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Tipping off endothelial tubes: nitric oxide drives tip cells
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Abstract Angiogenesis, the formation of new blood
vessels from pre-existing vessels, is a complex process that
warrants cell migration, proliferation, tip cell formation,
ring formation, and finally tube formation. Angiogenesis is
initiated by a single leader endothelial cell called “tip
cell,” followed by vessel elongation by “stalk cells.” Tip
cells are characterized by their long filopodial extensions
and expression of vascular endothelial growth factor
receptor-2 and endocan. Although nitric oxide (NO) is an
important modulator of angiogenesis, its role in angiogenic
sprouting and specifically in tip cell formation is poorly
understood. The present study tested the role of endothelial
nitric oxide synthase (eNOS)/NO/cyclic GMP (cGMP)
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signaling in tip cell formation. In primary endothelial cell
culture, about 40 % of the tip cells showed characteristic
sub-cellular localization of eNOS toward the anterior pro-
gressive end of the tip cells, and eNOS became phos-
phorylated at serine 1177. Loss of eNOS suppressed tip cell
formation. Live cell NO imaging demonstrated approxi-
mately 35 % more NO in tip cells compared with stalk
cells. Tip cells showed increased level of cGMP relative to
stalk cells. Further, the dissection of NO downstream sig-
naling using pharmacological inhibitors and inducers
indicates that NO uses the sGC/cGMP pathway in tip cells
to lead angiogenesis. Taken together, the present study
confirms that eNOS/NO/cGMP signaling defines the
direction of tip cell migration and thereby initiates new
blood vessel formation.

Keywords Tip cell - Stalk cell - Nitric oxide - Endothelial
nitric oxide synthase - Cyclic guanosine monophosphate

Introduction

Angiogenesis is defined as the formation of new blood
vessels from pre-existing ones, which involves extracellular
matrix degradation, migration, proliferation, differentiation,
and tube formation [1]. Angiogenic sprouting is a guided
process, where endothelial tip cells lead the vascular
sprouting, and trailing stalk cells mediate lumen formation
[2, 3]. Vascular endothelial growth factor (VEGF) guides
angiogenic sprouting by inducing filopodia-like extensions
in tip cells [2]. Selection of tip and stalk cells is regulated by
Dll4/Notch signaling [4]. Earlier studies have shown higher
expression of several angiogenic gene such as VEGFR2 [2],
VEGFR3 [5], DIl4, and PDGF-B in the tip cells compared
with that in stalk cells [3].
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Several reports indicate that the nitric oxide synthase
(NOS) pathway plays a significant role in angiogenesis [6,
71. Nitric oxide (NO) donors, such as sodium nitroprusside,
promote endothelial cell proliferation and migration in vivo
and in vitro, while inhibitors of NOS suppress these
responses [6]. Reports suggest that the growth-promoting
effect of NO is linked to cGMP generation in cultured
endothelium [8]. NO mediates the pro-angiogenic response
of several key factors including VEGF, angiopoetin-2, and
estrogen. These factors mediate their effects by phosphor-
ylating endothelial NOS (eNOS) at Ser-1179, which pro-
vides a sustained flux of NO through overcoming its
calmodulin dependence and is associated with pro-angio-
genic responses [9]. In our earlier report, we have demon-
strated that eNOS/NO/cGMP promotes ring formation [10],
which is an early event of angiogenesis. However, the role
of NO in tip cell sprouting is not understood yet. The
present study reveals that polarization of eNOS and NO
release directs the tip cell formation. Furthermore, ex vivo
eNOS knockout mouse experiments confirmed that func-
tional eNOS is crucial for optimal tip cell sprouting. We
also show that eNOS-derived NO mediates the tip cell
sprouting via the sGC—cGMP pathway.

Materials and methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin, and streptomycin were purchased
from PAN-Biotech GmbH (Am Gewerbepark, Aidenbach).
VEGEF, (10 ng/mL), bradykinin (BK; 1 pM), diethylenetria-
mine NONOate (DEAN; 10 uM), 1H-[1,2,4]-oxidiazol-
o[4,3a]quinozalin-1-one  (ODQ; 10 pM), guanosine-3'5-
monophosphate 8-bromo-sodium salt (8-Br-cGMP; 50 uM),
sildenafil citrate (SC; 1 uM), L-nitro-L-arginine-methyl ester
(L-NAME; 1 mM), 2,3,9,10,11,12-hexahydro-10R-methoxy-
2,9-dimethyl-1-0x0-9S,12R-epoxy-1H-diindolo[ 1,2,3-fg:3’,
2/,1'-kl]pyrrolo[3,4-i] [1, 6] benzodiazocine-10-carboxylic
acid, methyl ester (KT5823; 1 uM), N -nitro-p-arginine
methyl ester hydrochloride (D-NAME; 1 mM), diaminorhod-
amine-4M-AM (DAR-4M-AM; 5 uM) were purchased from
Sigma Chemical Co., St. Louis, MO, USA. Acetylcholine
(Ach; 5 uM; Himedia), 2-phenyl-4,4,5,5-tetramethylimidazo-
line-1-oxyl 3-oxide (cPTIO; 10 uM; Calbiochem), myosin
light chain kinase inhibitor (MLCKi; 30 uM; Santa Cruz,
USA), phalloidin and DAPI were purchased from Invitrogen,
USA. Caveolin-1 scaffolding domain peptide (CSP; 14 uM)
was purchased from Merck Millipore, Germany. DETA
NONOate (DETA) was purchased from Cayman Chemical,
USA. All other chemicals used in this study were of the reagent
grade and were obtained commercially.
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Cell culture

The immortalized endothelial hybrid cell line EA hy926
(kind gift from Dr. C.J.S. Edgell, University of North
Carolina, Chapel Hill), the T24 bladder carcinoma cell line
formerly designated ECV 304, which functionally mimics
several endothelial functions [11], and T24/ECV 304 stably
transfected with eNOS-GFP were kind gifts from Dr. Vijay
Shah, Mayo Clinic, Rochester, USA. The cells were cul-
tured in DMEM medium supplemented with 10 % FBS (v/v)
and 1 % penicillin/streptomycin (w/v). The cells were
maintained at 37 °C in a humidified CO, incubator.

