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Abstract
We tested whether the nitric oxide donor, (Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl) aminio]
diazen-1-ium-1,2-diolate (DETA-NONOate), increases expression of Angiopoietin (Ang1)/Tie2,
which may play a role in regulating angiogenesis and vascular integrity after stroke in rats. Wistar
rats were subjected to middle cerebral artery occlusion and treated with or without DETA-NONOate.
Stroke rats treated with DETA-NONOate show significantly increased Ang1, Tie2 and Occludin
expression in the ischemic border compared with control stroke animals (p < 0.05). Consistent with
in vivo data, DETA-NONOate promotes capillary tube formation in cultured brain endothelial cells.
Neutralizing Ang1 antibody attenuates DETA-NONOate-induced capillary tube formation. The data
suggest that the Ang1/Tie2 axis promotes DETA-NONOate-induced angiogenesis and stabilizes of
angiogenic vessels after stroke.
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Nitric oxide (NO) regulates vascular tone, vascular remodeling and angiogenesis [20,23].
Molecules able to increase NO levels induce endothelial cell proliferation and migration in
vivo and in vitro [27]. Increased NO production enhances endothelial cell function, and helps
preserve the arteriogenic potential of preexisting collateral networks [21]. DETA-NONOate,
an NO donor, promotes angiogenesis and improves neurological outcome after stroke in young
adult rats [25]. Endothelial cell-derived NO induces mural cell recruitment and stabilization
of angiogenic vessels [15]. Decreased plasma NO concentration by treatment with L-NAME
decreases tight junction protein Occludin expression in the vessel walls of the brain [14].
However, the mechanisms of NO-induced stabilization of angiogenic vessels have not been
fully elucidated.

Angiopoietin 1 (Ang1) is a family of endothelial growth factors that function as ligands for the
endothelial-specific receptor tyrosine kinase, Tie2. The Ang1/Tie2 system controls pericyte
recruitment, endothelial cell survival, and is implicated in blood vessel formation and vascular
stabilization [13]. Transgenic overexpression of Ang1 increases vascularization [24], prevents
plasma leakage in the ischemic brain, and consequently decreases ischemic lesion volume
[19,26]. Ang1 acts directly on mural cells or their precursors to facilitate their recruitment to
new blood vessels [19]. A combination of the submaximal doses of Ang1 and VEGF enhance
these effects, and are more potent than the maximal dose of either alone [3]. In addition, Ang1-
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induced angiogenesis requires endothelium-derived NO [1]. Exposure to Ang1 also increases
endothelial cell migration and eNOS phosphorylation [11].

In this study, we test whether DETA-NONOate promotes stabilization of angiogenic vessels
and the mechanisms of DETA-NONOate-induced angiogenesis after stroke. We hypothesize
that DETA-NONOate regulates Ang1/Tie2 and tight junction protein expression, which plays
an important role in DETA-NONOate-induced angiogenesis after stroke in rats [25].

Adult male Wistar rats (n = 20) weighing 270–300 g were employed in all our experiments.
Transient right middle cerebral artery occlusion (MCAo) was induced for 2 h by advancing a
4-0 surgical nylon suture (18.5–19.5 mm) with an expanded (heated) tip from the external
carotid artery into the lumen of the internal carotid artery to block the origin of the MCA [5].
After MCAo, rats were randomly divided into two groups: Group 1 (n = 10), injected with
phosphate buffered saline (PBS 1 ml) via tail the vein as control; and Group 2 (n = 10), injected
with DETA-NONOate via the tail vein (0.4 mg/kg). Both groups of rats were treated 24 h after
MCAo. Rats (n = 3/group) were sacrificed after 3 days for isolation of brain endothelial cells,
with additional rats (n = 7/group) sacrificed after 14 days for immunohistochemical staining.
Our previous study demonstrated that DETA-NONOate treatment of stroke in the rat initiated
at 24 h after stroke does not alter infarct size compared to control animals [4].

