-CreERT2+;Jag1flox/flox 

mice. m) Quantification of Notch1 expression (n = 3, 

respectively). n) Quantification of NICD expression (n = 3, 

respectively). 
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Figure 2-7. Chemical inhibition of Notch signaling phenocopied 

hyperglycemia-induced capillary abnormality. 

a) BS-1 lectin staining of whole-mounted retinas from control, 

STZ-injected, and DAPT-injected mice. The retinal capillaries 
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of hyperglycemic mice looked very similar to that of Notch-

inhibited mice (arrows: acellular capillaries). b) Quantification 

of vascular parameters in the deep retina layers: capillary 

density (n = 6 for each group), acellular capillaries (n = 6 for 

each group), and capillary diameter (n = 9 for each group).  
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Figure 2-8. Additional genetic model confirmed that inhibition of 

Notch signaling recapitulated hyperglycemia-induced capillary 

abnormality.  
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a) BS-1 lectin stained whole-mounted retinas from Tie2-

CreERT2+;Mib1flox/+ mice. EC-specific Mib1 deletion by OHT 

administration induced retinal capillary alterations similar to 

those observed in hyperglycemic conditions. b) Quantification 

of the capillary changes observed in the retinal deep layers of 

Tie2-CreERT2+;Mib1flox/+ mice (n = 4 for each group). c–d) 

Inhibition of Notch signalingsignaling in an in vitro model of 

angiogenesis. Lentiviral shMib-1 transduction in ECs reduced 

NICD nuclear localization and VE-cadherin expression. e–f) 

Representative capillary-cropped immunofluorescence staining 

images of whole-mount retinas. Reduced expressions of VE-

cadherin and N-cadherin were observed in both STZ-induced 

hyperglycemic C57BL/6 mice (e) and Notch-inhibited mice 

using Tie2-CreERT2+;Mib1flox/+ mice with OHT treatment 

(inducible Mib downregulation) (f). g) Quantifications of 

endothelial VE-cadherin immunofluorescence (n = 6 for each 

group of C57BL/6 mice) h) Quantifications of endothelial N-

cadherin immunofluorescence (n = 5 for each group of Tie2-

CreERT2+;Mib1flox/+ mice)  
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DISCUSSION 

We show that hyperglycemia induces RM, characterized by 

capillary remodeling, regression, or decreased density in adult 

mice. Notch ligand Jag1, but not Dll4, was markedly increased 

in the ECs of hyperglycemic mice. When Jag1 expression was 

attenuated, as in endothelial specific-Jag1 knockdown mice, 

RM was effectively prevented, even under hyperglycemic 

conditions. Furthermore, when endothelial Jag1 expression was 

suppressed 4 weeks after the hyperglycemia induction in 

inducible endothelial Jag1 knockdown mice, RM was reversed 

and the retinal vasculature was normalized, suggesting 

therapeutic potential at this target. Hyperglycemia and Jag1 

overexpression decreased the nuclear localization of NICD1 in 

ECs. Chemical Notch inhibition phenocopied RM in normal mice. 

Hyperglycemia and Notch inhibition decreased endothelial 

junctional molecules, which led to capillary regression.  

 

Intercellular signaling as a novel mechanism of diabetic 

microvasculopathy  
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ECs and pericytes are implicated in the progression toward 

classic diabetic microvascular disease. Molecular mechanisms 

included the induction of the aldose reductase pathway, protein 

kinase C, oxidative stress, protein glycation, or hexosamine 

pathway40. These intracellular changes are suggested to cause 

apoptosis of endothelial cells and pericytes as well as leukocyte 

trafficking resulting in microvasculopathy41. However, we did 

not find a significant increase in endothelial apoptosis in the 

hyperglycemic retina by all apoptosis detection methods 

including TUNEL staining, cleaved caspase 3 staining, PI, and 

annexin V although there was RM in the present study. These 

facts warrant investigation of another mechanism for early 

microvasculopathy.     