Bovine endothelial cell isolation

Bovine aortic endothelial cells (BAECs), bovine lung
microvascular endothelial cells (BMECs), and bovine
pulmonary aortic endothelial cells (BPAECs) were isolated
from bovine aortas, lungs, and pulmonary artery, respec-
tively. Bovine aortas, lungs, and pulmonary arteries were
collected from a government authorized slaughter house.
BAECs, BMECs, and BPAECs were isolated according to
protocols described elsewhere [12, 13]. Isolated cells were
confirmed as endothelial cells by using antibody against
endothelial marker eNOS. Primary endothelial cells were
used till passage 6.

Tip cell formation in Matrigel

BAECs, BMECs, T24/ECV 304 eNOS-GFP, and EA .hy926
cells were used for tip cell formation study. BAEC was used
for immunofluorescence experiments, and T24/ECV 304
eNOS-GFP was used for eNOS polarization and AFM
experiments, whereas EA.hy926 was extensively used
throughout the study. Endothelial cells of different conflu-
ences (10, 20, 40, 60, 80, and 100 %) were seeded on
Matrigel-coated 12-well plate coverslips and allowed to
solidify in 37 °C CO, incubator for 30 min. Endothelial
cells were seeded on the top of the Matrigel, and tip cell
formation was observed after 24 h of incubation. After
24 h, optimal numbers of tip cells were observed using
40 % confluence, and this cell density was selected to
perform experiments for the entire study (Fig. 1a). The tip
cells were identified as a leading cell with characteristic
filopodial extensions and over-expression of tip cell marker
endocan (Fig. 1c).

Tip cell formation assay was performed to analyze the
tip cell forming capability under different treatment con-
ditions. 40 % confluent EA.hy926 cells were seeded on the
Matrigel-coated coverslips. NO pathway signaling was
analyzed using various pharmacological inducers and
inhibitors such as 8-bromo-cGMP (50 uM), sildenafil cit-
rate (1 pM), ODQ (10 uM), KT (1 puM), MLCKi (30 uM),
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Fig. 1 Tip cell characterization: a Endothelial cells (BAEC, BMEC,
EA.hy926, and T24/ECV 304 eNOS-GFP) were seeded on the
Matrigel-coated coverslips. Among various cell confluences, 40 %
confluence allows effective tip cell sprouting (n = 3). Almost,
BAEC, EA.hy926, and T24/ECV 304 eNOS-GFP showed similar
number of tip cells. b Tip cell number was counted under various pro-
angiogenic factors; VEGF, BK, and Ach above control and the
combination of L-NAME + VEGF, L-NAME + BK, L-NAME +
Ach. Significant increase in tip cell number was observed (n = 3;
#p < 0.001 vs control, *p = 0.027 vs control). ¢, d Fluorescence

and the combination treatment of ODQ + DEAN,
KT + DEAN, and MLCKi + DEAN. The cells were
treated with the respective compounds after 4 h of cell
seeding and continued until the end of the experiment.
After 24 h, tip cell numbers were manually counted as a
double-blind study.

NO imaging using DAR
EA.hy926

Forty percent of confluent EA.hy926 cells were seeded on
Matrigel-coated 12-well plate coverslips. Cells were trea-
ted with DEAN (10 uM) or cPTIO after 4 h of cell seeding.
After 24 h of treatment, the cells were incubated with NO-
specific fluorescence probe DAR-4M-AM (5 uM) for
10 min. Monolayers were washed with 1x PBS, and cells
were imaged using a fluorescence microscope with
attached DP71 camera. The fluorescence intensity of the
cells was calculated using Adobe Photoshop version 7.0.
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imaging of tip cells in BAECs. Tip cells were characterized using
known tip cell marker VEGFR2 and endocan. Immunofluorescence
was carried out in BAEC. VEGFR2 was found to be high in tip cells
than stalk cells. Endocan was tagged with FITC, and eNOS was
tagged with TRITC. Endocan hot spots, which match with eNOS hot
spots, were found to be more in tip cells (yellow arrow mark) than
stalk cells (white arrow mark). e Representative actin rich filopodia in
tip cells (yellow arrow mark) and stalk cells (white arrow mark); actin
staining is shown in red, and DAPI staining is shown in blue. (Color
figure online)

Chick aortic ring sprouting

Chick aortic ring assay was performed as described else-
where [14]. Briefly, chick aortic arches were cut from the
heart under sterile conditions. 50 pL of Matrigel was placed
on the coverslips and allowed to solidify for 30 min at 37 °C
in a CO, incubator. Aortic arches were cut into small rings
placed on the top of the Matrigel, and further 20 puL of
Matrigel was again placed on the top of the aortic ring. After
4 h, NO donor, inhibitor, and scavenger such as DEAN,
L-NAME, and cPTIO were added to the respective aortic
explants and incubated for 36 h. The treatment was provided
till the end of the experiment. After 36 h, the chick aortic
rings were incubated with the NO-specific fluorescence
indicator DAR-4M-AM for 20 min. The arches were gently
washed using 1x PBS, and images were captured using
Olympus microscope with attached DP71 camera. The
fluorescence intensity of the DAR images was calculated
using Adobe Photoshop version 7.0. Endothelial cell iden-
tity was imaged using endocan (Supplementary Figure 1).
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NO imaging in chick chorioallantoic membrane

Briefly, fourth day fertilized eggs were broke open in a
sterile petri dish. The vascular beds were incised out using
a sterile scissor, and 1x PBS wash was provided. Treat-
ments, which include control, DEAN, L-NAME,
L-NAME + DEAN, and cPTIO, were provided in the
media and added to the respective vascular bed and incu-
bated for 30 min. After 30 min of treatment, the vascular
bed was incubated with NO-specific fluorescence probe
DAR 4M-AM (5 puM) for further 30 min. 1x PBS wash
was provided, and the sprouting edges on the vascular bed
were chosen for imaging. The images were captured using
Olympus microscope with attached DP71 camera. DAR-
nitric oxide hot spots, which represent equivalent eNOS
localization, were counted manually as a double-blinded
study, and the graph is plotted.