Rats were sacrificed 14 days after stroke. The brains were fixed by transcardial perfusion with
saline, followed by perfusion and immersion in 4% paraformaldehyde before being embedded
in paraffin. A standard paraffin block was obtained from the center of the lesion (bregma −1
to +1 mm). A series of 6 μm thick sections were cut from the block. Every 10th coronal section
for a total five sections was used for immunohistochemical staining. Antibody against Ang1
(rabbit polyclonal IgG, 1:2000, Abcam), Tie2 (rabbit polyclonal IgG antibody, 1:80 dilution,
Santa Cruz) and Occludin (Mouse monoclonal IgG, 1:200 dilution, Zymed) were employed.
Control experiments consisted of staining brain coronal tissue sections as outlined above, but
omitted the primary antibodies, as previously described [16].

For quantitative measurements of Ang1, Tie2 and Occludin, five slides from each brain, with
each slide containing eight fields from the ischemic penumbra zone (IBZ) were digitized under
a 20× objective (Olympus BX40) using a 3-CCD color video camera (Sony DXC-970MD)
interfaced with an MCID image analysis system (Imaging Research, St. Catharines, Canada)
[7]. The digitalized images were contrast-enhanced to clearly differentiate positively labeled
cells from background, and a thresholding procedure was established to determine the
proportion of immunoreactive area within each fixed field of view [2,6]. The data are presented
as a percentage of positive immunoreactivity area in the ischemic border area.

Rats were sacrificed 3 days after MCAo [28]. The ischemic brain cortex was isolated and placed
in 6 ml of buffer A (20 mM NaHCO3, 10 mM Glucose, 1 mM Na Pyruvate, 0.5% BSA) and
30% dextran solution. The mixture was then spun at 6000 × g for 15 min at 4 °C, and the
supernatant was removed. The remaining pellet was passed though a 100 um nylon mesh,
(Becton Dickinson), collecting the filtrate. This filtrate was passed though a 40 um nylon mesh
(Becton Dickinson). The microvessels collected on the mesh were washed and spun down,
then stored at −80 °C until used for RNA and/or protein isolation.

Brain endothelial cells were harvested and total RNA was isolated from treated cells with
TRIzol (Invitrogen), following a standard protocol [17]. Quantitative PCR was performed
using the SYBR Green real time PCR method. Quantitative PCR was performed on an ABI
7000 PCR instrument (Applied Biosystems, Foster City, CA, USA) using three-stage program
parameters provided by the manufacturer, as follows: 2 min at 50 °C, 10 min at 95 °C, and
then 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Each sample was tested in triplicate, and
analysis of relative gene expression data using the 2−ΔΔCT method. The following primers for
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real-time PCR were designed using Primer Express software (ABI). Ang1: FWD,
TATTTTGTGATTCTGGTGATT; REV, GTTTCGCTTTATTTTTGTAATG; Tie2: FWD,
CGGCCAGGTACATAGGAGGAA; REV, TCACATCTCCGAACAATCAGC.

Protein was isolated from brain endothelial cells with TRIzol (Invitrogen) following standard
protocol. Protein concentrations were determined by a DC protein assay kit (Bio-Rad,
Hercules, CA, USA). Protein samples were electrophoresed on gradient sodium dodecyl
sulfate–polyacrylamide gel (Bio-Rad) and subsequently electrotransferred to nitrocellulose
membranes. Membranes were treated with blocking buffer (5% skimmed milk in 25 mm Tris–
HCl pH 8.0, 125 mm NaCl, 0.1% Tween 20) for 1 h at room temperature, followed by
incubation with primary antibodies for anti-β-actin (1:2000; Sigma, St. Louis, MO, USA), anti-
Ang1 (1 μg/mL; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-Tie2 (1 μg/mL;
Santa Cruz Biotechnology) for 16 h at 4 °C. The membranes were washed with blocking buffer
without milk, and then incubated with horseradish peroxidase-conjugated secondary antibody
in blocking buffer.