Recently, intercellular signaling between adjacent ECs has been 

reported to play important roles in development, remodeling, 

and homeostasis of vessels2. Delicate regulation and balance 

between tip cells and stalk cells via cell-to-cell signaling are 

needed in vascular biology. Therefore, we investigated the role 

of intercellular signaling in adult capillaries under the diabetic 

condition. Since ECs in the capillaries dynamically change by 

intercellular signaling8, we predicted that we would be able to 
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observe changes of intercellular signaling in the capillaries after 

exposure to hyperglycemia. As a result, we could identify the 

disturbed Jag1/Notch signaling in capillaries of our diabetic 

mouse model. 

 

Disturbed Jag1 and Notch signaling in a murine hyperglycemic 

model  

Notch signaling is closely related to the formation and 

maintenance of the vascular system1, 5, 6. Notch1 and its ligands, 

Dll4 and Jag1, are well-known molecules involved in 

intercellular signaling in the vessels. 

The most prominent change in the ECs of hyperglycemic mice 

was the induction of Jag1 in the present study. It is interesting 

that Dll4, another ligand for Notch, did not changed in the 

diabetic condition, suggesting the specific response of Jag1 to 

hyperglycemia. We previously reported the in vitro observation 

that hyperglycemia increased endothelial expression of Jag1 

through NF-κB and PKC42, which was corroborated by other 

reports that PKC induces NF-κB2, the upstream regulator of 

Jag130. We tested the causal relationship between Jag1 

induction and RM in hyperglycemia using two different 
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genetically engineered mouse models: (1) mice with 

endothelium-specific knockdown of Jag1 and (2) mice with 

endothelium-specific ‘inducible’ knockdown of Jag1. In the 

first model, we confirmed that blocking Jag1 could prevent the 

development of RM even in the diabetic condition. In the second 

model, we observed the valuable result that modulation of Jag1 

may be a therapeutic strategy for established RM in diabetic 

condition. Induction of Jag1 knockdown in ECs at 4 weeks after 

hyperglycemia or the establishment of RM could reverse RM, 

resulting in the normalization of retinal vasculature in 

hyperglycemia. Because not only the retina but also the heart, 

limb muscle, kidney, and in vitro human endothelial cells 

(HUVEC) showed Jag1 overexpression in response to 

hyperglycemia, Jag1 overexpression seems to be a generalized 

endothelial response to hyperglycemia.  

As a downstream mechanism after induction of Jag1 in 

hyperglycemic ECs, we evaluated the Notch signaling by 

assessment of total Notch1 and NICD1. Endothelial Notch 

signaling is crucial for the remodeling of veins and the 

perivenous capillary plexus in the postnatal retina39. In the 

present study, we found that nuclear localization of NICD1 was 
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suppressed in the retinal ECs of diabetic mice, whereas total 

Notch1 was not affected. Jag1 can inhibit Notch signaling as a 

cell autonomous process, known as cis-inhibition33. In the 

signal-receiving cells, the overexpressed Jag1 may bind and 

inhibit Notch in the same cells (cis-inhibition), which inhibits 

trans-activation from the signal-sending cells (like Dll4 on 

adjacent cells). The balance between Dll4 and Jag1 is important 

in regulating Notch signaling and vascular growth43. In the 

present study we found that hyperglycemia induced an 

imbalance between Jag1 and Dll4, favoring Jag1 and resulting in 

the suppression of nuclear localization of NICD1 Notch activity. 

Our findings that chemical and genetic Notch inhibition 

phenocopied RM demonstrates the importance of Notch 

suppression in the pathobiology of RM under diabetic conditions. 

We previously reported a high glucose-induced abnormal 

angiogenesis in an in vitro model using human endothelial cells, 

which included increased numbers of regressing tubes, and 

decreased vascular diameter, length, area, and growing tubes42. 

We suggest that Jag1 overexpression and inhibition of Notch1 

signaling are the underlying mechanism of the abnormalities. 
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The disturbed Jag1/Notch signaling may be the key mechanism 

of RM in diabetes.  