Caveolin scaffolding peptide and NO release

EA.hy926 cells were seeded on Matrigel-coated 12-well
plate coverslips. DEAN [10 puM], caveolin scaffolding
peptide [CSP; 14 uM], L-NAME, and cPTIO drug treat-
ment were provided in the media. Number of tip cells was
counted manually as a double-blinded study.

Immunofluorescence

Immunofluorescence studies were carried out in BAECs.
Endothelial tip cells were grown on Matrigel-coated
12-well coverslips. After 24 h, the cells were fixed in 2 %
paraformaldehyde for 10 min and washed in 1 x PBS. Then
the cells were permeabilized using 0.1 % Triton-X and
blocked using 5 % BSA for 1 h. After a 1 x PBS wash, and
the cells were incubated with the following primary anti-
bodies: Rabbit polyclonal VEGFR2 (Abcam, USA),
Human endocan (Lunginnov, France), rabbit polyclonal
eNOS (Santa Cruz, USA), rabbit polyclonal anti-serine
1177 phosphorylated eNOS antibody (Abcam, USA),
mouse monoclonal anti-caveolin (Abcam, USA), rabbit
polyclonal nitrocysteine (Abcam, USA) all using 1:1,000
dilutions. The corresponding anti-mouse or anti-rabbit
secondary antibodies tagged with FITC for VEGFR2, en-
docan, caveolin, nitrocysteine, and TRITC for eNOS,
P-eNOS (1:2,000 dilutions) were added, and incubated for
2 h. The nuclei were stained using DAPI. The images were
captured using an Olympus fluorescence microscope with
an attached DP71 camera.

Phalloidin staining

EA.hy926 cells were seeded on Matrigel-coated 12-well
plate coverslips. The cells were allowed to form tip cells
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under various treatments such as DEAN, L-NAME,
L-NAME + DEAN, and cPTIO. After 24 h of tip cell
formation, the cells were fixed and incubated with phal-
loidin for 30 min. Nuclear staining was done using DAPIL.
Images were captured using the Olympus 1X71 epifluo-
rescence microscopy equipped with a DP71 camera.

eNOS siRNA transfection

EA.hy926 cells were transfected with eNOS siRNA
(Sigma) using Lipofectamine 2000 (Invitrogen). Scrambled
RNA was used as the control. eNOS siRNA and scrambled
RNA-transfected cells were seeded on Matrigel and
allowed to form tip cells. Numbers of tip cell were counted
manually, and the bright field images were captured with
an inverted microscope. eNOS siRNA transfection was
confirmed using Western blot analysis probed for eNOS.

Western blot

Briefly, EA.hy926 cells were harvested and lysed in lysis
buffer. Proteins were resolved in SDS-PAGE followed by
transfer to nitrocellulose membrane [15]. Protein expres-
sion was analyzed using anti-eNOS antibody (NOS3, rabbit
polyclonal, Santa Cruz Biotechnology Inc.).

Atomic force microscopy

T24/ECV 304, T24/ECV 304 eNOS-GFP cells, and
BPAECs were chosen for topographic analysis. Once the
endothelial cells attained tip cell conformation in Matrigel,
the cells were fixed in 2 % paraformaldehyde for 10 min
and washed in 1x PBS. Coverslips with fixed slides were
then scanned with an atomic force microscopy using a
nanoscope (Digital instruments) and the following param-
eters: scan size 100 pm, scan rate 3.052 Hz, height data
scale 6 pm, engage X position 19783.4 um, engage
Y position 42,151.3 pm.

MATLAB image analysis

eNOS and NO fluorescence images were captured in
fluorescence microcopy, and the images were processed in
MATLAB for fluorescence intensity calculation. 50 images
were processed for data analysis.

Chick aortic ring assay

The chick aortic ring assay was performed as mentioned
above. Drug treatment (DEAN, L-NAME, cPTIO, and
L-NAME + DEAN) was provided in the media, and the
explants were imaged after 36 h of incubation period.
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Images were taken in 4x and 20x magnification using
Olympus microscope attached with DP71 camera. Image
analysis was performed using Angioquant software.
Number of rings and tubes were manually counted as a
double-blind study.

Bright field and live chick aortic sprout imaging

Aortic arches were dissected from 12-day-old chick
embryos, and the rings were placed on the top of the Ma-
trigel as described above. DEAN and cPTIO was added in
the media. Tip cell sprout formation was recorded in the
presence and absence of NO donor and scavenger (DEAN
and cPTIO). After 16 h, once the aortic ring starts
sprouting, the tip cell response to control, DEAN, and
cPTIO was imaged at intervals of 5 min for 3 h. The
captured images were then processed for filopodial length
and angle measurements using ImageJ software.

Statistical analysis

All the experiments were performed in triplicate or more
(n > 3) as specified. Data are represented as mean = SEM.
Data were analyzed using one-way ANOVA, Student’s
t test, and Tukey post hoc tests. Data with p value smaller
or equal to 0.05 were considered statistically significant.

Results
Role of angiogenic factors in tip cell formation

To study tip cell formation, BAECs, BMECs, EA.hy926,
and T24/ECV-304 eNOS-GFP cells were seeded on Ma-
trigel at different confluences. After 24 h, the maximum
number of tip cells was observed at 40 % confluence
(Fig. 1a). Therefore, 40 % confluence of cells was chosen
for the entire study. Using the Matrigel tip cell model, 40,
23, and 12 % increases in tip cell numbers were observed
after treatment with VEGF (10 ng/mL), bradykinin
(1 uM), and acetylcholine (5 uM), respectively, whereas
combination treatment of VEGF, bradykinin, and acetyl-
choline with L-NAME decreased the tip cell number by 50,
48, and 45 %, respectively (Fig. 1b). For all the experi-
ments, drug treatment was provided in the media 4 h after
seeding and was continued until the end of the experiment.
Tip cells were characterized using the tip cell marker
VEGFR2 and endocan. Expression of VEGFR2 and en-
docan was found to be high in tip cells compared with that
of stalk cells (Fig. 1c, d), and the same cells also exhibited
actin rich filopodial extensions (Fig. le).

