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Aims It is well-established that endothelial dysfunction promotes activation of vascular smooth muscle cell (VSMC).
Whether decreased accumulation of VSMCs affects endothelial regeneration and functions in arteriovenous graft
(AVG) remodelling has not been studied. We sought to identify mechanisms by which the Notch ligand, Jagged1, in
VSMCs regulates endothelial cell (EC) functions in AVGs.

....................................................................................................................................................................................................
Methods
and results

AVGs were created in transgenic mice bearing VSMC-specific knockout (KO) or overexpression of Jagged1. VSMC
migration, EC regeneration, and its barrier functions as well as AVG remodelling were evaluated. Jagged1 expres-
sion was induced in VSMCs of neointima in the AVGs. Jagged1 KO in VSMCs inhibited the accumulation of extra-
cellular matrix as well as VSMC migration. Fewer a-SMA-positive VSMCs were found in AVGs created in VSMC-
specific Jagged1 KO mice (VSMCJagged1 KO mice) vs. in WT mice. Decreased VSMCs in AVGs were associated with
deterioration of EC functions. In AVGs created in transgenic mice bearing Jagged1 KO in VSMCs exhibited delayed
EC regeneration and impaired EC barrier function. Barrier dysfunction of ECs increased inflammatory cell infiltra-
tion and dysregulation of AVG remodelling and arterialization. The increased expression of IL-1b in macrophages
was associated with expression of adhesion markers in ECs in AVGs created in VSMCJagged1 KO mice. In contrast,
AVGs created in mice with overexpression of Jagged1 in VSMCs exhibited improved EC regeneration plus de-
creased macrophage infiltration. This led to AVG remodelling and arterialization. In co-cultures of ECs and VSMCs,
Jagged1 deficiency in VSMCs suppressed N-cadherin and integrin b3 expression in ECs. Inhibition of integrin b3 ac-
tivation delayed EC spreading and migration. Notably, Jagged1 overexpression in VSMCs or treatment with recom-
binant Jagged1 stimulated the expression of N-cadherin and integrin b3 in ECs. Jagged1-induced responses were
blocked by inhibition of Notch signalling.

....................................................................................................................................................................................................
Conclusions Jagged1 expression in VSMCs maintains EC barrier functions and blocks infiltration of macrophages. These

responses promote remodelling and arterialization of AVGs.
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1. Introduction

Patients with end-stage renal disease (ESRD) undergoing maintenance
haemodialysis require vascular access for the dialysis procedure, with
surgical creation of an arteriovenous fistula (AVF) or graft (AVG) being
preferred over central venous catheters. However, both AVG and AVF
are prone to thrombosis and failure. As many as 50% of AVGs may fail
within 10 years of their creation costs for maintaining functional AVGs
have been estimated near $2 billion per year.1,2 To reduce the loss of
AVGs, new insights into mechanisms causing AVG failure are needed.

A potential mechanism causing reduced blood flow in AVGs is the de-
velopment of a neointima near the arteriovenous anastomosis arising in
part from the proliferation and hyperplasia of vascular smooth muscle
cells (VSMC).3–6 In earlier experiments, we showed that the formation
of a neointima proceeds from interactions among VSMCs, mediated at
least in part by Notch signalling between neighbouring cells.7 The binding
of Notch ligands (in mammals, designated as Delta-like or Jagged) with
their receptors stimulates proteolytic cleavage of the extracellular do-
main of Notch. Subsequently, the Notch intracellular domain (NICD) is
stimulated; it directly interacts with the RBP-Jj transcription factor.
However, if Notch is absent, RBP-Jj will interact with corepressors that
suppress transcriptional activity of targeted genes.8,9 Alternatively, that

activation of Notch will displace corepressors from RBP-Jj and induce
the expression of the target genes, Hes1 and Hey.10 Thus, Notch signal-
ling regulates VSMC differentiation: when Notch is suppressed, arterial
VSMCs are severely reduced.11 Importantly, activated Notch signalling is
also necessary for the development of VSMCs in arteries of the branchial
arch.12 To identify the role of Notch in regulating vascular responses,
Chang et al. have created a doxycycline-inducible system in Tie1-Cre/
dnMAML mice. The expression of dominant negative MAML1
(dnMAML1), inhibits Notch signalling and reduces the thickness of arter-
ies.13 We reported that Notch activation leads to endothelial mesenchy-
mal transition and impairment of endothelial cell (EC) barrier function.7,9

Jagged1 is a Notch ligand that plays a key role in vascular haemostasis
and remodelling. Mutation of Jagged1 in patients with the Alagille syn-
drome is characterized by major abnormalities in pulmonary arteries.14–

16 In adults, Jagged1 is mainly expressed in ECs and this response main-
tains VSMCs in a quiescent condition.17 Jagged1 deletion in ECs report-
edly decreases Notch activation in neighbouring VSMCs and produces
defects in vascular walls.18,19 In the present study, we generated mice
with VSMC-specific gain or loss of function of Jagged1 in order to study
the role of Jagged1 on AVG remodelling. We hypothesized that Jagged1
expression in neointimal VSMCs would be required for EC regeneration,
EC barrier functions, and AVG arterialization.

