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Abstract
Neovascularization may contribute to functional recovery after neural injury. Combination treatment
of stroke with a nitric oxide donor, DETA-NONOate and bone marrow stromal cells promote
functional recovery. However, the mechanisms underlying functional improvement have not been
elucidated. In this study, we tested the hypothesis that combination treatment upregulates
Angiopoietin1 and its receptor Tie2 in the ischemic brain and bone marrow stromal cells, thereby
enhances cerebral neovascularization after stroke. Adult wild type male C57BL/6 mice were
intravenously administered PBS, bone marrow stromal cells 5×105, DETA-NONOate 0.4 mg/kg or
combination DETA-NONOate with bone marrow stromal cells (n=12/group) after middle cerebral
artery occlusion. Combination treatment significantly upregulated Angiopoietin-1/Tie2 and tight
junction protein (occludin) expression, and increased the number, diameter and perimeter of blood
vessels in the ischemic brain compared with vehicle control (mean ± SE, p<0.05). In vitro, DETA-
NONOate significantly increased Angiopoietin-1/Tie2 protein (n=6/group) and Tie2 mRNA (n=3/
group) expression in bone marrow stromal cells. DETA-NONOate also significantly increased
Angiopoietin-1 protein (n=6/group) and mRNA (n=3/group) expression in mouse brain endothelial
cells (p<0.05). Angiopoietin-1 mRNA (n=3/group) was significantly increased in mouse brain
endothelial cells treated with DETA-NONOate in combination with bone marrow stromal cells
conditioned medium compared with cells treated with bone marrow stromal cells conditioned
medium or DETA-NONOate alone. Mouse brain endothelial cell capillary tube-like formation assays
(n=6/group) showed that Angiopoietin-1 peptide, the supernatant of bone marrow stromal cells and
DETA-NONOate significantly increased capillary tube formation compared to vehicle control.
Combination treatment significantly increased capillary tube formation compared with DETA-
NONOate treatment alone. Inhibition of Angiopoietin-1 significantly attenuated combination
treatment-induced tube formation. Our data indicated that combination treatment of stroke with
DETA-NONOate and bone marrow stromal cells promotes neovascularization, which is at least
partially mediated by upregulation of the Angiopoietin-1/Tie2 axis.
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The restoration of brain neovascularization after ischemia is a major therapeutic goal in stroke
treatment. Reestablishment of functional microvasculature for stroke can be evoked by cellular
and pharmacological approaches. As a potential therapeutic strategy, bone marrow stromal
cells (BMSCs) when administered intravenously after stroke selectively migrate to the
ischemic brain, and increase parenchymal vascular endothelial growth factor (VEGF)
expression and promote angiogenesis and vascular stabilization (Li et al., 2001, Chopp and Li,
2002, Al-Khaldi et al., 2003, Chen et al., 2003, Zacharek et al., 2007). Enhancing the targeting
of BMSCs to the injured brain significantly increases vascular density in the ischemic cortex
and increases functional local cerebral blood flow (Shyu et al., 2008). Treatment of stroke with
a nitric oxide (NO) donor, DETA-NONOate [(Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl)
amino] diazen-1-ium-1, 2-diolate], as a pharmacological agent, promotes angiogenesis after
stroke in rats (Zhang et al., 2001, Chen et al., 2005a, Chen et al., 2006, Zacharek et al.,
2006). In earlier studies, both a single dose of 0.4 mg/kg DETA-NONOate and a dose of
5×105 BMSCs did not a significantly improve functional outcome after stroke. However,
combination therapy with the sub-therapeutic dose of DETA-NONOate and the sub-
therapeutic dose of BMSCs significantly improved functional outcome, indicative of an
additive therapeutic effect both in mice (Cui et al., 2007) and in rats (Chen et al., 2004). The
mechanism of combination treatment amplified restorative therapy possibly via upregulation
of Stromal cell-Derived Factor 1 (SDF1) and its chemokine receptor 4 (CXCR4) and matrix
metalloproteinases pathways and promotion the exogenous BMSC migration into the ischemic
brain (Cui et al., 2007). In addition, combination treatment also increased the vessel perimeter
and endothelial cell proliferation after stroke in young adult rats (Chen et al., 2004). However,
whether combination treatment promotion cerebral neovascularization and vascular
stabilization and the mechanisms underlying the brain vascular restoration after stroke have
not been fully understood.