Role of nitric oxide in tip cell formation

To investigate the role of NO in tip cell formation, dia-
minorhodamine-4M-AM (DAR) imaging was performed
both in EA.hy926 cells and in chick aortic rings. Produc-
tion of NO in tip cells was significantly higher than that in
stalk cells (Fig. 2a, b). Interestingly, NO production was
found toward the anterior progressive end of the tip cell,
which shows that NO defines tip cell migration direction
(Fig. 2¢, d). We tested whether exogenous supply or
scavenging of NO could modulate tip cell formation. Cells
were treated with the NO donor DEAN (10 pM), the NOS
inhibitor L-NAME (1 mM), or the NO scavenger cPTIO
(10 uM). D-NAME (1 mM), an inactive enantiomer of
L-NAME, was used as a negative control. Control and
D-NAME-treated cells showed similar number of tip cell
number (Supplementary Figure 2a). Drugs were applied
4 h after cell seeding and continued till the end of the
experiment. Application of DEAN and cPTIO resulted in
significant rise and attenuation of the intracellular NO
level, respectively (Fig. 3a—c). DEAN-treated cells showed
increased numbers of tip cells and filopodial extensions
(Supplementary Figure 2b). On the other hand, cPTIO
treatment resulted in morphological changes in tip cells as
well as significant reduction of their numbers. Application
of DEAN increased the tip cell number by 26 % (Fig. 3b),
whereas cPTIO reduced it by 24 % [number of experiment
(n > 3, *¥*p < 0.001 vs control)]. Similar to the effect
observed in cell line, in chick aortic ring assay, DEAN
increased tip cell numbers by 30 % and L-NAME inhibited
it by 33 %. Nevertheless, DEAN reversed the inhibitory
effect of L-NAME by 20 % (Fig. 3d—f). The results sug-
gest that NO is crucial for tip cell formation and filopodial
extensions.

NO promotes tip cell formation in ex vivo

To elucidate the role of NO under ex vivo condition, DAR
imaging was performed in the growing vessels of the chick
vascular bed. DAR-nitric oxide hot spots, which represent
equivalent eNOS localization, were counted manually as a
double-blinded study, and the graph is plotted (Fig. 4).
Number of NO hot spots was found to be increased under
DEAN treatment; on the other hand, the number was found
to be decreased under cPTIO treatment (Fig. 4). We tested
the effect of NO in chick aortic tip cell formation. Results
have shown that the number of rings [10] and vascular
junctions was found to be increased under DEAN treat-
ment, whereas the number was found to be reduced under
cPTIO. DEAN treatment increased the length and size of
the tubules, whereas L-NAME and cPTIO reduced both
(Fig. Sa—c). To further explore the importance of NO in tip
cell sprout initiation, chick aortic tip sprout formation was
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Fig. 2 NO imaging using DAR: a EA.hy926 cells were incubated
with NO-specific fluorescence probe DAR for 10 min, x1 PBS wash
was provided, and the images were captured using fluorescence
microscope. Phase, DAR, and phase + DAR probed images of tip
cell (vellow arrow mark) and stalk cell (white arrow mark).
b Fluorescence intensity measurement, against NO, in tip cell and
stalk cell was calculated using Adobe Photoshop version 7.0.

recorded for 3 h, capturing images at 5 min intervals.
10 uM  of DEAN/cPTIO was supplemented in every
30 min. Consistent with other studies, new sprout initiation
and increase in filopodial length were observed under
DEAN treatment, whereas cPTIO showed the opposite
effect (Fig. 5d—f). This indicates that NO helps initiation of
sprout formation.

eNOS localization defines the initiation of a new tip

To determine the role of eNOS in tip cell formation,
BAECs were cultured on Matrigel-coated coverslips, and
tip cell formation was observed after 24 h. Immunofluo-
rescence studies revealed a higher level of eNOS expres-
sion in tip cells than that in stalk cells. eNOS was
preferentially distributed in tip cell and in apex of the tip
cell, suggesting an important role of eNOS in tip cell for-
mation (Fig. 6a—c). Among the tip cells, eNOS present in
the apex of the tip cell sproutings was manually counted.
Tip cells which contain eNOS hot spots at the apex of the
tip cells were defined as eNOS +-ve tips and which do not
have eNOS hot spots at the apex of the tip cells were
defined as eNOS —ve tips. The representative bar graph
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Significant increase in NO fluorescence intensity was observed in
tip cells than stalk cells (n > 3, *p < 0.001 vs tip cell). ¢ Represen-
tative image shows the progressive (upper part) and retrograde end
(lower part) within the tip cell. d Numbers of nitric oxide hot spots
were counted in both tip cell and stalk cell progressive and retrograde
ends, and the graph was plotted (n > 3, *p = 0.001). (Color figure
online)

