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Abstract
We tested the hypothesis that a nitric oxide donor, DETA-NONOate upregulates Stromal cell-
Derived Factor-1 (SDF1) and Angiopoietin 1 (Ang1) in the ischemic brain and their, respective,
receptors chemokine CXC motif receptor 4 (CXCR4) and Tie2 in the subventricular zone (SVZ)
and thereby promote SVZ neuroblast cell migration after stroke. C57BL/6J mice were subjected to
middle cerebral artery occlusion (MCAo) and 24 hours later DETA-NONOate (0.4 mg/kg) or
phosphate buffered solution were intravenously administered. Mice were sacrificed at 14 days for
histological assessment or sacrificed at 3 days for analysis real-time polymerase chain reaction and
migration after MCAo. To elucidate whether SDF1/CXCR4 and Ang1/Tie2 pathways mediate
DETA-NONOate induced SVZ migration after stroke, SDF1α, Ang1 peptide and a specific
antagonist of CXCR4 (AMD3100) and a neutralizing antibody of Tie2 (anti-Tie2) were used in
vitro. DETA-NONOate significantly increased the percent area of doublecortin (a marker of
migrating neuroblasts) immunoreactive-cells in the SVZ and ischemic boundary zone. DETA-
NONOate significantly increased the expression of SDF1 and Ang1 in the ischemic border and
upregulated CXCR4 and Tie2 in the SVZ compared with MCAo control. DCX-positive cell
migration from SVZ explants was significantly increased in the DETA-NONOate treatment group
compared with MCAo alone animals. In vitro, SDF1α and Ang1 significantly increased SVZ
explants cell migration. In addition, inhibition of CXCR4 or Tie2 significantly attenuated DETA-
NONOate induced SVZ cell migration. Our data indicated that treatment of stroke with a nitric
oxide donor upregulates SDF1/CXCR4 and Ang1/Tie2 pathways and thereby likely increases SVZ
neuroblast cell migration.
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INTRODUCTION
Ischemic stroke induces the proliferation of endogenous neural progenitor cells (NPCs) and
increases the number of immature neurons in the subventricular zone (SVZ) of the adult
rodent brain (Darsalia et al. 2005; Sun et al. 2003; Zhang et al. 2001b). The expanded
neuroblasts in the SVZ migrate to the ischemic boundary zone (IBZ) and have the potential
to differentiate into neurons and thereby replace neurons lost after stroke (Zhang et al. 2004;
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Zhang et al. 2007a; Zhang et al. 2003). In addition, neuroblasts may act synergistically with
microvasculature to stimulate the local synaptic microenvironment. Increased neuroblast
migration in SVZ improves neurological recovery from stroke (Bernal and Peterson 2004;
Ohab et al. 2006; Yamashita et al. 2006).

Our previous studies show that treatment of stroke with a nitric oxide (NO) donor, DETA-
NONOate [(Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl) aminio] diazen-1-ium-1, 2-
diolate], promotes neurogenesis (i.e. increases SVZ cell proliferation and migration),
angiogenesis and improves functional outcome after stroke in young adult rats (Chen et al.
2006b; Zacharek et al. 2006; Zhang et al. 2001a). These data suggests that DETA-NONOate
treatment improves functional outcome after stroke via upregulation of the endothelial-
growth factor Angiopoietin-1 (Ang1) and its receptor tyrosine kinase Tie2 pathway, which
enhances angiogenesis in the ischemic brain (Zacharek et al. 2006). Neurogenesis includes
NPCs proliferation, migration and differentiation (Chen et al. 2005a; Parent et al. 2002;
Zhang et al. 2001b; Zhang et al. 2003; Zhang et al. 2004; Zhang et al. 2007b). In our
previous study, we investigated the effect of DETA-NONOate treatment on regulation of
NPCs proliferation (Chen et al. 2004; Chen et al. 2006b; Zhang et al. 2001a). However, the
mechanism underlying DETA-NONOate enhancement of migration is not fully understood.