To examine if DETA-NONOate induces angiogenesis, a capillary-like tube formation assay
was performed [10]. Briefly, 0.1 ml of 4 °C growth factor reduced Matrigel (Becton Dickinson)
was added per well of a 96 well plate, and allowed to polymerize at 37 °C for 30 min. Mouse
brain endothelial cells (MBECs, ATCC, CRL-2299, 2 × 104 cells) were incubated in (1) regular
cell culture medium (DMEM) for control; (2) DETA-NONOate (0.4 μM); (3) neutralized Ang1
antibody (0.3125 μg/ml, Rabbit anti-angiopoietin-1 affinity purified polyclonal antibody,
Chemicon); and (4) DETA-NONOate (0.4 μM) with neutralized Ang1 antibody (0.3125 μg/
ml). All assays were performed in triplicate. The total length of tube formation was measured
at 5 h after treatment. For quantitative measurements of capillary tube formation, Matrigel
wells were digitized under a 2.5× objective (Olympus BX40) for measurement of total tube
length of capillary tube formation using a video camera (Sony DXC-970MD) interfaced with
MCID image analysis system. Tracks of endothelial cells organized into networks of cellular
cords (tubes) were counted and averaged in randomly selected three microscopic fields [22].

Two-sample t-test was used to test for Ang1, Tie2 and Occludin expression and tube formation
between groups with and without DETA-NONOate treatment at the significance level of 0.05.
Data are presented as mean ± S.E.

The Ang1/Tie2 pathway promotes angiogenesis [13] and induces the expression of the tight
junction protein Occludin [12]. Fig. 1 shows that Ang1 (B, arrow shows Ang1 positive cell),
Tie2 (E, arrow shows Tie2 positive cell and F) and Occludin (H, arrow shows Occludin positive
cell) expression significantly increased in the ischemic border in the DETA-NONOate
treatment group compared with the MCAo control group (A for Ang1; D for Tie2 and G for
Occludin), respectively. Fig. 1C, F and I present quantitative data of Ang1(C), Tie2 (F) and
Occludin (I) expression in the ischemic border.

DETA-NONOate treatment increases Ang1 and Tie2 expression in the ischemic border. The
increased Ang1 and Tie2 expression may due to (1) truly upregulation of Ang1/Tie expression
or (2) a higher vascular density, thus more Ang1/Tie2 signal overall. To determine whether
DETA-NONOate increases Ang1/Tie2 expression or whether the increased Ang1/Tie2
expression is due to increased vascular density, brain microvessels were isolated from the
ischemic border after stroke. Ang1 and Tie2 gene and protein expression were measured. Fig.
1J–L show that DETA-NONOate treatment of stroke rats significantly increases Ang1 (J) and
Tie2 (K) gene expression and Ang1 and Tie2 protein expression (L) in the same number of
amount of vessels in the DETA-NONOate treated group compared to the control MCAo
animals. These data suggest that DETA-NONOate truly upregulates vessel Ang1/Tie2
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expression in the ischemic border after stroke, and this increase is not attributed to an increase
in vascular density.

We have previously shown that treatment of stroke with DETA-NONOate induces
angiogenesis [25]. To further test whether Ang1 plays a role in DETA-NONOate-induced
angiogenesis, we performed a tube formation assay. Fig. 2 shows that 5 h with DETA-
NONOate treatment significantly induces MBECs to form a network of capillary-like
structures with numerous intercellular contacts (B and E) compared with control medium (A
and E). Ang1 neutralizing antibody partially decreases DETA-NONOate-induced tube
formation (C, D and E). These data suggest that Ang1 may contribute to DETA-NONOate
induced angiogenesis.

In our previous study, we have shown that DETA-NONOate upregulates VEGF expression
which mediates DETA-NONOate-induced angiogenesis [25]. To test whether DETA-
NONOate-induces Ang1 expression in parallel with the DETA-NONOate-induced VEGF
pathway, MBECs were cultured with VEGF 50 ng/ml) for 24 h. Fig. 3 shows that DETA-
NONOate increases MBECs Ang1 gene and protein expression (A and B). VEGF treatment
endothelial cell did not significantly increase Ang1 gene and protein expression (A and B).
These data suggest that DETA-NONOate-induces Ang1 expression in parallel, and not
subsequent to DETA-NONOate-induced VEGF expression.