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 pathway controls
pericyte recruitment, endothelial survival, and is implicated in blood vessel formation and
vascular stabilization (Iurlaro et al., 2003, Patan, 2004). Ang1-induced angiogenesis required
endothelium-derived NO (Babaei et al., 2003). Our previous study showed that the Ang1/Tie2
pathway plays an important role in angiogenesis induced by BMSC transplantation alone
(Zacharek et al., 2007) or DETA-NONOate treatment alone (Zacharek et al., 2006) after stroke
in rats. In this study, we seek to extend our previous study to further determine whether the
expression of the Ang1/Tie2 contributes to the cerebral neovascularization and vascular
stabilization induced by a combination of DETA-NONOate and murine BMSCs in the
treatment of experimental stroke in vivo and in vitro.

EXPERIMENTAL PROCEDURES
Middle cerebral artery occlusion (MCAo) and experimental groups

Adult wild type male C57BL/6J mice (22−25 g, Charles River, Wilmington, MA, USA) were
employed in all experiments. All experimental procedures have been approved by the
Institutional Animal Care and Use Committee of Henry Ford Hospital. Every effort was made
to minimize the number of animals used and their suffering. Transient (2.5 hours)
monofilament right MCAo was performed by advancing a 6−0 surgical nylon suture (8.5−9.5
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 (Chen et al., 2005b). Body temperature is
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maintained constant using a heating pad. Mice were randomly divided into 4 groups (n=12/
group) 24 hours after MCAo, and the following was intravenously administered via the tail
vein: a) 0.2 ml PBS for control; b) 5×105 BMSCs (mouse GFP-BMSC, M-126, P9. Cognate
Therapeutics, Inc. Baltimore, MD, USA) (Cui et al., 2007); c) DETA-NONOate (0.4 mg/kg in
0.2 ml of PBS; Alexis Biochemical, San Diego, CA, USA); d) Combination BMSCs (5×105)
with DETA-NONOate (0.4 mg/kg). In this study, we selected sub-therapeutic doses of 0.4mg/
kg DETA-NONOate (single injection) and 5×105 BMSC as the earlier studies.

Histological Assessment
Mice were sacrificed at 14 days after MCAo. The brains were fixed by transcardial perfusion
with saline, followed by perfusion and immersion in 4% paraformaldehyde before being
embedded in paraffin (Chen et al., 2005b). A standard paraffin block was obtained from the
center of the lesion (bregma −1 mm to +1 mm). A series of 6 μm thick sections were cut from
the block and stained with hematoxylin and eosin (HE) for calculation of the volume of cerebral
infarction for each group (Swanson et al. 1990).

Immunohistochemistry
Every 10th coronal section for a total 5 sections was used for immunohistochemical staining.
Ang1, Tie2, von Willebrand factor (vWF, a marker of endothelial cells), alpha smooth muscle
actin (αSMA, a marker of smooth muscle cells and pericytes) and tight junction protein
(occludin) immunostaining were performed. Coronal brain sections were incubated first with
antibodies against Ang1 (rabbit polyclonal lgG antibody, 1:2000, Abcam, Cambridge, MA,
USA), vWF (goat polyclonal IgG antibody, 1:200, Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA), and αSMA (mouse monoclonal IgG antibody, 1:200, Santa Cruz), at 4°C overnight
and then incubated with avidin-biotin-horseradish peroxidase complex and developed in 3’3’
diaminobenzidine tetrahydrochloride (DAB), respectively. For Tie2 and occludin, the sections
were directly incubated with the antibody against Tie2 (rabbit polyclonal IgG antibody, 1:80,
Santa Cruz) or occludin (mouse monoclonal IgG antibody, 1:200, Zymed, San Francisco, CA,
USA) conjugated with cyanine-3 (Cy3, 1:200, Jackson Immunoresearch Laboratories, West
Groove, PA, USA). Control experiments consisted of staining brain coronal tissue sections as
outlined above, but the primary antibodies were omitted, as previously described (Li et al.,
1998).