Graphical Abstract

RESULTSMETHODS

CONCLUSION

Arteriovenous grafts (AVGs) were created in
WT, VSMC specific Jagged1 KO mice and
Jagged1 OE mice after tamoxifen treatment.
AVGs were collected to evaluate EC function,
VSMC accumulation, and neointima formation.
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2. Methods

2.1 Animals
All studies were approved by the Institutional Animal Care and Use
Committee (IACUC) of Baylor College of Medicine, in Houston, TX,
and performed in accordance with National Institutes of Health (NIH)
guidelines. Mice were housed in an animal facility with a 12 h light/dark
cycle. Jagged1f/f mice (strain, C57BL/6J, 010618) were purchased from
Jackson Laboratories (Bar Harbor, ME). Jagged1 overexpression mice20

were kindly provided by Dr Xin (Baylor College of Medicine, Houston,
TX); SMMHC-CreERT2 transgenic mice were obtained from Dr S.
Offermanns (Max-Planck-Institute for Heart and Lung Research, Bad
Nauheim, Germany) and used as described.7 To generate mice with
knockout (KO) of Jagged1 in VSMCs, mice with a floxed Jagged1 allele
were bred with SMMHC-ERCre mice. After a backcross, Jagged1f/f/
SMMHC-ERCreþ (VSMCJagged1 KO) mice were obtained. Male mice from
VSMCJagged1 KO and littermate controls mice were studied. Similar breed-
ing strategy was used for VSMCJagged1 OE transgenic mice. Jagged1 dele-
tion was induced by Tamoxifen (2 mg/mouse/day i.p. for 5 days) 2 weeks
before venous graft placement was performed.

2.2 Reagents and virus
Penicillin, streptomycin, DMEM, and FBS and the fluorescent-680 (Cat.
number: A-10038) or 800 (Cat. number: A-32808) secondary antibodies
for western blotting and all secondary antibodies for immunofluorescent
staining were obtained from Invitrogen (Invitrogen Life Technologies;
Carlsbad, CA). The c-secretase Notch inhibitor, DAPT, was from
Calbiochem (San Diego, CA) while human TGF-b1 and recombinant rat
Jagged1 protein were obtained from R&D (Minneapolis, MN).
Antibodies against Notch 1-ICD (Cat. number: 4147) and Jagged1 (Cat.
number: 70109) were from Cell Signaling Biotechnology (Cell Signaling,
Danvers, MA). While antibodies against calponin (Cat. number: C2687),
a-SMA-FITC (Cat. number: F3777), a-SMA (Cat. number: A5228), and
b-actin (Cat. number: A5441) were from Sigma-Aldrich (Louis, MO).
The FSP-1 antibody (Cat. number: A5114) was from DAKO
(Carpentaria, MA). Antibodies against PCNA (Cat. number: sc-7907),
Jagged1 (Cat. number: sc-6011), Hes1 (Cat. number: sc-166410), ICAM
(Cat. number: sc-71303), integrin-b3 (Cat. number: sc-6626), IL-1b (Cat.
number: sc-12742), and GAPDH antibodies (Cat. number: sc-32233)
were from Santa Cruz Biotechnology (Santa Cruz, CA). While an anti-
body against Hey2 (Cat. number: AB5716) and Cyclin D1 (Cat. number:
05-362) were from Millipore (Billerica, MA). Antibodies against vWF
(Cat. number: ab6994), PCNA (Cat. number: ab92552), rabbit anti-a-
SMA (Cat. number: ab5694), GFP (Cat. number: ab6556), F4/80 (Cat.
number: ab6640), E-selectin (Cat. number: ab18981), Ki67 (Cat. number:
ab16667) were from Abcam (Cambridge, MA). CD45 antibody (Cat.
number: 553076), and VE-cadherin (Cat. number: 550548), and N-cad-
herin (Cat. number: 610920) were from BD Pharmingen (San Jose, CA).
Antibodies against PECAM (CD31) (Cat. number: DIA-310-M) and
Mac2 (Cat. number: CL8942AP) were from Cedarlane (Burlington, NC),
Control rabbit IgG (Cat. number: S-5000) was from Vector Labs
(Burlingame, CA). The detailed information about antibodies used in this
study was listed in Supplementary material online, Table S1. 40,6-diami-
dino-2-phenylindole (DAPI) was from Southern Biotech (Birmingham,
AL). The full-length, Jagged-1 adenovirus was kindly provided by Dr M.J.
Post (Maastricht University, Netherlands). The packaging vectors for len-
tivirus were purchased from Addgene (Cambridge, MA). The Lentivirus
for KO Jagged1 was constructed into CRIPR-Caspase9 vector by

following the protocol.21 The lentivirus-infected cells were selected by
puromycin treatment.

2.3 Mouse model of venous graft
All animal protocols were approved by IACUC of Baylor College of
Medicine. Wild-type C57/B6, VSMCJagged1 KO, and VSMCJagged1 OE mice.
AVG was performed under dissecting microscope (Leica MZ6; Leica,
Germany) as previously described.22 In brief, rodent III combo, that each
millilitre contains ketamine (37.5 mg), xylazine (1.9 mg), and aceproma-
zine (0.37 mg), was used to anesthetize mice at dose of 3 ml/kg body
weight by intraperitoneal injection. The right common carotid artery of a
male mouse was surgically exposed to place a cuff on both ends of the
artery. The ends were then everted over the cuff and ligated with an 8.0
silk suture. Vena cava from donor mice was grafted by ‘sleeving’ ends of
the vein over the artery cuff and secured with 8.0 silk sutures. After
4 weeks, mice with AVGs were anesthetized by intraperitoneal injection
of rodent III combo with same dose as above and euthanized by perfus-
ing the left ventricle with PBS and 10% formalin for 10 min (to maintain
the endothelium and morphology of the AVG). AVGs were collected
and slides from 0.5 to 1 mm of the anastomosis were prepared for hae-
matoxylin/eosin staining. The AVG was dissected and vessel wall thick-
ness measured as the area of the vessel minus that of the lumen using
NIS-Elements BR 3.0 program. The personnel conducting various exami-
nation and calculations were blinded to the mouse genotyping back-
ground. This mouse model does not cause mortality.