Chemokines are important factors controlling cellular migration. Stromal cell-Derived
Factor 1 (SDF1) has the chemokine (CXC motif) receptor 4 (CXCR4) as its only receptor
(Bagri et al. 2002). SDF1 is a master regulator of tracking of various types of CXCR4
positive cells (Bhakta et al. 2006; Ceradini et al. 2004; Kucia et al. 2005). Ang1 / Tie2 not
only promotes angiogenesis and vascular maturation, but also regulates mesenchymal cell
and neuroblast migration (Metheny-Barlow et al. 2004; Ohab et al. 2006). Our previous
study demonstrated that DETA-NONOate increased endogenous ischemic brain SDF1 and
transplanted bone marrow stromal cells (BMSCs) CXCR4 expression and thereby enhanced
exogenous BMSC migration into the ischemic brain after stroke (Cui et al. 2007). In this
study, we seek to investigate whether DETA-NONOate enhances endogenous SVZ
neuroblast migration in the ischemic brain, and whether SDF1/CXCR4 and Ang1/Tie2
pathways contribute to SVZ neuroblast cell migration induced by DETA-NONOate
treatment after stroke in mice.

MATERIALS AND METHODS
MCAo Model and Experimental Groups

Adult male C57BL/6J mice weighing 22-25 g (n=62, Charles River, Wilmington, MA) were
used in all experiments. All experiments were conducted in accordance with the standards
and procedures of the American Council on Animal Care and the Institutional Animal Care
and Use Committee of Henry Ford Health System. Thirty mice were anesthetized with
halothane and subjected to transient (2.5 hours) monofilament right middle cerebral artery
occlusion (MCAo) (Chen et al. 2005b). Sham-operated mice underwent the same surgical
procedure without suture insertion. Twenty four hours after surgery, MCAo and sham-
operated mice were intravenously administered via the tail vein with: 1) sham + 0.2 ml
phosphate buffered solution (PBS) (n = 15); 2) sham + DETA-NONOate treatment (0.4 mg/
kg in 0.2 ml of PBS; Alexis Biochemical, San Diego, CA, n = 12); 3) MCAo + PBS (n =
20); 4) MCAo + DETA-NONOate treatment (0.4 mg/kg, n = 15). One set of mice were
sacrificed at 14 days after MCAo for immunostaining (n = 9 / group); the other set of mice
were sacrificed at 3 days after MCAo for real-time PCR (n = 3 / group) and to isolate the
SVZ for measurement of SVZ explant cell migration (n = 3, 6 or 9 / group).
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Histological Assessment
Mice were sacrificed at 14 days after MCAo (n = 9 / group). 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. 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.

Immunohistochemistry
Every 10th coronal section for a total 5 sections was used for immunohistochemical staining.
Antibody against doublecortin (DCX, 1:100; C-18, Santa Cruz Biotechnology Inc., Santa
Cruz, CA), a protein expressed in immature neurons and specifically in a migrating
subpopulation (Englund et al. 2002; Gleeson et al. 1999; Hwang et al. 2008; Nygren et al.
2006), SDF1 (1:250; Santa Cruz Biotechnology Inc.), CXCR4 (1:400; AB1846, Chemicon,
Temecula, CA), and Ang1 (1:2000; Abcam, Cambridge, MA) immunohistochemical
staining were performed to detect migrating neuroblasts, and the expression of SDF1 and
Ang1 in the ischemic brain and CXCR4 in SVZ. Antibody against Tie2 (1:80, Santa Cruz
Biotechnology Inc.) with Cy3 (1:200, Jackson Immunoresearch Laboratories, West Grove,
PA) immunofluorescence staining was used to measure the expression of Tie2. 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 whether DCX-reactive cells co-localized with CXCR4 or Tie2
positive cells in the SVZ, double immunofluorescence staining for DCX/CXCR4 and DCX/
Tie2 were employed. Antibodies against DCX (1:200, Santa Cruz) with a monoclonal
antibody against CXCR4 (1:250, Chemicon) or Tie2 (1:80, Santa Cruz Biotechnology Inc.)
were used, respectively. Each coronal section was first treated with the primary anti-DCX
antibody with fluorescein isothiocyanate (FITC, 1:200, Calbiochem), and were then
followed by anti-CXCR4 or anti-Tie2 conjugated with Cy3 (1:200, Jackson
Immunoresearch) staining. Control experiments consisted of staining brain coronal tissue
sections as outlined above, but omitted the primary antibodies.