Double immunofluorescence staining
To specifically identify Ang1-reactive cells co-localized with endothelial cells, double
immunofluorescence staining for Ang1 with vWF was employed. Antibodies against Ang1
(rabbit polyclonal IgG antibody, 1:2000, Abcam) with a monoclonal antibody against vWF
(1:400, DAKO, Carpinteria, CA, USA) were used, respectively. FITC (Calbiochem) and CY3
(Jackson Immunoresearch) were used for double-label immunoreactivity. Each coronal section
was first treated with the primary anti-Ang1 antibody with Cy3, and was then followed by anti-
vWF with FITC staining. Control experiments consisted of staining brain coronal tissue
sections as outlined above, but omitted the primary antibodies, as previously described (Li et
al., 1998).

Quantitation
For lesion volume evaluation, the seven coronal brain sections were traced using a Global Lab
Image analysis system (Data Translation, Marlboro, MA, USA). The indirect lesion area, in
which the intact area of the ipsilateral hemisphere was subtracted from the area of the
contralateral hemisphere, was calculated (Swanson et al. 1990). Lesion volume is presented as
a volume percentage of the lesion compared with the contralateral hemisphere.
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For quantitative measurements of Ang1, vascular density and perimeters and diameter, five
slides from each brain, with each slide containing 8 fields from the ischemic border zone
(between the ischemic core area and non-ischemic area, Fig.1.) (Chen et al., 2003) were
digitized under a 20× or 40× objective (BX40; Olympus Optical, Tokyo, Japan) using a 3-CCD
color video camera (Sony DXC-970MD, Japan) interfaced with a Micro Computer Imaging
Device (MCID) software (Imaging Research, Saint Catharines, ON, Canada). For quantitative
detection of Tie2 and occludin, the images were acquired using fluorescent microscopy
(Axiophot2, HB0100 W/2, Carl Zeiss, New York, NY, USA) with a digital camera (C4742
−95, Hamamatsu, Japan).

The methods for analysis of morphological and functional features of cerebral vessels include
measuring: (a) Profile density (NA), defined as the total number of vascular vessel profiles per
unit area of tissue (number of vessels /mm2), NA reflects the neovascularization; (b) Diameter
(D), defined by the mean luminal diameter of vessels (μm); (c) Perimeter (P), defined by the
mean outer perimeter of the vessels (μm). Vascular diameter and perimeter reflect the
vasodilation and vascular structural and functional remodeling (Delp et al., 2000,
Manoonkitiwongsa et al., 2001). In this study, the percentage of Ang1, Tie2 and occludin
positive areas and the number of vWF-positive or αSMA-positive vessels were quantified
throughout each field of view. The total number of vessels was divided by the total tissue-area
to determine vascular density. The perimeter of a total of 20 enlarged vWF-positive vessels or
the diameter of αSMA-positive artery (mean diameter > 20μm) located in the ischemic border
zone of the ischemic lesion were measured in each section using MCID software, respectively
(Zhang et al., 2002b, Chen et al., 2003, Chen et al., 2005a).

Cell culture and co-culture
BMSCs and mouse brain endothelial cells (MBECs, CRL-2299, American Type Culture
Collection, Manassas, VA) were cultured, as previously described (Cui et al., 2007). Passage
3−5 cells were used. BMSCs were treated with: 1) non-treatment for control; 2) + DETA-
NONOate 0.4 μM, respectively. For real time PCR, one set of the experimental groups was
terminated at 3 hours after treatment. Two additional sets of experimental groups were
terminated at 24 hours after treatment for immunostaining or Western blot, respectively.