2.4 Bone marrow transplantation
Mice were anesthetized by rodent III combo, that each millilitre contains
ketamine (37.5 mg), xylazine (1.9 mg), and acepromazine (0.37 mg), at
dose of 3 ml/kg body weight by intraperitoneal injection. Bone marrow
cells were obtained from mouse tibias and femurs of GFP transgenic
mice (Jackson lab, 00329). The mice were euthanized by overdose injec-
tion of rodent III combo (9 ml/kg body weight) by intraperitoneal injec-
tion. Bone marrow transplantation was performed by injecting 5�106

BM cells into the lateral tail vein of lethally irradiated (1100 rads) mice
recipients.23,24

2.5 Ex vivo culture of mouse common
carotid arteries
Mouse common carotid arteries were collected from WT and Jagged1
KO mice and assayed.25 Mice were anesthetized by rodent III combo,
that each millilitre contains ketamine (37.5 mg), xylazine (1.9 mg), and
acepromazine (0.37 mg), at dose of 3 ml/kg body weight by intraperito-
neal injection and euthanized by perfusing the left ventricle with PBS.
The adventitial layer was removed under dissect microscope. Then the
arteries were opened longitudinally and cut transversely into small
(0.2 cm) segments. These segments contained the media layer were
seeded onto 12-well plates with luminal surface facing down and cul-
tured individually in the DMEM media. AdGFP or AdJagged1 with dose
of 2�106 plaque forming units to infect cells in 6-well plate were added
and the treatment and culture media were replaced every other day.
Outgrowth of the VSMCs was recorded.

2.6 Histology and immunohistochemistry
For histological analyses, mice were perfused through the left ventricle
and slides of AVGs were prepared as described.7 Immunohistochemical
staining and H&E-stained sections from AVGs of five mice in each group
were examined by a pathologist who was masked to treatment. For
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..double immunofluorescence staining, primary antibodies were added
followed by fluorescent secondary antibodies; DAPI was used to stain
nuclear DNA. To capture images, the Nikon Eclipse 80i fluorescence mi-
croscope (Melville, NY) was used. The negative controls were either ad-
dition of isotype-matched IgG or PBST. The areas of positive signal were
measured using the NIS-Elements BR 3.0 program. Images (� 400) from
each section were analysed in a blinded manner and quantified using
Image-Pro Plus software (Media Cybernetics, Silver Spring, MD).
Measurements were performed by three investigators, all blinded to the
clinical information.

2.7 Real-time RT–PCR
Total RNAs from control vein or from AVGs were isolated using the
RNeasy kit (Qiagen, Valencia, CA). Real-time RT–PCR was performed
using Opticon real-time RT–PCR machine (MJ Research, Waltham, MA).

The specificity of real-time RT–PCR was confirmed using agarose gel
electrophoresis and melting-curve analysis.

2.8 Western-blot analysis
The protein content of cell extracts prepared in RIPA buffer, was deter-
mined using the Bradford protein assay kit (BioRad, Hercules, CA).
About 30 lg of proteins were separated by SDS–PAGE and after trans-
ferring to nitrocellulose membranes, immunoblots were probed sepa-
rately with various primary antibodies. Subsequently, the immunoblots
were blocked with 5% skimmed milk in TBS. Fluorescently labelled sec-
ondary antibodies were detected by the Odyssey Infrared Imaging
System (LI-COR, Inc, Lincoln, NE).

2.9 Mouse EC isolation
Since the amount of ECs from mouse arteries was not sufficient for pro-
posed experiments, we isolated ECs from mouse kidneys. The method

Figure 1 Jagged1 expression is increased in neointima cells. (A) The expression Jagged1 and Hey2 in common carotid artery and in 1 month AVGs was de-
termined by immunohistochemistry staining. (B) mRNA levels of Jagged1 and Hey2 from common carotid artery and AVGs were determined by real time
RT–PCR. The Ct values for Jagged1 in control arteries and AVGs are 26.6± 1.26 and 24.9± 1.71. The Ct values for Hey2 in control and AVGs are
31.6± 2.41 and 30.2± 2.35 (n = 4; *, P < 0.05 compared with artery, paired t-test was used for statistical analysis). (C) The expression of Jagged1 and a-SMA
were determined in 1 month AVGs by double fluorescent immunostaining. (D) The expression of GFP and a-SMA were determined by double immunos-
taining in AVGs that were created in VSMCGFP mice. (E) Representative images of Jagged1 expression in AVF from ESRD patients. (F–H) Neointima cells in
AVFs from ESRD patients are characterized by immunostaining. Representative images of immunostaining of VSMC markers, SMMHC (F) and a-SMA (G),
and control rabbit IgG were shown (H) (n = 6; black scale bars, 500mm; red bars, 100mm). (I) Representative imagines of co-immunostaining of Jagged1 and
a-SMA in patient AVFs (n = 6; scale bars are 50mm in all panels).

Jagged1 in VSMCs promotes endothelial regeneration 2145
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..used to isolate mouse ECs was adapted from that described by Jackson
with Modification.26 Mice were anesthetized by rodent III combo, that
each millilitre contains ketamine (37.5 mg), xylazine (1.9 mg), and acepro-
mazine (0.37 mg), at dose of 3 ml/kg body weight by intraperitoneal injec-
tion and euthanized by perfusing the left ventricle with PBS. We used
anti-PECAM-1 and ICAM-2 conjugated Dynabeads (Invitrogen,
Carlsbad, CA) to immunomagnetically separate the ECs from the other
cells present in the tissue.27 The purified ECs were confirmed by CD31
and VE-cadherin immunostaining. Over 90% of these cells were positive
for EC markers.