shows a significant increase in eNOS +ve tip cells
(Fig. 6d). eNOS expression at the apex of tip cell was
found to coincide with endocan expression (Fig. 1d). Fur-
ther, new filopodial formation from eNOS regions of the tip
cells strongly suggests that eNOS directs where the filop-
odial extension takes place (Fig. 6¢). Immunofluorescence
studies showed a defined peri-nuclear anterior progressive
eNOS localization pattern in tip cells (Fig. 6a, e, f),
whereas posterior retrograde eNOS localization pattern was
observed in stalk cells. eNOS localization above the
nucleus is defined as anterior or progressive, and below the
nucleus is defined as posterior or retrograde. The anterior
localization pattern of eNOS in tip cells shows that eNOS
defines the tip cell sprouting direction. Altogether defined
peri-nuclear eNOS localization and eNOS hot spots at the
apex of tip cell further validate that eNOS plays a promi-
nent role in tip cell migration (Fig. 6). MATLAB image
analysis further showed that the intensity of eNOS staining
is higher in tip cells than stalk cells (Fig. 6g, h). Surface
topographic analysis by AFM showed more filopodial
extensions in eNOS rich primary endothelial cell
(BPAEC), whereas in the T24/ECV-304 eNOS-GFP cell
line, the filopodial number was less and no filopodia was
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Fig. 3 NO promotes tip cell formation in EA.hy926 and in chick
aorta: a representative images of control, DEAN, L-NAME,
L-NAME + DEAN, and cPTIO treatment in EA.hy926. After
treatment, EA.hy926 cells were incubated with DAR, and the images
were captured using fluorescence microscope. b EA.hy926 cells were
subjected to form tip cells, and the number of tip cells was counted
under DEAN (NO donor), NO scavenger and inhibitor (cPTIO and
L-NAME) and the combination treatment of L-NAME + DEAN. A
significant increase in tip cell number was observed under DEAN
treatment, whereas L-NAME and cPTIO reduced the tip cell number
(n > 3, **p < 0.001 vs control, # p < 0.05 vs L-NAME). ¢ NO in
endothelial tip cells. EA.hy926 cells were treated with NO fluores-
cence probe DAR for 10 min, and the fluorescence images were

observed in eNOS-deficient T24/ECV 304 cells (Fig. 7a).
The results further proved the role of eNOS in tip cell
filopodial formation, which helps in tip cell migration.
Transfection of cells with eNOS siRNA resulted in a
40 % reduction in tip cell number compared with the
scrambled siRNA control (Fig. 7b, ¢). Western blot ana-
lysis of eNOS siRNA-transfected cells showed a significant
reduction in eNOS protein expression (Fig. 7d, e). Aortic
rings from wild type and eNOS knockout mice were
assayed for endothelial sprouting. Sprouting from wild type
aortic rings occurred earlier and more profusely than
sprouting from eNOS knockout rings. Endothelial identity
was performed using endocan (Fig. 7f, g). Exogenous
addition of NO donor, DETA, could rescue tip cell

L-NAME+
L-NAME DEAN

v

o
o
-t
o
=
O
e
) 120 |
e =%
Lo
S 100 1 —
£
— 80 1
o=
o 60 L
o 4
Lo
:o =%
o T 40 =%
o
£ 20 1 | \
S
z
1]
Control DEAN L-NAME L-NAME+ cPTIO
DEAN
()
o 120 4
E =¥
35400 ——
S n
3580-
Eg =%
§8' L
O X
oo
§5 0
s
25201
(o)
< 0

Contrll DEAN L-NAME L-NAME+ cPTIO
DEAN

taken. Fluorescence intensity was calculated using Adobe Photoshop
version 7.0, and the graph was plotted (n > 3, **p < 0.001 vs
control, "p < 0.05 vs L-NAME). d Representative images of control,
DEAN, L-NAME, L-NAME + DEAN, and cPTIO treatment in chick
aorta. ¢ DEAN treatment increased the tip cell sprouting in chick
aortic rings. The tip cell number was significantly decreased in the
presence of L-NAME and cPTIO (n > 3, **p < 0.001 vs control,
#p < 0.05 vs L-NAME). f Chick aortic rings were treated with DAR
and incubated for 20 min, and the fluorescence intensity measurement
was calculated using Adobe Photoshop 7.0. (n > 3, **p < 0.001 vs
control, "'p < 0.05 vs L-NAME). (Color figure online)

sprouting in eNOS knockout rings, whereas addition of the
NO scavenger cPTIO was unable to alter the tip sprouting
in eNOS knockout mice. Further inhibition of eNOS in
EA.hy926 cells using L-NAME and scavenging of NO
using caveolin scaffolding domain peptide (CSP) showed a
15 % reduction in tip cell number (Fig. 7h, i).The results
show that blocking eNOS and NO reduces tip cell numbers.

Up-regulation of cGMP level in tip cells
At very low concentrations (pM- to low nM), NO exerts its
activity by activating the sGC/cGMP/PKG pathway,

whereas at higher concentration, it may nitrosylate cysteine
residues of target proteins. To dissect the pathway involved
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a)

Phase-contrast

DAR

Fig. 4 Ex vivoimaging of NO in chick vascular bed: a Fourth day eggs
were broke open in a petri dish. The vascular beds were incised out using
a sterile scissor, and x 1 PBS wash was provided. Treatments, which
include control, DEAN, L-NAME, L-NAME + DEAN, and cPTIO,
were provided in the media and incubated for 30 min. After 30 min of
treatment, the vascular bed was then incubated with NO-specific
fluorescence probe DAR 4M-AM (5 uM) for 30 min. x 1 PBS wash was
provided, and the sprouting edges on the vascular bed were chosen for
imaging. The images were captured using Olympus microscope
attached with DP71 camera. The representative phase contrast and

in NO-induced tip cell formation, we measured cGMP
level using FlincG-GFP. As shown in Fig. 8a—c, levels of
cGMP were significantly higher in tip cells compared with
stalk cells. cGMP expression was found to be higher in
budding tip cell (Fig. 8b). Several pharmacological agents
were used to identify the key players involved in NO-sGC
pathway. The cell permeable cGMP analog 8-bromo-
c¢GMP increased the number of tip cells by 30 %, whereas
the phosphodiesterase inhibitor SC increased the number
by 50 %. In the same line, the sGC inhibitor ODQ, the
PKG inhibitor KT, and the myosin light chain kinase
inhibitor reduced the tip cell numbers by 40, 44, and 39 %,
respectively. Moreover, DEAN treatment reversed the
inhibitory effects of ODQ, MLCKi, and KT by 22, 24, and
20 %, respectively (Fig. 8d, e). Nitrosylation pattern in tip
cells and stalk cells was analyzed using nitrocysteine-tar-
geted antibody. Nitrocysteine expression was found to be
similar under control and DEAN treatment (Supplementary
Figure 3).