For the co-culture test, the conditioned medium from BMSCs was collected after 4 days of
culture. MBECs were cultured with: 1) BMSC vehicle medium as the control; 2) conditioned
medium from BMSCs; 3) BMSC vehicle medium + DETA-NONOate 0.4 μM; 4) conditioned
medium from BMSCs + DETA-NONOate. For real time PCR, one set of the experimental
groups was terminated at 3 hours after treatment, and the other experimental groups were
terminated at 24 hours after treatment for immunostaining.

Immunocytochemistry
Immunostaining was performed with an antibody against Ang1 (1:2000, Abcam) or Tie2
(1:200, Santa Cruz) conjugated with Cy3 (1:200, Jackson Immunoresearch Laboratories).
Nuclei were identified by DAPI (4’, 6-diamidino-2-phenyl-indde, dihydrochloride, 1:10000,
Molecular Probes). The percentage of Ang1 or Tie2 positive cells was calculated using MCID
software.

Real time polymerase chain reaction
Cells were collected and total RNA were isolated with TRIzol (Invitrogen, Carlsbad, CA, USA)
following a standard protocol (Livak and Schmittgen, 2001). Quantitative polymerase chain
reaction (PCR) was performed using the SYBR Green real time PCR method on an ABI 7000
PCR instrument (Applied Biosystems, Foster City, CA) using 3-stage program parameters
provided by the manufacturer. Each sample was tested in triplicate, and relative gene
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expression data was analyzed using the 2−ΔΔCT method. The following primers for real-time
PCR were designed using Primer Express software (ABI). Ang1, Fwd: TAT TTT GTG ATT
CTG GTG ATT; Rev: GTT TCG CTT TAT TTT TGT AATG. Tie2, Fwd: CGG CCA GGT
ACA TAG GAG GAA; Rev: TCA CAT CTC CGA ACA ATC AGC. GAPDH, Fwd: AGA
ACA TCA TCC CTG CAT CC; Rev: CAC ATT GGG GGT AGG AAC AC.

Western blot assay
Protein was isolated from the cultured BMSCs 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 hour at room temperature, followed by
incubation with primary antibodies for anti-β-actin (1 : 2000; Sigma, St. Louis, MO, USA),
anti-Ang1 antibody (1:500, Abcam) for 16 hours at 4°C. The mem branes were washed with
blocking buffer without milk, and then incubated with horseradish peroxidase-conjugated
secondary antibody in blocking buffer.

MBEC capillary-like tube formation assay
The methods employed for the MBEC capillary-like tube formation assay are as previous by
described (Haralabopoulos et al., 1994). Briefly, 0.1 ml Matrigel (Becton Dickinson) was
added per well to a 96 well plate, and then MBECs (2×104 cells) were added and incubated in:
1) BMSC vehicle medium as the control; 2) BMSC vehicle medium + Ang1 (200 ng/ml); 3)
BMSC conditioned medium; 4) BMSC vehicle medium + DETA-NONOate (0.4 μM); 5)
DETA-NONOate + BMSC conditioned medium; 6) DETA-NONOate + BMSC conditioned
medium + anti-Ang1 antibody (1 μg/ml, Rabbit anti-Ang1 affinity purified polycolonal
antibody, Chemicon) for 24 hours. All assays were performed in n=6/group. For quantitative
measurements of capillary-like tube, Matrigel wells were digitized under a 10× objective
(Olympus BX40) for measurement of total tube length of capillary-like tube using a video
camera (Sony DXC-970MD) interfaced with the MCID image analysis system (Imaging
Research, St. Catharines, Canada) at 6 hours after culture. Tracks of endothelial cells organized
into networks of cellular cords (tubes) were counted and averaged in randomly selected 3
microscopic fields (Rikitake et al., 2002).

Statistical analysis
Independent Samples T-Test was used for testing the expression of Ang1 and Tie2 gene or
protein expression between two groups. One-way ANOVA and Least Significant Difference
(LSD) analysis after Post Hoc Test were used for testing the data in vivo and in vitro. The data
are presented as mean ± SE. P < 0.05 is considered significant.