2.10 Co-culture of EC with VSMC
Direct contact-co-culture of VSMC and EC. The co-culture was done as
previously reported.28 Briefly, co-culture was established by plating cells
on the two sides of a 10 mm thick porous polyethylene terephthalate
(PET) membrane (Falcon cell culture inserts; Becton Dickinson, Lincoln
Park, NJ). The bottom side of the insert (with membrane of diameter of
24 mm with 0.4 mm pores) was coated with 1% gelatin. ECs were first
seeded onto the bottom side of the insert at a density of 2�106 cells/
cm2. After allowing 2 h for adherence, the insert with the EC side down
was inserted into a 6-well plate containing the EGCF medium, and the

Figure 2 Jagged1 KO in VSMCs suppresses vascular remodelling in AVGs. (A) The schematic for generating VSMC-specific Jagged1 KO mice. (B) Jagged1
expression was determined in control vein and arteries from WT and VSMCJagged1 KO mice by immunostaining. (C and D) Representative images of H&E
staining (C) and the areas of the lumen and neointima from of the 1 month AVGs created in VSMCJagged1þ/þ and VSMCJagged1 KO mice (D) (n = 5; two sample
t-test was used for statistical analysis; scale bars are 50mm in all panels). (E) Representative images of the immunostaining of a-SMA in AVGs from WT and
VSMCJagged1 KO mice. (F) The expression of VSMC markers were determined by RT–PCR in AVGs from WT and VSMCJagged1 KO mice. The Ct values for
SMMHC in AVGs created in WT and Jagged1 KO mice are 29.7± 1.52 and 31.1± 2.6). The Ct values for a-SMA in AVGs created in WT and Jagged1 KO
mice are 27.91 ± 2.38 and 28.6± 2.65) (n = 4, *, P < 0.05 compared with results of WT; t-test was used for statistical analysis).
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opposite side of the membrane (the inner side of the insert) was seeded
with identical ECs (EC/EC) or VSMCs (EC/VSMC) at a density of 2�105

cells/cm2. ECs and VSMCs were maintained in their respective media un-
til confluence. The cells were further incubated for 24 h prior to the
experiment.

2.11 En face analysis of AVG
We analysed the endothelium in AVGs using an en face technique with
immunostaining, as described previously.29 AVG segments were cut lon-
gitudinally, mounted on glass slides with endothelium facing upward, and
air dried for 1–2 h. AVGs were incubated with antibodies against VE-
cadherin followed by immunofluorescently labelled secondary antibod-
ies. The ratio of endothelial marker-positive cells to total cells was calcu-
lated; DAPI was used to stain nuclei.

2.12 Evans blue examination of endothelial
barrier function of AVGs
At the end of the experiment, 50ml of 5% Evans blue diluted in saline
was injected into the tail vein, and 10 min later, the mice were eutha-
nized. AVGs were removed, washed with PBS, and fixed for 5 min in
10% neutral buffered formalin.29 AVGs were photographed with the
vena cava used as control. Evans blue accumulated extracellular matrix
following disruption of the endothelium.

2.13 Statistical analysis
All data were assessed for normal distribution. All the data were pre-
sented as the mean ±SD. Comparisons between groups were analysed
using t-test or ANOVA as appropriate; P < 0.05 was considered to be
statistically significant.

3. Results

3.1 Jagged1 is expressed in VSMCs of AVGs
Compared to the common carotid artery Jagged1 is expressed in ECs;
but in AV grafts, there was increased expression of Jagged1 and the
Notch downstream target Hey2 in the neointima (Figure 1A). In addition,
mRNA levels of Jagged1 and the Notch target, Hey2, were upregulated
in VSMCs of AV grafts vs. results found in control arteries. These results
confirm the activation of Notch signalling in VSMCs (Figure 1B). To de-
termine which type of cells in the neointima express Jagged1, double im-
munofluorescent staining was performed. The results uncovered that
most of the Jagged1 positive cells in the neointima were co-stained with
VSMC marker a-SMA in AVGs (white arrows pointed cells; Figure 1C).

The origin of the neointima of VSMCs in AVGs was determined by
transgenic reporter mice and by bone marrow transplantation. Firstly,
we used the VSMC reporter mice, mTmG/SHHMC-ERCreþ mice
(VSMCGFP), to label and track VSMCs (see Supplementary material on-
line, Figure S1A). After tamoxifen treatment, the VSMCs in the common
carotid arteries became GFP positive and co-stained with a-SMA (see
Supplementary material online, Figure S1B). In AVGs created in VSMCGFP

mice, > 90% of neointimal VSMCs were originated from GFP-labelled
VSMCs (Figure 1D). Consistently, in AVGs that were created in WT mice
with bone marrow from GFP transgenic mice, bone marrow-derived
GFP positive cells did not contribute to a-SMAþ VSMCs in the neoin-
tima (see Supplementary material online, Figure S2).

A substantial increase in the expression of Jagged1 was also found in
neointima cells that were present in AV fistulas of ESRD patients. In

control veins, few Jagged1-positive signals were present (Figure 1E). The
cells from the neointima and wall of the vein in AVFs were positive
stained for VSMC markers SMMHC and a-SMA (Figure 1F and G).
Control anti-rabbit antibodies did not show positive signals (Figure 1H).
These Jagged1 positive cells in the neointima were co-stained with a-
SMA (Figure 1I).