Quantification
For quantitative measurement of DCX, SDF1, Ang1 and CXCR4 expression, five slides
from each block of an immunostained coronal section were digitized using a 40× objective
(BX40; Olympus Optical, Tokyo, Japan) using a 3-CCD color video camera (Sony
DXC-970MD) interfaced with a Micro Computer Imaging Device (MCID) software
(Imaging Research, Saint Catharines, ON, Canada). For quantitative detection Tie2, the
images of five slides from each block of a immunofluorescent coronal section were acquired
using fluorescent microscopy (Axiophot2, HB0100 W/2, Carl Zeissi, New York, NY) with a
digital camera (C4742-95, Hamamatsu, Japan). Each slide contains 8 fields consisting of
cortex and striatum from the IBZ for measurement of SDF1 and Ang1, and all fields of SVZ
for measurement of CXCR4 and Tie2. For measurement of DCX, 4 fields of striatum from
the IBZ and SVZ were selected (a schematic image as show in Fig.1). The percentages of
DCX, SDF1, Ang1, CXCR4 and Tie2 positive area were quantified by a blinded investigator
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using MCID software, respectively (Chen et al. 2003). Data are presented as the percentage
of positive immunoreactive area to the total scan area.

Real-Time PCR
Three days after stroke, the ischemic hemisphere brain tissue from the MCAo control and
MCAo + DETA-NONate treatment group (n = 3 / group) were collected, and the total RNA
was isolated with TRIzol (Invitrogen, Carlsbad, CA) following a standard protocol
(Zacharek et al. 2007). 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 three-stage program parameters provided by the
manufacturer. Each sample was tested in triplicate, and relative gene expression data were
analyzed using the 2-ΔΔCT method. The following primers for real-time PCR were designed
using Primer Express software (Applied Biosystems): GAPDH (forward, AGA ACA TCA
TCC CTG CAT CC; reverse, CAC ATT GGG GGT AGG AAC AC), SDF1 (forward, CCC
GGA TCC ATG AAC GCC AAG GTC GTG; reverse, AGA GCT GGG CTC CTA CTG
TGC GGC CGC GGG), Ang1 (forward, TAT TTT GTG ATT CTG GTG ATT; reverse,
GTT TCG CTT TAT TTT TGT AATG).

SVZ Explant Cell Migration
To investigate whether DETA-NONOate increases endogenous SVZ cell migration and the
mechanisms underlying SDF1 and Ang1 pathway induced migration, the SVZ derived from
both sham and MCAo mice treated with or without DETA-NONOate (n = 6) were
dissociated and cultured in vitro for 3 days: 1) non-treatment for control; 2) DETA-
NONOate treatment (0.4 mg/kg); 3) Control + SDF1α 200 μg/L (Sigma, Saint Louis, MO);
4) Control + Ang1 200 μg/L (MS Angiopoietin-1, Chemicon).

To further investigate whether DETA-NONOate enhanced SVZ cell migration after stroke is
mediated by the SDF1/CXCR4 and Ang1/Tie2 pathways, the following SVZ explants
derived from stroke mice (n = 5) were cultured: 1) MCAo control; 2) + CXCR4 specific
antagonist (AMD3100, 20 μmol/L, AnorMed, Groton, CT, Canada); 3) + neutralizing
antibody of Tie2 (anti-Tie2, recombinant mouse Tie2/FC, 2 mg/L, Chimera, R&D System,
Cambridge, MA); 4) + DETA-NONOate 0.1 μmol/L; 5) + DETA-NONOate 0.1 μmol/L +
AMD3100 20 μmol/L; 6) + DETA-NONOate 0.1 μmol/L + anti-Tie2 2 mg/L.

The SVZ explants were cut to 1 mm3 and plated in BD Matrigel™ Matrix (BD Biosciences,
Bedford, MA) in 24 wells (6 wells each group) with 1 ml of Neuralbasal-A medium
(Invitrogen, Carlsbad, CA) containing 2% of B27 supplement (Invitrogen) (Chen et al.
2005a). The SVZ cell migration length was measured at 3 days after culture. For specific
measurement of SVZ neuroblast cell migration, DCX-immunofluorescent conjugated with
Cy3 staining was performed at 3 days after SVZ culture. The 4× objective with 1.5×
electronic zoom of an Olympus IX71 microscope with a CCD camera (CoolSNAP, Proper
Scientific Photometrics) and Meta View software (Universal Imaging, West Chester, PA)
was used for acquiring images. The averages of distances of DCX-positive cell migration
from the explants culture edge were measured by a blinded investigator in each explanted
culture using the Meta View software.