NO activates tip cell formation by phosphorylating
eNOS

Intracellular calcium imaging was performed to study the
role of eNOS/calcium signaling in tip cells. As shown in
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DAR images are provided. Control and DEAN images were magnified to
highlight NO hot spots in the sprouting tips. b DAR-nitric oxide hot
spots, which represent equivalent eNOS localization, were counted
manually as adouble-blinded study, and the graph s plotted. Nitric oxide
hot spots were found to be significantly increased under DEAN
treatment (**p < 0.001 vs control), whereas NO hot spots were
decreased when observed under L-NAME and cPTIO (*p < 0.05 vs
control). Combination treatment of DEAN could recover back the
L-NAME-mediated inhibitory action (*p < 0.05 vs L-NAME). (Color
figure online)

Fig. 9a, application of bradykinin elevated the intracellular
calcium immediately. However, the extent of calcium rise in
tip cells was not significantly different from stalk cells.
Although studies show that eNOS expression can be acti-
vated by intracellular-free calcium and phosphorylation
[16], many reports emphasize that phosphorylation is
required for eNOS activation [17-19]. Further, we examined
the phosphorylation status of e-NOS using an antibody
specific for e-NOS phosphorylated at serine 1177. Phos-
phorylated eNOS (p-eNOS) was detected in tip cells as well
as in stalk cells. Interestingly, p-eNOS expression was found
to be elevated in tip cells compared with that of stalk cells
(Fig. 9b). p-eNOS serine 1177 hotspots were observed at the
apex of the tip cells (Fig. 9c¢), further associating the active
form of eNOS with tip cell sprouting. The involvement of
active eNOS in tip cell formation was further confirmed by
localizing caveolin. Immunofluorescence study revealed
higher level of caveolin expression in stalk cells compared
with that in tip cells, and caveolin was not co-localized with
eNOS in tip cells, which shows that the active form of eNOS
is involved in tip cell formation (Fig. 9d).

To check whether NO exerts its activity by altering ion
flux across the membrane, we measured the whole cell
current using patch clamp. Current—voltage (I-V) relation-
ship generated from stalk cells and tip cells did not show
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Fig. 5 Chick aortic ring sprouting analysis: a 12-day-old chick
embryo was killed, and aortas were cut into small pieces. The aortas
were placed between the Matrigel, and drug treatment (DEAN,
L-NAME, L-NAME + DEAN and cPTIO) was provided in the
media. Angiogenic parameters such as number of rings [10], length
and size of the tubule, and number of junctions were quantified and
plotted (n > 3). b Significant increase in ring and junction number
was quantified under DEAN treatment compared with control,
whereas L-NAME and cPTIO decreased the number of rings and
junction compared with control (n > 3, **p < 0.001 vs control and
#p < 0.05 vs L-NAME). ¢ DEAN treatment increased the tip cell
length and size, whereas L-NAME and cPTIO treatment decreased

any significant difference. Current amplitudes as well as
pattern of the /-V curves appeared same in both types of
cells, indicating identical expression of functional channels
on their membrane. Nevertheless, quenching of NO by
cPTIO did not alter I-V curves neither in stalk cells nor in
tip cells, suggesting NO-mediated effects do not involve in
ion channel modulation (Supplementary Figure 4).

Discussion

The role of NO in early events of angiogenesis such as
migration and proliferation of endothelial cells has been
studied extensively [20, 21]. The present study establishes
the importance of eNOS-derived NO in tip cell sprouting.
Previous reports demonstrated that VEGF up-regulates

Fold differance
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c¥88888E
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~——Control
—DEAN
~——cPTIO
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the tip cell length and size. Combination treatment of DEAN could
recover back the L-NAME-mediated inhibitory effect. Values are
represented as mean for each group =SEM (n > 3, **p < 0.001 vs
control and *p <0.05 vs L-NAME). d The chick aortic ring
experiment was performed as described in “Materials and methods”
section. During the tip sprout initiation, the chick aortas were tracked
for 3 h at an interval of 5 min, for DEAN and cPTIO, the treatment
was provided every 30 min, and the images were captured. The tubule
length and the angle were calculated using Image] software. e,
f Compared to control, the tubule length and angle were increased
under DEAN treatment, whereas the tubule length and angle were
decreased under cPTIO (n > 3, **p < 0.001 vs 0 h DEAN, cPTIO)

eNOS activity [22-24], while endothelium-derived NO
appears to play an important role in each step of angio-
genesis. In the present study, we have examined eNOS
activation and its downstream signaling targets in endo-
thelial tip cells versus stalk cells. Agonists activate eNOS
through multiple mechanisms: phosphorylation/depho-
sphorylation of specific residues, interaction with different
proteins, S-nitrosylation, and specific sub-cellular locali-
zation [25-27]. Although these agonists are individually
unique in their downstream signaling, they promote ulti-
mately eNOS activation. Accordingly, we recorded dif-
ferential effects of the agonists on tip cell formation
(Fig. 1b). However, being multi-targeted agonists, they
could have activated other downstream targets as well as
promoting the tip cell formation. To test the requirement
for NO in agonist-mediated tip cell formation, L-NAME
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Fig. 6 eNOS localization in tip cell: a~¢ eNOS immunofluorescence
imaging shows that eNOS expression is high in tip cells and at the apex
of the tip cells. eNOS hot spots were found to be more at the tip of the tip
cells (yellow arrow) than the stalk cells (white arrow). Nuclear staining
was done using DAPI (blue color). d Representative graph shows that
within the tip cell, eNOS is highly enriched in the tip of the tip cell
(n >3, *p < 0.05 vs number of eNOS +ve tips). Tip cells which
contain eNOS hot spots at the apex of the tip cells were defined as eNOS
+ve tips and which do not have eNOS hot spots at the apex of the tip
cells were defined as eNOS —ve tips. Based on the eNOS hot spots at the
apex of the tip cells, eNOS +ve tip cells and eNOS —ve tip cells were
manually counted as a double-blinded study. Almost 200 cells were
chosen, and eNOS +ve and —ve tips were counted and plotted.

was used to block agonist-mediated eNOS activation and
tip cell dynamics in endothelial cells. The results of these
experiments validate that eNOS activation is very critical
in promoting the tip cells under the agonist treatments
(Fig. 1b).