3.2 KO of Jagged1 in VSMCs impairs
vascular remodelling in AVGs
Since deficiency of Jagged1 is embryonic lethal, we created conditionally
inducible Jagged1 KO mice by breeding Jagged1flox/flox with SMMHC-
ERCre mice (Figure 2A). Following tamoxifen treatment (i.p., 40 mg/kg,
bw, for five constitutive days), Jagged1 expression in VSMCs of Jagged1f/f/
SMMHC-ERCreþ mice (i.e., VSMCJagged1 KO mice) was eliminated
(Figure 2B). There were no vascular structure changes between WT and
Jagged1 KO mice (Figure 2B). Two weeks after tamoxifen treatment, we
created AVGs in VSMCJagged1 KO mice in order to identify if KO of
Jagged1 affects vascular remodelling. KO of Jagged1 in VSMCs dramati-
cally decreased neointima formation and inhibited vascular remodelling
in AVGs. In contrast, AVGs created in WT mice (VSMCJagged1þ/þ mice)
led to VSMC accumulation and neointima formation (Figure 2C). The
area of neointima was significantly smaller in VSMCJagged1 KO mice vs.
results in control (VSMCJagged1þ/þ) mice, while the lumen area had no
significant changes between the two groups (Figure 2D). There was signif-
icant decreased expression of a-SMA in AVGs that had been created in
VSMCJagged1 KO mice (Figure 2E). The expression of mRNAs of a-SMA
and SMMHC was decreased in AVGs in VSMCJagged1 KO mice vs. results
in control (VSMCJagged1þ/þ) mice (Figure 2F). These findings highlight our
result that KO of Jagged1 in VSMCs suppresses VSMC accumulation and
the arterialization of the AVGs.

3.3 Jagged1 KO inhibits VSMC proliferation
and migration
To determine the function of Jagged1 in VSMCs, we compared expres-
sion levels of Jagged1 in quiescent vs. proliferating VSMCs. Specifically,
Jagged1 was undetectable in quiescent, arterial VSMC but there was in-
creased Jagged1 expression in activated VSMCs (Figure 3A). In identifying
potential mediators of Jagged1 expression in VSMCs, we treated these
cells with TGF-b1 (2 ng/ml): the treatment stimulated Jagged1 expres-
sion and upregulated the proliferation markers, PCNA and Ki67
(Figure 3B and C). While Jagged1 KO in VSMCs did not significantly inhibit
VSMC proliferation; only mild inhibition was uncovered in VSMCs with
KO of Jagged1 vs. results in WT cells (Figure 3B and C). Notably, Jagged1
KO suppressed TGF-b1-stimulated pro-growth responses and inhibited
the expression of fibroblast-specific protein 1 (FSP-1) in VSMCs
(Figure 3B and D). Furthermore, seeding the artery segments induced
outgrowth of VSMCs that are positive for VSMC markers (a-SMA and
calponin) (see Supplementary material online, Figure S3). Jagged1 KO
also suppressed VSMC outgrowth and its migration (Figure 3E and F).
Jagged1 overexpression rescued VSMC migration (Figure 3E and F).

3.4 In VSMCs, Jagged1 deficiency is
associated with inflammation in AVGs due
to delayed EC regeneration
Cellular events such as EC regeneration and infiltration of inflammatory
macrophages are involved in AVG remodelling.23 Using en face analyses,
we found that loss of Jagged1 in VSMCs impaired the integrity of the en-
dothelium of AVGs. The endothelial layer in AVGs that were created in
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..WT mice showed there was an intact VE-cadherinþ EC network. In con-
trast, there were decreased VE-cadherin signals due to the decreased
numbers of ECs that were randomly distributed in AVGs created in
VSMCJagged1 KO mice (Figure 4A and B). After 1 month, AVGs created in
VSMCJagged1 KO mice exhibited increased accumulation of Evans blue dye.
In contrast, there was only faint staining of blue dye in AVGs from WT
mice (Figure 4C and D), indicating the presence of endothelial leakage in
AVGs created in VSMCJagged1 KO mice. These results demonstrate that a

deficiency of Jagged1 in VSMCs delays EC regeneration while impairing
EC barrier functions.

As expected from the demonstrated leakage in the endothelium, we
found increased infiltration of CD45þ monocytes and F4/80þ macro-
phages in 1 month AVGs in Jagged1 KO mice vs. results from
VSMCJagged1þ/þ mice (Figure 4E and F). FSP-1 promotes cell migration
and expresses in different type of cells. There were increased FSP-1þ sig-
nals in AVGs created in VSMCJagged1 KO mice (Figure 4E and F). IgG

Figure 3 Expression of Jagged1 promoted SMC phenotype switch from a quiescent to the synthetic status: (A) Common carotid arteries were dissected,
half of the arteries were cultured, and half were kept for later use. After 7 days, proteins from the artery and outgrowth SMCs were isolated and the western
blot was performed (n = 3), depicting gain of Jagged1 expression and increasing expression of PCNA and Cyclin D1 in the outgrowth SMCs. (B) VSMCs
from WT and VSMCJagged1 KO mice were treated with or without 2 ng/ml TGF-b1 for 24 hrs. The expressions of Ki67, PCNA, and FSP-1 were detected by
western blot. (C and D) Quantitation analysing the densities of Ki67 and FSP-1. Representative data from three experiments. Two-way ANOVA with an in-
teraction between treatment and Jagged1 expression levels was used to test the expression of Ki67 and FSP-1 changes among the two groups. The effects of
TGF-b1 on the expression of Ki67 and FSP1 were different in Jagged1 KO VSMCs compared to WT cells treated with TGF-b1. (E) Artery segments from
WT, Jagged1 KO mice, and Jagged1 OE mice were seeded onto 24-well plates ex vivo and photographs were taken at indicated time points. Representative
pictures are presented. The dashed lines indicate the edge of the cells, and the double arrowed lines show the distance of outgrowth cells (scale bars are
200mm). (F) The cell numbers in panel (E) were counted and summarized (*, P < 0.05 vs. WT; #, P < 0.05 vs. Jagged1 KO; one-way ANOVA was used for sta-
tistical analysis for day 3 or day 7 separately, n = 5).
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..control staining did not show positive signals (see Supplementary mate-
rial online, Figure S4A). There FSP-1þ signals co-stained with macrophage
marker Mac2 (see Supplementary material online, Figure S4B).