Statistical Analysis
Independent Samples T-Test was used for testing the infarct lesion volume, SDF1 and Ang1
mRNA level , and the migration distance of DCX-positive neuroblasts between the two
groups. One-way ANOVA and Least Significant Difference (LSD) analysis after Post Hoc
Test were used for testing the expression of DCX, SDF1, Ang1, CXCR4 and Tie2-
immunoreactive positive areas in the IBZ or in the SVZ, and the SVZ explant cell migration
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in vitro. Statistical analysis was blinded performed. The data are presented as mean ± SE; P
< 0.05 is considered significant.

RESULTS
Lesion Volume

The infarction volume was not significantly decreased in the MCAo + DETA-NONOate
treatment group mice (17.27% ± 4.61%) compared with the MCAo alone group (20.87% ±
6.44%), which indicated that the lesion severity was not affected by injection of DETA-
NONOate after 14 days of stroke.

DETA-NONOate Treatment of Stroke Increases Neuroblast Migration in the Ischemic Brain
To determine whether DETA-NONOate treatment of stroke increases neuroblasts migration
in the SVZ and in the IBZ of the striatum, DCX-immunohistostaining, a marker of migrating
neuroblasts, was performed. The percentage of DCX-immunoreactive positive area was
measured both in the SVZ and in the IBZ. The data show that the percentage of DCX-
immunoreactive positive area present in the SVZ (Fig. 2C-E) and in the IBZ (Fig. 2H-J)
significantly increased in the MCAo + DETA-NONOate treatment group compared with
MCAo alone group 14 days after stroke (P <0.05). However, no significant differences in
the percentage of DCX-immunoreactive positive area both in the SVZ (Fig. 2A, B and E)
and in the striatum (Fig. 2F, G and J) were observed between the sham mice treated with or
without DETA-NONOate. Our data indicated that DETA-NONOate treatment increases
neuroblast migration in the ischemic brain.

DETA-NONOate Promotes SDF1 and Ang1 Gene and Protein Expression in the IBZ and
Upregulates CXCR4 and Tie2 in the SVZ After Stroke

We hypothesized that DETA-NONOate enhancement of the directed migration of new
neurons towards the ischemic injury is dependent on SDF1/CXCR4 and Ang1/Tie2
chemotaxis. We therefore tested whether DETA-NONOate treatment increases SDF1 and
Ang1 immunoreactivity and SDF1 and Ang1 mRNA level in the ischemic hemisphere. The
data show that the percentage of SDF1 (Fig. 2M-O) and Ang1 (Fig. 2S-U) immunoreactive
positive area and the fold of SDF1 (Fig. 2P) and Ang1 (Fig. 2V) mRNA changes in the IBZ
in MCAo + DETA-NONOate treatment group significantly increased compared with the
MCAo alone group (P < 0.05). We then analyzed whether DETA-NONOate treatment
upregulates CXCR4 and Tie2 in the SVZ using CXCR4 and Tie2 immunostaining method.
The data show that MCAo + DETA-NONOate treatment significantly upregulates CXCR4
(Fig. 3C-E) and Tie2 expression (Fig. 3H-J) in the SVZ compared with MCAo control group
(P <0.05). However, significant differences in the expression of SDF1 (Fig. 2K, L and O)
and Ang1 (Fig. 2Q, R and U) in the striatum or cortex, CXCR4 (Fig. 3A, B and E) and Tie2
(Fig. 3F, G and J) in the SVZ were not observed between the sham control mice treated with
or without DETA-NONOate.

DCX-positive Cells are Colocalized with CXCR4- and Tie2-positive Cells in the SVZ
To test whether DETA-NONOate treatment mediated increase of SDF1/CXCR4 and Ang1/
Tie2 expression is related to SVZ neuroblast cell migration, DCX/CXCR4 and DCX/Tie2
double immunostaining was performed. Double-immunohistofluorescent staining of brain
sections revealed that DCX labeling was partially co-localized with CXCR4-positive cells
(Fig. 3K-M), and was also partially co-localized with Tie2-positive cells (Fig. 3N-P) in
SVZ. These data suggest that SDF1/CXCR4 and Ang1/Tie2 signals are associated with SVZ
neuroblast cell migration.
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DETA-NONOate, SDF1α and Ang1 Promote SVZ Explant Cell Migration
To investigate whether DETA-NONOate treatment enhances SVZ explant cell migration,
the migration of SVZ explants derived from both sham mice and MCAo mice were
measured. Fig. 4A, B, E, F, G and J show that the length (μm) of SVZ explant cell migration
in DETA-NONOate treatment group (B and G) significantly increased compared with sham
(A) and MCAo alone group (F) (P <0.05), respectively. Fig. 4C-E, H-J show that incubation
of SVZ explants derived from both sham and MCAo groups with SDF1α (200 μg/L) or
Ang1 (200 μg/L) significantly increases SVZ explant cell migration compared with non-
treatment control (P <0.05), respectively.