To test the NO dependency of tip cell formation, we
provided NO donor, DEAN with a half life of 3 min, and
cPTIO, a NO-specific scavenger. DEAN increased and
cPTIO decreased the tip cell sprouting (Fig. 3). It is evident
that EC migration, proliferation, and differentiation require
an optimal eNOS activity [20, 21]. Muroharo et al. reported
that eNOS knockout mice fail to induce neovascularization,
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e Fluorescence microscopic results showed the peri-nuclear progressive
eNOS (Golgi) localization pattern in tip cells and retrograde eNOS
(Golgi) localization pattern in stalk cells. eNOS localization above the
nucleus is defined as progressive, and below the nucleus is defined as
retrograde. f Representative graph shows significant increase in tip cell
number toward progressive end (n > 3, *p < 0.001 vs tip cells
progressive and *p < 0.001 vs tip cell retrograde). g Immunofluores-
cence (eNOS) images were captured, and 50 images were processed in
MATLAB software for image analysis. Pseudo-color was assigned to
the bright field eNOS image to analyze the eNOS pattern in tip cells and
stalk cells. h Graphical results showed high eNOS intensity in tip cells
compared with that in neighboring stalk cells (n > 3, **p < 0.001 vs
tip cells). (Color figure online)

while the study by Ando et al. [28] showed that deficiency
of eNOS caused a decrease in retinal neovascularization.
We also observed that the number of sprouts was less in
eNOS-null aortic rings, whereas a treatment with NO
donors could restore sprouting of eNOS-null aortic rings
(Fig. 7f). All these studies including our work strongly
suggest that NO plays a crucial role in sprouting angio-
genesis. Tsutsui et al. [29] reported that depletion of all
three isoforms of NOS causes many cardiovascular disor-
ders such as hypertension, atherosclerosis, and hyperlip-
idemia but does not abolish angiogenesis completely.
Hence, sprouting can also occur in the absence of NO
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Fig. 7 eNOS promotes tip cell formation: a Tip cells were fixed
using 2 % paraformaldehyde and scanned using atomic force
microscopy. AFM image results showed more filopodial extensions
in BPAEC, less filopodial extensions in T24/ECV 304 eNOS-GFP,
whereas no filopodia in eNOS-null T24/ECV 304. Yellow color arrow
mark indicates the filopodial extensions. b, ¢ At 36 h of transfection,
the number of tip cells formed under both control siRNA and eNOS
siRNA transfections were counted and plotted. Tip cell (indicated in
yellow color arrow mark) number was significantly decreased under
eNOS siRNA-transfected EA.hy926 cells than non-transfected
EA.hy926 cells (n =3, *p = 0.01 vs control). d Representative
Western blot results showed the transient knockdown of eNOS under
eNOS siRNA treatment. e Control siRNA and eNOS siRNA protein
expression levels were measured in three different sets of experiment

stimulation, but is facilitated to some extent by NO. These
observations strongly suggest that eNOS is not the sole
source of NO in the vascular bed that confers support to
sprouting activities.

Intricate modulation of surface topography of endothe-
lial cells by specific extensions such as filopodia and
lamellopodia of the tip cells is a critical step for the for-
mation of sprouts. The surface topography study by AFM
validated the importance of eNOS in filopodial extensions
(Fig. 7a). Expression and localization of eNOS and MT1-
MMP are specific to endothelial lamellopodia and filopo-
dia, respectively [24]. Bulotta et al. [30] demonstrated that

Number of tip cells
(%)
8

ControlsiRNA  eNOS siRNA

(h)

Caontrol DEAN CSP  LNAME cPTIO

Control DEAN CSP L-NAME cPTIO

(**p < 0.001 vs control siRNA). f Wild type and eNOS KO/~ mice
aortas were cut into small pieces and placed between the Matrigel.
After 48 h drug treatment, the images were captured in x4
magnification using inverted microscope. Yellow color arrow mark
indicates the tip cell sprouting. g Endothelial identity was imaged
using endocan (red), nucleus stain was done using DAPI (blue), and
their merged image is shown. Yellow color arrow mark indicates the
tip cell sprouting. h, i EA.hy926 cells were allowed to form tip cells
under DEAN, CSP, L-NAME, and cPTIO. Significant increase in tip
cell number was observed under DEAN treatment, and similarly
significant decrease in tip cell number was observed under CSP drug
treatment. L-NAME and cPTIO reduced the tip cell formation (n = 3,
*p < 0.05 vs control). (Color figure online)

eNOS becomes concentrated in the ruffles of non-confluent
cells, and particularly at the leading edge of migrating
cells. A plethora of studies has demonstrated that sub-
cellular localization and trafficking of eNOS are critical to
eNOS activation [18, 31]. However, eNOS localization
pattern and associated protein in endothelial cells in per-
spective of tip cell formation have not previously been
studied. Results of immunofluorescence study in the pres-
ent work demonstrate a unique eNOS expression pattern in
the filopodia of the tip cells, where eNOS co-localizes with
endocan, a sprouting-associated biomarker (Fig. 1d). En-
docan, the endothelial cell-specific molecule-1, is mainly
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Fig. 8 ¢cGMP live imaging using FlincG and NO downstream pathway
dissection: a EA.hy926 cells were electroporated with FlincG-GFP
plasmid and allowed to form tip cells on the Matrigel-coated coverslips.
After 36 h of transfection, the cells were treated with 10 uM of
DEAN and live images were taken using fluorescence microscope.
Representative images of phase + vector control and phase + FlincG
transfected cells. Yellow arrow mark denotes tip cells, and white arrow
mark denotes stalk cells. b Representative image shows that cGMP
level was found to be high in the budding tip cell (yellow arrow).
¢ cGMP fluorescence intensity calculations were analyzed using Adobe
Photoshop 7.0. Tip cells showed high fluorescence intensity than stalk

expressed by endothelial cells, and its expression was
found to be high in endothelial filopodia [32, 33]. Alto-
gether eNOS and DAR experiments convincingly demon-
strate that the eNOS at the progressive edge is functionally
“hot” and may articulate the direction and ultra-structural
pattern of tip cell front (Figs. 3, 6). We speculate that en-
docan defines the eNOS localization and polarization in tip
cells by de-localizing caveolin-1 that ultimately helps
eNOS activation in the apex of the tip cells.