RESULTS
Treatments do not decrease cerebral ischemic lesion after stroke in mice

The infarction volume was not significantly decreased in the BMSC (15.01 ± 4.61%), DETA-
NONOate (17.27% ± 5.12%) and combination treatment group mice (13.38% ± 3.61%)
compared with the MCAo alone group (20.87% ± 6.44%).

Combination treatment increases ischemic brain neovascularization after stroke in mice
In this study, to test whether combination treatment of stroke increases ischemic
neovascularization and vascular integrity, the number of vWF-positive blood vessels and
αSMA-positive arteries, and the perimeter of vWF-positive vessels or the diameter of αSMA-
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positive arteries were counted and measured using MCID software. Fig. 2A-D show the vWF-
immunoreactive positive vessels present in the ischemic border zone (A: MCAo alone; B: +
BMSCs; C: + DETA-NONOate; D: Combination treatment). Fig. 2E and 2F show that the
density (E) and the perimeter (F) of vWF-immunoreactive positive vessels significantly
increased in the combination treatment group compared with the MCAo alone group after 14
days of stroke (P < 0.05). Fig. 2G-J show the αSMA-immunoreactive positive vessels present
in the ischemic border zone (G: MCAo alone; H: + BMSCs; I: + DETA-NONOate; J:
Combination treatment). Fig. 2K and 2L show the density (K) and the diameter (L) of αSMA-
immunoreactive positive arteries significantly increased in the combination treatment group
compared with MCAo alone group after 14 days of stroke (P < 0.05). In addition, the densities
both vWF-positive vessels and αSMA-positive arteries are significantly increased in the
combination treatment group compared with the DETA-NONOate monotherapy group, and
the density of vWF-positive vessels in the combination group significantly increased compared
with the BMSC monotherapy group (P < 0.05, Fig. 2E and 2K). These data indicate that
combination treatment significantly enhances angiogenesis and arteriogenesis compared with
the MCAo control group in the ischemic brain after stroke.

Combination treatment increases Ang1/Tie2 and occludin expression and promotes
vascular stabilization after stroke in mice

The Ang1/Tie2 system promotes angiogenesis and vascular stability. Occludin is a tight
junction protein, and an index of microvascular integrity (Mark and Davis, 2002). To identify
the mechanism by which combination treatment increases vascular stabilization, Ang1/Tie2
and occludin expression were measured in the ischemic brain after stroke in mice. Fig. 3A-O
show that DETA-NONOate combination treatment with BMSCs significantly increases Ang1
(A: MCAo alone; B: + BMSCs; C: + DETA-NONOate; D: Combination treatment; E:
quantitative data of Ang1-immunoreactive positive cells), Tie2 (F: MCAo alone; G: + BMSCs;
H: + DETA-NONOate; I: Combination treatment; J: quantitative data of Tie2-immunoreactive
positive cells) and occludin (K: MCAo alone; L: + BMSCs; M: + DETA-NONOate; N:
Combination treatment; O: quantitative data of occludin-immunoreactive positive cells)
expression in the ischemic border area compared with MCAo control animals (P < 0.05),
respectively.

Our previous study showed that Ang1 positive cells primarily co-localize with glial fibrillary
acidic protein (GFAP, an astrocyte marker) and αSMA (smooth muscle cells and pericytes)
reactive cells. Tie2 positive cells primarily co-localize with vWF (endothelial cells) and αSMA
reactive cells (Zacharek et al., 2007). In this study, we showed that Ang1 positive cells also
co-localize with vWF reactive cells (Fig. 3P-R).