The present study demonstrated that treating stroke rats with DETA-NONOate induces Ang1/
Tie2 expression and increases tight junction protein Occludin expression. Inhibition of Ang1
partially attenuates DETA-NONOate induced angiogenesis. This is the first direct evidence
that after stroke, the Ang1/Tie2 pathway may play a role in DETA-NONOate-induced
angiogenesis.

Ang1 promotes remodeling, maturation, and stabilization of blood vessels [13]. Ang1-induced
Tie2 phosphorylation is an essential process for vasculogenesis and maintaining vascular
endothelial integrity [13]. Soluble Ang1 chimeric protein induced vascular remodeling is
mediated mainly through Tie2 activation [8]. Our data show that the NO donor, DETA-
NONOate, promotes Ang1/Tie2 gene and protein expression, and increases angiogenesis. Anti-
Ang1 antibody attenuates DETA-NONOate-induced angiogenesis. Angiogenesis induced by
DETA-NONOate may arise from both the upregulation of Ang1/Tie2 and VEGF expression.

Tight junctions provide barriers between adjacent brain capillary endothelial cells at the blood–
brain barrier (BBB), and stabilize angiogenic vessels [12]. The Ang1/Tie2 pathway augments
tight junction protein Occludin gene and protein expression in brain capillary endothelial cells
[12]. Long term L-NAME treatment decreases the intensity of tight junction proteins ZO-1 and
Occludin expression in brain endothelial cells [14]. Pharmacological inhibition or genetic
disruption of the NO synthase pathway interferes with angiogenesis [9]. Our data indicate that
DETA-NONOate not only increases Ang1/Tie2, but also upregulates the expression of the tight
junction proteins Occludin in the ischemic border. Ang1 regulation of tight junction protein
thereby reduces endothelial permeability, which may have a role in vascular stabilization and
maturation [18]. Our data suggest that DETA-NONOate-induced tight junction protein
expression may be regulated through Ang1/Tie2 pathway.

In conclusion, our data indicate that DETA-NONOate upregulates the Ang1/Tie2 pathway,
which promotes DETA-NONOate-induced angiogenesis and tight junction protein expression
after stroke.
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Fig. 1.
DETA-NONOate treatment of stroke rats increase Ang1, Tie2 and Occludin expression. MCAo
rats were treated with or without DETA-NONOate after stroke. Panels A, D and G show Ang1
(A), Tie2 (D) and Occludin (G) expression in MCAo control rats, respectively. Panels B, E
and H show Ang1 (B), Tie2 (E) and Occludin (H) expression in the DETA-NONOate-treated
rats, respectively. Panels C, F and I show quantitative data of Ang1 (C), Tie2 (F) and Occludin
(I) positive cells percentage of area in the ischemic border. DETA-NONOate treatment animals
should significant increases in expression of Ang1, Tie2 and Occludin compared to control
animals. Scale bar B = 100 μm; E and H = 50 μm. Panels J–K show Ang1 (J) and Tie2 (K)
gene expression in the ischemic brain endothelial cell were significantly increased compared
to control stroke rats (n = 3/group). Panel L shows that Ang1 and Tie2 protein expression in
the ischemic brain endothelial cells were increased in DETA-NONOate treated rat compared
to control stroke rat.
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Fig. 2.
Capillary-like tube formation. Panels A–D show tube formation. When MBECs were incubated
with a regular medium, capillary-like tube formation was not detected (A). However,
incubation with DETA-NONOate (0.4 μM) significantly induced capillary-like tube formation
(B). A neutralizing antibody to Ang1 significantly inhibited DETA-NONOate-induced
capillary-like tube formation (C and D). Panel E shows quantitative analysis of capillary-like
tube formation. Scale bar in A = 200 μm.
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Fig. 3.
DETA-NONOate induces MBECs Ang1 expression. MBECs cultured with or without DETA-
NONOate (0.4 μM) or VEGF (50 ng/ml) for 24 h. Ang1 mRNA and protein expression were
measured using real time PCR and Western blot. Panel A shows Ang1 gene expression. Panel
B shows Ang1 protein expression.
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