The infiltrated Mac2þ macrophages expressed cytokine, IL-1b;
Increased IL-1b signals were detected in macrophages in AVGs that
were created in VSMCJagged1 KO mice vs. results from WT mice

(Figure 5A and B). There also were increases in ICAM and E-selectin
expressions in ECs of AVGs created in VSMCJagged1 KO mice (Figure 5C
and D). These results demonstrate that a deficiency of Jagged1 in
VSMCs resulted in infiltration of macrophages that produce IL-1b, as-
sociated with increased expression of adhesion molecules in ECs in
AVGs.

Figure 4 Jagged1 KO in VSMCs delays the EC regeneration and increases the inflammation. (A and B). Representative images of en face analysis of 7 day
AVGs created in VSMCJagged1 KO mice and WT mice with VE-cadherin immunofluorescent staining (A). The number of VE-cadherin positive cells in AVGs
were counted and analysed (B). (The data are represented as means ± SD; n¼ 3. *, P< 0.05 vs. results from AVGs created in WT mice; t-test was used for
statistical analysis). (C and D). Jagged1 KO in VSMCs induces endothelial barrier dysfunction in AVGs. Before collecting AVGs, Evans blue was administrated
intravenously to mice, followed by washing with PBS. The AVGs were dissected, and photographs were obtained (C). The intensity of blue staining was ana-
lysed (D). The data are represented as means ± SD; n¼ 4; *, P< 0.05 vs. WT control; t-test was used for statistical analysis. (E and F). The expression of in-
flammatory markers were determined by immunostaining in 1 month AVGs created in WT and VSMCJagged1 KO mice (E). The density analysis were shown in
(F). (n = 6, *, P < 0.05 vs. WT controls; scale bars in panels (A), (E), and (D) are 50mm, in panel (C) are 1 mm; t-test were used for FSP-1, Mann–Whitney U test
was used for CD45 and F4/80).
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..3.5 Factors affecting endothelial
functions in AVGs include integrin b3 and
N-cadherin
Defective EC functions uncovered in Figure 4 indicate that Jagged1 in
VSMCs might increase the expression of integrin b3 and N-cadherin and
enhance ECs functions. Co-culture experiments between ECs and
VSMCs were utilized to determine how Jagged1 in VSMCs could affect
EC functions. In these co-culture experiments, mouse kidney ECs were
seeded on the reverse side of transwell inserts, while mouse VSMCs
from mice were seeded on the other side of the membrane (Figure 6A).
When co-culturing with VSMCs lacking Jagged1, there was decreased
expression of N-cadherin and integrin b3 in ECs (Figure 6B and C). In
contrast, overexpression of Jagged1 in VSMCs rescued the expression of
N-cadherin and integrin b3 in ECs (Figure 6B and C). To specify the role
of Jagged1 in regulating responses in ECs, we used recombinant Jagged1
to treat ECs. Coating of recombinant Jagged1 dose-dependently stimu-
lated the expression of N-cadherin, VE-cadherin, and integrin b3 in ECs
(see Supplementary material online, Figure S6). ECs seeded on recombi-
nant Jagged1-coated plate also showed increased expressions of N-

cadherin and integrin b3 (Figure 6D) plus higher levels of the Notch tar-
gets, Hes1 and Hey2 vs. results in untreated controls (Figure 6D). Jagged1
treatment-induced expression of Hes1 and Hey2 was blocked when ECs
were treated with the Notch inhibitor, DAPT (Figure 6D). Double immu-
nofluorescence analysis showed that treatment of recombinant Jagged1
increased the expression of N-cadherin and integrin b3 in ECs as well as
the expression of Hes1 and Hey2 (Figure 6E and F). Finally, EC-
attachment measurements were evaluated. Jagged1-treated ECs were
dispersed more rapidly compared to control ECs. These responses dis-
appeared when ECs were pre-treated with the integrin b3 inhibitor
Xt199 (Figure 6G). Consequently, Jagged1 expression in VSMCs led to
improvements in EC functions via stimulation of N-cadherin and integrin
b3 expression in ECs.

3.6 Overexpression of Jagged1 stimulates
EC regeneration leading to remodelling
and arterialization of AV grafts
In order to determine if overexpression of Jagged1 in VSMCs promotes
maturation of AVGs, we generated mice (Stopf/f-Jagged1/SMMHC-

Figure 5 Increased expression of adhesion molecules in ECs is associated with macrophage-produced IL-1b. (A and B). Representative images of immu-
nostaining of IL-1b and Mac2 in AVGs creased in WT and VSMCJagged1 KO mice. (C and D). The expression of ICAM and E-selectin were determined by
immunostaining in AVGs that were created in WT and VSMCJagged1 KO mice. (D) The density analysis of the positive signals was shown in (C). (n = 6, *,
P < 0.05; scale bars are 50lm. Mann–Whitney U test was used for statistical analysis).
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..ERCreþmice; abbreviated VSMCJagged1 OE mice). These mice overexpress
Jagged1 in VSMCs and this response is specifically induced in VSMCs fol-
lowing tamoxifen treatment (Figure 7A). Indeed, the expression of
Jagged1 in aortas of VSMCJagged1 OE mice was substantially increased vs.
results in tamoxifen-treated WT mice (VSMCJagged1þ/þmice) (Figure 7B).
Immunostaining demonstrated that Jagged1 expression was majorly

expressed in ECs in aorta from WT mice; and more Jagged1 was found
in the media cells in aorta from VSMCJagged1 OE mice (Figure 7C). There
were no morphological and structural changes of arteries and veins in
WT compared to VSMCJagged1 OE mice.