DETA-NONOate alone or combination with the conditioned medium from BMSCs Increase
Ang1 gene and protein expression in BMSCs and MBECs

To test whether DETA-NONOate alone or combination with the conditioned medium from
BMSCs up-regulates BMSC and MBEC Ang1/Tie2 expression, BMSCs and MBECs were
cultured with DETA-NONOate (0.4 μM) alone or co-cultured with DETA-NONOate (0.4
μM) and the conditioned medium from BMSCs (the supernatant of 4 day incubation). Fig. 4A-
D show DETA-NONOate significantly increased BMSC Ang1 protein expression (A: BMSC
control; B: + DETA-NONOate; C: quantitative data of Ang1-immunoreactive positive cells;
D: Ang1 protein tested by Western blot) compared to non-treatment control after 24 hours of
culture (P < 0.05). Fig. 4E-H show DETA-NONOate significantly increased BMSC Tie2
protein and mRNA expression (E: BMSC control; F: + DETA-NONOate; G: quantitative data
of Tie2-immunoreactive positive cells; H: Tie2 mRNA level tested by real time PCR) compared
to non-treatment (p<0.05).

CUI et al. Page 6

Neuroscience. Author manuscript; available in PMC 2009 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ang1 expression in MBECs was also performed. Fig. 4I-M show DETA-NONOate
combination with the conditioned medium from BMSCs significantly increased Ang1 protein
expression in MBECs (I: normal medium of BMSCs; J: conditioned medium from BMSCs;
K: normal medium of BMSCs + DETA-NONOate (0.4 μM); L: DETA-NONOate (0.4 μM) +
conditioned medium from BMSCs; M: quantitative data of Ang1-immunoreactive positive
MBECs) compared with non-treatment control and DETA-NONOate alone groups after 24
hours of culture, respectively (P < 0.05). In addition, Fig. 4N shows the Ang1 mRNA in MBECs
(tested by real time PCR after 3 hours of culture) also significantly increased in the DETA-
NONOate combination treatment with the conditioned medium from the BMSCs group
compared with DETA-NONOate or BMSC conditioned medium alone groups, respectively
(P < 0.05).

DETA-NONOate co-cultured with the conditioned medium from BMSCs increases
angiogenesis and capillary tube formation

To test whether DETA-NONOate in combination with BMSCs upregulates angiogenesis via
the Ang1/Tie2 system, MBEC capillary tube-like formation assays were performed in vitro.
Ang1, the conditioned medium from BMSC alone, DETA-NONOate alone, and DETA-
NONOate co-culture with BMSC conditioned medium were used in the tube formation assay.
Fig. 5 A-G show the data of MBEC capillary tube formation after 6 hours of culture. Ang1 (B:
200 ng/ml) significantly increased capillary tube formation (P < 0.05). Three treatments (C:
conditioned medium from BMSCs alone; D: DETA-NONOate 0.4 μM; E: conditioned medium
from BMSCs + DETA-NONOate 0.4 μM) significantly increase capillary tube formation
compared to the non-treatment control (A) at 6 hours after culture (P < 0.05). In addition,
DETA-NONOate combination with the conditioned medium from BMSCs significantly
increased capillary tube formation compared with the DETA-NONOate alone group (+26.7%),
and inhibition of Ang1 with anti-Ang1 antibody (F: conditioned medium from BMSCs +
DETA-NONOate 0.4 μM + anti-Ang1 antibody 1μg/ml) significantly attenuated combination
treatment-induced tube formation (−32.9%) after 6 hours of culture (G: quantitative data of
capillary-like tube), respectively (P < 0.05). These data indicate that DETA-NONOate in
combination with BMSCs significantly promotes angiogenesis (capillary tube-like formation)
in vitro, which is consistent with the enhancement of neovascularization formed in the ischemic
brain, and these data also support the hypothesis that the angiogenesis induced by combination
treatment is regulated by the Ang1/Tie2 system.