Interestingly, endothelial glucose metabolism is reported to 

affect Notch signaling and developmental angiogenesis38. De 

Bock and colleagues have shown that increased endothelial 

glucose metabolism by overexpression of 

phosphofructokinase-2/fructose-2,6-bisphosphatase, a 

glycolytic enzyme in ECs, masked the vascular stabilizing 

activity of Notch, whereas decreased glycolysis in ECs 

impaired tip cell formation upon Notch blockade, implying that 

glycolysis in endothelial cells regulates vessel branching38. 

Intriguingly, Notch signaling disturbance in the upregulated 

glycolysis was similar to that in the hyperglycemic condition in 

our study. In that condition, ECs take up a high level of glucose 

into their cytoplasm, which may mimic the condition with 

overexpressed glycolytic enzyme. 

 

A different vascular response between the postnatal and the 

adult mice after endothelial notch inhibition  

The most interesting finding in the present study is that 

capillary rarefaction after notch inhibition in adult mice occurs 
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in contrast to the hypersprouting and increased angiogenesis in 

postnatal angiogenesis. We observed a number of different 

occurrences in the adult retina. First, the expression of 

VEGFR2 and VEGFR3 in the adult retina was weak compared to 

that in the postnatal retina, and not changed after 

hyperglycemia. VEGF receptor downregulation during vascular 

maturation was reported in a previous study39. Second, 

endothelial proliferation is very rare and not increased in the 

adult retina. This is also consistent with the previous report39. 

VEGF signaling and endothelial proliferation are necessary for 

postnatal sprouting angiogenesis. The lack of angiogenic 

signaling might be the reason why Notch inhibition does not 

induce sprouting angiogenesis in the adult retina.   

Third, endothelial junctional Notch is known to regulate the 

transcription of N-cadherin through associating with the Notch 

intracellular complex at the RBP-J binding site of the N-

cadherin promoter44. Notch activity is also quantitatively related 

with VE-cadherin turnover and mobility at endothelial cell 

junctions during angiogenic sprouting45. We found that VE-

cadherin and N-cadherin were significantly reduced in the 

hyperglycemic mice and the mice with lower Notch activity. 
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These findings reveal that a decrease of endothelial Notch 

signaling in the adult results in microvascular abnormalities 

without angiogenesis. Fourth, in contrast to the many ECs found 

within postnatal capillaries, matured capillaries in the retina 

contained tubules formed by single, hollowed ECs, single ECs 

with autocellular junctions, or two ECs with two adherens 

junctions39. We found that hyperglycemia or Notch inhibition 

increased single, hollowed ECs and an autocellular junction with 

loss of lumens. The different capillary composition may also be 

related to capillary rarefaction after Notch inhibition in the adult. 

 

A novel target to control diabetic microvasculopathy other than 

glucose control  

It is well known that diabetic microvasculopathy can be 

prevented by intensive glucose control10, 35. However, intensive 

this is almost always associated with serious complications like 

hypoglycemia36. Until now, therapeutic trials by targeting the 

previously proposed pathophysiology of diabetic vasculopathy 

have failed to prove clinical efficacy because, in part, the 

mechanism of diabetic vasculopathy is too complex and 
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heterogeneous for one to decide on a target14. However, 

intercellular signaling has not been tested as a target. 

We found that the capillary was a dynamic structure undergoing 

sprouting and regression, which is regulated by Notch signaling. 

Thus, we surmise that capillary integrity and Notch signaling 

should be further evaluated in various vascular diseases, 

including hypertension, diabetes mellitus, and microvascular 

angina. Specifically, we revealed, for the first time, that Notch 

signaling in adult mice was affected by hyperglycemia, a 

potentially novel mechanism of diabetic microvasculopathy at an 

early phase. Until now, the only treatment to prevent diabetic 

microvasculopathy has been intensive glucose control, which 

may cause fatal hypoglycemia35. Therefore, novel molecular 

targets are required. In this context, Jag1 or Notch signaling in 

ECs may be feasible therapeutic targets for diabetic 

microvasculopathy. In this study, a chemical inhibitor of Notch 

signaling easily phenocopied hyperglycemia-induced RM, 

suggesting the possibility of a chemical agonist of Notch 

signaling as a new option to prevent diabetic RM. Furthermore, 

using endothelium-specific ‘inducible’ knockdown mice, we 

showed that downregulation of Jag1 after establishment of RM 



103 

 

 

in hyperglycemia could reverse RM and normalize the retinal 

vasculature even in a hyperglycemic condition. This finding may 

be the basis for the development of new therapeutic strategies 

to treat diabetic RM. 