To determine if Jagged1 overexpression in VSMCs enhances EC re-
generation in vivo, AVGs were created in VSMCJagged1þ/þ and

Figure 6 Jagged1 in VSMCs regulates EC adhesion function by enhance expression of Integrin b3 and N-cadherin in ECs. (A) Schematic diagram of the co-
culture with a Boyden chamber. Mouse ECs were seeded onto the inverted side of the membrane containing 0.4 m pores configured at a density of 1.6�106

pores/cm2. While mouse SMCs were cultured in the opposite side of the membrane. (B) Western-blot analysis of EC after co-cultured with WT, Jagged1
KO, or Jagged1 OE VSMCs. (C) The density analysis of the expression of integrin b3 and N-cadherin (n = 3, *, P < 0.05 compared with controls; #, P < 0.05
compared with Jagged1 KO; one-way ANOVA was used for statistical analysis). (D) Notch signalling-dependent expression of integrin b3 and N-cadherin.
ECs were cultured on recombinant rat Jagged1 (10 mg/ml)-coated plate in the presence or absence of 10mM DAPT (inhibitor of Notch signalling), the ex-
pression of Notch targeted genes, integrin b3 and N-cadherin was determined by western blotting. Representative data from three repeated experiments
were shown. (E and F). ECs were cultured on Jagged1-coated cover slip for 24 h, the co-expression of N-cadherin (E) and integrin b3 (F) with Hey2 and
Hes1 were determined by immunofluorescent staining. (G) Spreading assay of ECs. ECs were stained with FITC-phalloidin to visualize F-actin (green) and
DAPI to indicate nuclei (blue). Representative images in panel (E–G) from three repeated experiments were presented. The scale bars are 50mm.

Jagged1 in VSMCs promotes endothelial regeneration 2151



Figure 7 Overexpression of Jagged1 promotes AVG arterialization. (A) Schematic of generation of VSMC-specific overexpression of Jagged1 transgenic
mice. (B) Western blotting analysis of Jagged1 expression in aorta from WT and VSMCJagged1 OE mice (n = 3). (C) Representative images of immunofluores-
cent staining of the Jagged1 (red) in artery (L, lumen). (D and E) Representative images of immunostaining and densitometric analysis of CD31 and CD45 in
2 week AVGs created in WT and VSMCJagged1 OE mice (*, P < 0.05 vs. WT, n = 5; t-test was used for statistical analysis). (F and G) Representative images of
immunostaining and densitometric analysis of N-cadherin and integrin b3 in AVGs created in WT and VSMCJagged1 OE mice (*, P < 0.05 vs. WT, n = 5; t-test
was used for statistical analysis). (H–J) Representative images of immunostaining of a-SMA from 1 month AVGs created in WT and Jagged1 OE mice were
shown (H). The areas of neointima and lumen (I) as well as their ratio (J) were measured and calculated (*, P < 0.05 vs. WT, n = 5; t-test was used for statisti-
cal analysis). (K and L) The numbers of PCNA positive cells in neointima of the AVGs created in WT and VSMCJagged1 OE mice were counted and calculated
(*, P < 0.05 vs. WT, n = 5; t-test was used for statistical analysis). The scale bars (with white and black colours) in panel (D), (F), (H), and (K) are 50mm; the
scale bars with red colour in panel (H) are 500mm.
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VSMCJagged1 OE mice. Fourteen days later, the CD31þ signals were stron-
ger and there were more ECs in the lumen surface in AVGs created in
VSMCJagged1 OE mice vs. results in AVGs from WT mice (Figure 7D).
Consistently, AVGs created in VSMCJagged1 OE mice exhibited decreases
in the infiltration of CD45 inflammatory cells in AVGs (Figure 7D). A simi-
lar observation was made by using another EC marker vWF: more vWF
positive cells and less CD45 inflammatory cells were found in AVGs
from VSMCJagged1 OE mice vs. in WT mice (see Supplementary material
online, Figure S6). These results indicate that Jagged1 expression in
VSMCs, promotes EC regeneration and decreases inflammation.
Furthermore, Jagged1 overexpression in VSMCs increased the levels of
N-cadherin and integrin b3 in both endothelial and neointimal cells of
AVGs (Figure 7F and G). Immunostaining and morphologic analyses
revealed that increased Jagged1 in VSMCs acts to promote neointimal
formation; this does not change the lumen areas of AVGs (Figure 7H
and I). Consistently, we found more PCNAþ proliferation of VSMCs in
neointimas of AVGs created in VSMCJagged1 OE mice vs. that in wild-type
mice (Figure 7K and L). Thus, increased Jagged1 expression in VSMCs
improves AVG arterialization and remodelling.

4. Discussion

Neointima formation is a major determinant of the utility of AV grafts.
Notch signalling influences neointima formation and vascular remodel-
ling. One of the Notch ligands, Jagged1, is critical for determining neointi-
mal formation during vascular remodelling. Jagged1 is expressed
principally in ECs of normal vessels.30 Interestingly, we uncovered a dra-
matic increase in Jagged1 in VSMCs in neointima cells during vascular
remodelling. Specific KO of Jagged1 in VSMCs suppresses EC regenera-
tion in AVGs, which is related to the decreased expression of N-cad-
herin and integrin b3 in ECs. Besides responses to the genetic
manipulation of Jagged1, treatment with DAPT, the Notch inhibitor, also
blocked the Jagged1-induced expression of N-cadherin and integrin b3
in ECs. Delayed EC regeneration in AVGs created in VSMCJagged1 KO

mice led to infiltration of inflammatory cells into AVGs. Moreover, the
macrophages in AVGs produce more cytokine IL-1b, which is associated
with increased inflammatory responses in ECs in AVGs created in
VSMCJagged1 KO mice (i.e., upregulated expression of ICAM and E-selec-
tin). In contrast, Jagged1 overexpression in VSMCs enhances EC regen-
eration and increases EC attachment. These responses prevent the
inflammation related to dysfunctions of ECs. In addition, we found that
increased Jagged1 expression in VSMCs promotes VSMC proliferation
and migration leading to arterialization of veins in AVGs. We conclude
that Jagged1 expression in neointimal VSMCs are important for maintain-
ing EC regeneration and AVG remodelling.