DISCUSSION
One of the fundamental principles underlying tissue-engineering strategies using cell
transplantation is that a newly formed tissue must acquire and maintain sufficient
vascularization in order to support its growth. Vascular endothelial permeability is maintained
by the regulated apposition of adherent and tight junctional proteins (Aurrand-Lions et al.,
2002, Bazzoni and Dejana, 2004). The tight junctions of the endothelial and epithelial regions
of the BBB are regulated by interactions with the neighboring tissue. In the present study, we
showed that combination treatment of stroke with DETA-NONOate and BMSCs significantly
increases the expression of occludin, a tight junction protein, and the number and the perimeter/
diameter both of venous and arterial blood vessels in the ischemic border zone compared with
MCAo control animals and DETA-NONOate or BMSC monotherapy groups, respectively.
Thus, combination treatment promotes neovascularization and vascular stabilization after
stroke.

Ang1 signaling mediates angiogenesis, vascular maturation and remodeling of blood vessels
through Tie2 receptor, which is expressed on blood vessel endothelial cells and pericytes
(Patan, 2004, Zacharek et al., 2007). Ang1 reduces endothelial permeability and enhances
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vascular stabilization and maturation (Suri et al., 1996, Pfaff et al., 2006). Transgenic over-
expression of Ang1 increases vascular stabilization (Suri et al., 1998), prevents plasma leakage
in the ischemic brain and consequently decreases ischemic lesion volume (Thurston et al.,
2000, Zhang et al., 2002a). Ang1/Tie2 cooperates with vascular endothelial growth factor
(VEGF) to control angiogenesis to form large and small vessels in the mature vascular system
and to establish dynamic blood vessel structures (Marti and Risau, 1999, Satchell et al.,
2004). Thus, upregulation of Ang1/Tie2 in the endogenous ischemic brain may increase
angiogenesis and vascular integrity. The present study showed that DETA-NONOate
combination treatment with BMSCs significantly upregulates Ang1/Tie2 and occludin in the
ischemic border zone.

In vitro, BMSCs promoted proliferation and migration of endothelial cells and smooth muscle
cells in a dose-dependent manner and enhanced collateral vascular flow recovery and
remodeling through paracrine signaling in tissue ischemia (Kinnaird et al., 2004). BMSCs
could be recruited at the sites of active tumor neovascularization through paracrine regulation
of their angiogenic properties (Annabi et al., 2004). BMSCs contribute to revascularization via
vessel remodeling after cerebral ischemia (Kokovay et al., 2006). Moreover, BMSC induces
angiogenesis and vascular stability via up-regulation of the Ang1/Tie2 pathway (Zacharek et
al. 2007). Thus, up-regulation of Ang1/Tie2 in the transplanted BMSCs may increase
angiogenesis and arteriogenesis and augment BMSC neovascularization treatment of stroke.
NO plays an important role in angiogenesis and vascular integrity in ischemic brain after stroke
(Zhang et al., 2001, Chen et al., 2004, Zacharek et al., 2006). Endogenous eNOS-derived NO
directly increases angiogenesis and mural cell recruitment to immature angiogenic sprouts
(Yu et al., 2005). Ang1 expression co-localizes with pericyte reactive cells (αSMA) in the
ischemic brain, and pericyte-derived Ang1 multimeric complex induces occludin gene
expression in brain capillary endothelial cells through Tie2 activation in vitro (Hori et al.,
2004). In this study, DETA-NONOate not only significantly increased endogenous brain Ang1/
Tie2, but also increased Ang1/Tie2 expression in BMSCs. In addition, DETA-NONOate also
increases Ang1 protein and mRNA expression in MBECs. Ang1 mRNA expression was
significantly increased in MBECs in DETA-NONOate combination treatment with BMSC
conditioned medium compared to DETA-NONOate treatment alone. The capillary-like tube
formation test shows that DETA-NONOate co-cultured with the conditioned medium from
BMSCs significantly increased capillary tube formation compared to DETA-NONOate alone
(+26.7%). Inhibition of Ang1 significantly attenuated DETA-NONOate combination with
BMSC conditioned medium induced tube formation; therefore, combination treatment induced
angiogenesis and vascular stabilization is, at least partially, mediated by upregulation of the
Ang1/Tie2 system in MBECs and BMSCs in the ischemic brain.