eNOS has been shown to be localized in a specific
domain of plasma membrane called caveolae and to
interact with caveolin-1 through caveolin-1 scaffolding
domain, which inhibits eNOS activity [34-36]. Studies
have shown that caveolin scaffolding domain (CSD) could
block NO-mediated vascular permeability and that it could
block NO release in vitro and tumor angiogenesis in vivo
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cells. The images are representative of ten different culture plates
(n > 3; *p = 0.002 vs tip cells). d Compared to control, significant
increase in tip cell number was observed under 8-Br-cGMP and SC
(n = 3, *p < 0.05 vs control). e After 4 h of cell seeding, EA.hy926
cells were treated with NO downstream pharmacological inhibitors
such as KT, ODQ, and MLCKi, and the number of tip cells was counted
manually. Statistically significant decrease in tip cell number was
observed under KT, ODQ, and MLCKi, whereas combination of NO
donor DEAN, with the above-said inhibitors showed significant
increase in tip cell sprouting (n =3; *p <0.05 vs control,
#p < 0.001 vs control). (Color figure online)

[36, 37]. When we used CSP, we observed that CSP could
reduce the number of tip cells in the testing matrix (Fig. 7h,
i). The work of Ju et al. [35] demonstrated that direct
interaction of eNOS with caveolin-1 inhibits the synthase
activity. Similarly, the results of immunofluorescence
study confirmed that caveolin-1 does not co-localize with
eNOS in the filopodial extensions of tip cells but co-
localizes mostly in stalk cells. This kind of unique and
spatial segregation of eNOS from caveolin-1 possibly
drives the formation of tip cell extensions with activated
eNOS and NO production.

Several studies have demonstrated that constitutive
eNOS expression can be activated by intracellular-free
calcium, eNOS—caveolin interaction, enzyme translocation,
and phosphorylation [15]. This suggested that tip cells may
handle calcium signaling differently, but we found no
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Fig. 9 Calcium imaging in tip cells: a After 24 h of tip cell
formation, EA.hy926 cells were incubated with 10 uM fura 2-AM
dye for 30 min, followed by 30 min of washing in fura-free buffer.
Images were acquired with the help of ANDOR CCD camera Luca-r
attached with Olympus IX71, controlled through Andor IQ software
(ANDOR technologies, USA). Bradykinin-induced calcium rise was
measured by applying 1 pM of bradykinin. b—d Immunofluorescence
imaging of P-eNOS and caveolin. BAECs were allowed to form tip

difference of basal calcium level between tip cells and stalk
cells (Fig. 9a). Also, both cells showed agonist-induced
calcium rise to the same extent, indicating that calcium
signaling machinery in tip cells is not different from stalk
cells. Additionally, ionic currents recorded from tip cells
are indistinguishable from stalk cells. These results indicate
that eNOS activation in tip cells is independent of calcium
influx. Earlier, it has been shown that phosphorylation of
eNOS stimulates NO production even in the presence of
low calcium [17-19]. The results of immunofluorescence
study show an increase in eNOS phosphorylation (at serine
1177) in tip cells compared with that in stalk cells
(Fig. 9b), which fortifies the concept of calcium-indepen-
dent spatial eNOS activation in the tip cells.
VEGF-stimulated endothelial cell tube formation
in vitro requires eNOS activation that leads to NO release
and is reported to be dependent on the subsequent gener-
ation of the second messenger cGMP [38, 39]. NO exerts
its effect by binding to the heme in soluble guanylate
cyclase (sGC) that activates cGMP synthesis. The cGMP

cells. The cells were fixed, permeabilized, and incubated with
P-eNOS ser 1177 primary antibody. b Active P-eNOS spots were
observed in tip cells compared with that in stalk cells. ¢ P-eNOS
expression was found to be dominant at the apex of the tip cell
(vellow arrow). d Immunofluorescence for both eNOS (red) and
caveolin (green) was done, and the images were captured. Nuclear
stain was done using DAPI (blue). The merged image demonstrates
colocalization of eNOS and caveolin. (Color figure online)

level was determined by using a cGMP biosensor, delta-
FlincG [40]. We observed very specific cGMP activities in
tip cells that further prove that tip cell formation is highly
associated with NO-sGC—cGMP signaling (Fig. 8). Nitro-
sylation expression was also found be similar under both
control and DEAN treatments (Supplementary Figure 3),
which further states that tip cell formation is primarily
through NO-sGC—cGMP pathway. It has been reported
that systemic cGMP enhancement augmented angiogenesis
in ischemic rat brains [41]. Sildenafil and its role in angi-
ogenesis are well documented [42, 43]. To assess the
importance of sSGC—cGMP pathway in the formation of tip
cells, we probed NO-sGC—cGMP downstream signaling
further, and the results demonstrate that tip cell formation
is highly associated with NO—-sGC-cGMP signaling.

In summary, the present study indicates that spatial
distribution of cav-1 in tip and stalk cells defines the
activation of eNOS in sub-cellular domains of the endo-
thelial cells; and thereby helps to select the tip cells from
the endothelial “crowd.” We postulate that a well-
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programed molecular segregation of Cav-1 and eNOS
occurs in caveolae domains of tip cells and more specifi-
cally in the plasma membrane of tips of the tip cells in a
transient manner. A simultaneous surge in the level of
c¢GMP in the micro-pockets of tip cells, and segregation of
eNOS from Cav-1 transforms the micro-milieu into sGC—
cGMP-dependent NO signaling pockets, which ultimately
guide filopodial extensions by modulating actin polymeri-
zation (Supplementary Figure 5) to assist sprouting.
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