One novel finding of this study is that Jagged1 expression in VSMCs
enhances EC integrity and stability through activation of Notch1 in ECs.
It has been reported that reducing Notch signalling in ECs can destabilize
cellular interactions.31 We uncovered a dramatic increase in Jagged1 in
VSMCs during vascular remodelling, which induced Notch signalling
enhances EC regeneration through upregulating two molecules, N-cad-
herin and integrin b3. N-cadherin is a major cadherin that links ECs with
VSMCs. In our AVG model, a newly formed endothelium gradually cov-
ers the denuded vascular walls.32 This newly formed endothelium is vul-
nerable to stresses arising from the arterial blood pressure but this is
combatted by VSMCs that are underneath. Thus, the induction of N-cad-
herin expression by Jagged1 in VSMC promotes EC and VSMC interac-
tion, and helps stabilize newly regenerated ECs. Therefore, it is not

surprising that specific KO of Jagged1 in VSMCs suppresses EC regenera-
tion in AVGs. In addition, Jagged1 overexpression in VSMCs or in re-
sponse to Jagged1 treatment stimulates expression of integrin b3 in ECs.
This is relevant because integrin b3 can enhance the attachment of ECs
to exposed basement membranes, also increase EC regeneration in
AVGs. This finding is consistent with our previous reports that KO of
integrin b3 inhibits EC regeneration in AVGs.33 Moreover, loss of
Jagged1 in VSMCs impairs the barrier function of ECs, enhancing the infil-
tration of inflammatory cells. Infiltration of macrophages in AVGs pro-
duce cytokines, including IL-1b, increases levels of ICAM and E-selectin
in ECs in AVGs created in VSMCJagged1 KO mice; both molecules are ac-
tive in recruiting monocytes and promote inflammation reaction in ECs.
Thus, deficiency of Jagged1 in VSMCs impair EC regeneration and indu-
ces inflammatory responses deteriorating the vascular remodelling of
AVGs.

ECs from different organs present different function and struc-
tures.34,35 This heterogeneity may lead to different outcomes in re-
sponse to specific microenvironment stimuli. Kidney ECs, which are
fenestrated, are different from continuous ECs in the lung and artery.36

While Notch signalling is a conserved signalling pathway, different types
of ECs show Notch activation after exposure to Notch ligands.37–39

Thus, the results generated from mouse kidney ECs, such as Jagged1-
induced Notch activation and expression of Notch downstream targets
(N-cadherin and integrin b3), could be observed from ECs derived from
other organs, including the arteries.

Another important finding of this study is that expression of Jagged1 in
VSMC during AVG remodelling stimulates VSMC migration and prolifer-
ation. Indeed, Jagged1 losses in VSMCs during development are associ-
ated with abnormalities of arterial structures that include thin vascular
walls and reduced VSMC accumulation and maturation.40,41 While in
adult mice, Jagged1 expression in mature VSMCs is significantly de-
creased and undetectable in arterial media, our study uncovered that
VSMCs re-express Jagged1 during vascular remodelling. During this pro-
cess, VSMCs need Jagged1 to proliferate and migrate to form neointima
in veins of AVG, adapting to the arterial blood pressure and against sus-
tained mechanical stretch. Thus, KO of Jagged1 in VSMCs dramatically
decreased neointima formation and inhibited vascular remodelling in our
AVG model. However, overexpression of Jagged1 in VSMCs successfully
rescued this defect. Therefore, we conclude that Jagged1 expression in
VSMC is required for arterialization and neointima formation of AVGs.
Consistently, other investigators have shown that increased Notch sig-
nalling pathway promotes the proliferation and migration of VSMCs, and
thereby contributes to the progression of vascular remodelling.42 Yang
et al.43 reported that a loss of Notch activity decreases VSMC prolifera-
tion and the expression of PDGFRb and Jagged1. Caolo et al.44 found
that Jagged1 expression in VSMCs can regulate arterial maturation by im-
proving VSMC proliferation and differentiation during vascular injury.
Interestingly, Wu et al.45 have shown that endothelial Jagged1 is required
to maintain VSMC contractile phenotype. Downregulated expression of
Jagged1 in ECs enhances VSMC proliferation and promotes neointima
formation.45 These results demonstrate that control Jagged1 expression
in both ECs and VSMCs are required for an adaptive vascular
remodelling.

In conclusion, we have defined a new set of responses of Jagged1 in
VSMCs. It mediates cellular processes that are necessary for vascular
remodelling in AVGs. Specifically, we demonstrate that Jagged1 expres-
sion in VSMCs is required for EC regeneration, the VSMC migration, ac-
cumulation, and arterialization of AVGs.
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Translational perspective
The vein is subjected to arterial environment immediately after AVG or arteriovenous fistula surgery. ECs in the vein of the AVGs and arteriovenous
fistulae are denuded and regenerated later. Deficiency of Jagged1 expression in VSMCs inhibits VSMC migration, proliferation, and interferes with
arterialization of vein of the AVGs. These responses also delay EC regeneration and EC barrier function with increased inflammation leading to failed
vascular remodelling of AVGs. Thus, a strategy to regulate Jagged1 expression will improve AVG arterialization and function.
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