 

Limitations 

It is not possible to assess all forms of cell death in vivo. 

Particularly, necrosis, necroptosis, and late apoptosis cannot be 

distinguished by single observation with conventional staining 

methods. Therefore, we could not rule out other enhanced 

forms of cell death in the hyperglycemic mice.  

There may be some differences in the level of Jag1 expression 

in the retinal cells compared to other endothelial cells. Since 

other endothelial cells are beyond the scope of this study, we 

did not perform any further experiments to assess the 

generalizability of retinal cells. We, however, do not think that 

any potential difference of Jag1 expression in the retinal cells 

compared to other endothelial cells diminishes the importance 

of endothelial Notch signaling in the mechanism of diabetic 

microvasculopathy because endothelial-specific modulation of 

Jag1 did change capillaries in the hyperglycemic mice.   
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Taken together, our results show that hyperglycemia induces 

Jag1 overexpression and suppresses Notch signaling in ECs, 

leading to RM in adult mice. We conclude that dysregulated 

intercellular Notch signaling may be a novel mechanism 

explaining diabetic microvasculopathy (Figure 2-9). 
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Figure 2-9.  A schematic figure of the suggested mechanism of 

diabetic retinal microvasculopathy.  
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국   

 

당뇨병 자는 신장, 심장, 망막, 하지 등 신체 주요 장 에 생하

는  합병증  만 콩 병, 심증, 심근경색증, 실명, 하지허

증 등  병 이 높다. 당뇨병 자  합병증  료도 어

고 료하여도 재 이 잦아 결과가 좋지 않  특징이 있지만, 아쉽

게도 당뇨병 자  병  하고 료하는 데에는 당 조  

외에 뾰족한 법이 없다. 그 이 는 아직도 당뇨병 자  병

이  생하고 악 는지에 해  잘 모르  이다. 

지 지  연구 경향  당뇨병이 개별 포 내에  일 키는 

변 에만 집 하여, 개별 포  사멸이 당뇨 병  주  원

인이라고 보고 있다. 하지만 본 연구에 는 당뇨병이 있는 에  

합병증이 생하지만 포에  포 사멸  드러지지 않

 상에 주목하고, 개별 포  보다는 포들 사이  

신 달체계가 란 어  안 상태가 지는 것에  

합병증  새 운 생 원인  찾고자 하 다. 

본 연구에  견한 핵심 병 원인  고포도당에 해 내피

포  Jagged1 분자 이 증가한다는 것이다. 내피 포들  

Notch 신 달체계를 통해  신 를 주고 며 안 상태를 

지하며 능하는데, 본 연구에 는 당뇨병에 해 증가  
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Jagged1 분자에 해 Notch 신  달 체계를 차단 고, 이  인해 

내피 포  포간 결합  약 고 이 축 • 소멸 는 

상  견하 다.  

 나아가 증가  Jagged1  인  감소시키면, 당뇨병  

인해  생한 합병증  상 시킬  있  당뇨병  모델

에  증명함 써, 향후 당뇨 병    신 료  개 이 

가능함  보 다.  

또한 본 연구 결과는 당뇨망막병, 당뇨콩 병, 당뇨심근병, 당뇨  

 말 질  병태 생리를 이해하는 데에도 크게 여할 것

 보여 향후 당뇨 병 료  새 운 지평  열  있  것  

한다. 

------------------------------------- 

주요어 : 당뇨, 당뇨 미 병증  , Notch 신 달 

학  번 : 2008-31033  
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