CONCLUSION
In summary, combination treatment of stroke with DETA-NONoate and BMSCs upregulates
the Ang1/Tie2 axis in the endogenous ischemic brain as well as in the transplanted BMSCs,
and increases tight junction protein expression, neovascularization and vascular stabilization
in the ischemic brain.
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Fig.1.
Schematic representation of a coronal brain section shows eight fields selected for quantitative
measurements of immunochemical staining in the cortex.
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Fig.2.
Combination DETA-NONOate with BMSCs treatment of stroke increases vascular density
and diameter/perimeter in the ischemic brain in mice. (A-F) vWF-immunoreactive positive
vessels present in the ischemic border zone at 14 days after MCAo (A: MCAo alone; B: MCAo
+ BMSCs; C: MCAo + DETA-NONOate; D: Combination treatment; E: Quantitative density
data; F: Quantitative perimeter data). (G-J) αSMA-immunoreactive positive vessels present in
the ischemic border zone at 14 days after MCAo (G: MCAo alone; H: MCAo + BMSCs; I:
MCAo + DETA-NONOate; J: Combination treatment; K: Quantitative density data; L:
Quantitative diameter data). Scale bar = 50 μm. n = 12 / group.
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Fig.3.
Combination DETA-NONOate with BMSCs treatment of stroke upregulates endogenous
ischemic brain Ang1/Tie2 and occludin in mice. (A-E) show Ang1 immunohistochemical
expression in MCAo alone (A), MCAo + BMSCs (B), MCAo + DETA-NONOate (C) and
combination treatment (D) group in the ischemic border zone. (F-J) Tie2 immunofluorescent
expression in MCAo alone (F), MCAo + BMSCs (G), MCAo + DETA-NONOate (H) and
combination treatment (I) group in the ischemic border zone. (K-M) show occludin
immunofluorescent expression in MCAo alone (K), MCAo + BMSCs (L), MCAo + DETA-
NONOate (M) and combination treatment (N) group in the ischemic border zone. (P-R) Images
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of double immunofluorescent staining of (P) Ang1 (red) with (Q) vWF (green), and (R) Ang1
with vWF merged (yellow). Scale bar = 50 μm. n = 12 / group.
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Fig.4.
DETA-NONOate alone or combination with the conditioned medium from BMSCs Increase
Ang1 gene and protein expression in BMSCs and MBECs. (A-C) Ang1 expression in the non-
treatment control (A) and DETA-NONOate (0.4 μM) treatment (B) groups in BMSCs at 24
hours after treatment. (D) Ang1 protein measured by western blot at 24 hours after treatment.
(E-G) Tie2 expression in non-treatment control (E) and DETA-NONOate treatment (F) groups
in BMSCs at 24 hours after treatment. (H) Tie2 mRNA measured by real time polymerase
chain reaction (PCR) at 3 hours after treatment. (I-M) Ang1 expression in non-treatment control
(I), BMSC conditioned medium alone (J), DETA-NONOate alone (K), and combination
DETA-NONOate with BMSC conditioned medium (L) in mouse brain endothelial cells
(MBECs) at 24 hours after treatment. (N) Ang1 mRNA in MBECs measured by real time PCR
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at 3 hours after treatment. Scale bar = 25 μm. n = 6 / group in (A-C), (E-G), (I-M) and n = 3 /
group in (D), (H), (N).
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Fig.5.
DETA-NONOate co-cultured with the conditioned medium from BMSCs enhances
angiogenesis and capillary tube formation which are mediated by increases of the Ang1/Tie2
axis. (A-F) Data of MBEC capillary tube formation in non-treatment control (A), Ang1 200
ng/ml (B), conditioned medium from BMSCs (C), DETA-NONOate 0.4 μM (D), conditioned
medium from BMSCs + DETA-NONOate 0.4 μM (E), conditioned medium from BMSCs +
DETA-NONOate 0.4 μM + anti-Ang1 antibody 1 μg/ml (F) after 6 hours of culture. (G)
Quantitative data of capillary tube formation. Scale bar=100 μm, n=6/group.
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