DETA-NONOate Induced SVZ Explant Cell Migration is Regulated by SDF1α/CXCR4 and
Ang1/Tie2 Signaling

For verification that DETA-NONOate stimulates endogenous SVZ explant cell migration
after stroke, and to further test the hypothesis that SDF1/CXCR4 and Ang1/Tie2 pathways
contribute to DETA-NONOate promotion of SVZ cell migration, measurement of SVZ
explant cell migration derived from stroke mice were performed. Fig. 4K-Q show that the
migration distance of SVZ explants cell significantly increased in the DETA-NONOate
treatment group compared with MCAo alone (P <0.05). Inhibition of CXCR4 or Tie2 both
in the MCAo alone and MCAo + DETA-NONOate treatment group significantly decreased
SVZ explant cell migration compared with the non-inhibition group, respectively (P <0.05).
Our findings indicate an important role for SDF1/CXCR4 and Ang1/Tie2 signaling in the
SVZ cell migration by DETA-NONOate treatment after stroke.

DETA-NONOate Promotes SVZ Explant Neuroblast Migration
To test whether DETA-NONOate regulates SVZ explant neuroblast migration after stroke,
DCX, a marker of migrating neuroblasts, immunostaining was performed. DCX-positive cell
migration was measured. Fig. 4R-T shows the DCX-positive cell migration significantly
increased in the DETA-NONOate treatment group compared to the MCAo alone group
(p<0.05).

DISCUSSION
In this study, we found that DETA-NONOate significantly enhances endogenous brain
neuroblast cell migration in the ischemic brain after stroke compared to PBS treatment mice.
In addition, DETA-NONOate failed to increase neuroblast cell migration in sham control
mice compared to PBS treated sham control mice. DETA-NONOate increases SDF1 and
Ang1 expression in the ischemic brain and it also upregulates CXCR4 and Tie2 expression
in the SVZ. Inhibition of CXCR4 by using a CXCR4 specific antagonist (AMD3100) or
inhibition of Tie2 using a neutralized Tie2 antibody (anti-Tie2) significantly decreased
DETA-NONOate induced SVZ explant cell migration. Thus, it is likely that SDF1/CXCR4
along with Ang1/Tie2 axis mediate DETA-NONOate induced neuroblast migration after
stroke.

Endogenous NPCs play an important role for the treatment of nervous system diseases
(Goldman 2005). NPCs provide a cellular reservoir for replacement of cells lost during
normal cell turnover and after brain injury (Ohab et al. 2006; Zhang et al. 2007a). As a
pharmacologic neurorestorative approach, NO is a reactive molecule with numerous
physiological and pathophysiological roles affecting the nervous and cardiovascular
systems. NO regulates synaptic remodeling and neuronal differentiation in the adult
mammal central nervous system (Bicker 2001; Ciani et al. 2004; Seidel and Bicker 2000;
Sunico et al. 2005) and in insects (Truman et al. 1996). NO promotes neuronal
differentiation (Cheng et al. 2003; Moreno-Lopez et al. 2004) and neurogenesis (Packer et

Cui et al. Page 6

J Neurosci Res. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al. 2003). An NO donor, DETA-NONOate regulates neuronal differentiation, and neurite
outgrowth in both young and retired breeder neurospheres and improves functional outcome
after stroke and brain injury (Chen et al. 2006b; Chen et al. 2005a; Zacharek et al. 2006;
Zhang et al. 2001a). Administration of DETA-NONOate to young adult rats increases cell
proliferation and migration in the SVZ. NO is involved in the regulation of progenitor cells
and neurogenesis, and reduces functional deficits after stroke in the adult brain (Chen et al.
2004; Chen et al. 2006b; Zhang et al. 2001a). In this study, we demonstrate that DETA-
NONOate treatment of stroke enhances endogenous neuroblast cell migration in the
ischemic brain, which may improve therapeutic outcome after stroke.

Interaction between SDF1 and CXCR4 mediates migration of endogenous neuroblasts and
exogenous transplanted bone marrow-derived cells to the sites of brain injury (Cui et al.
2007; Hill et al. 2004; Ji et al. 2004b; Ni et al. 2004) and migration of transplanted neural
stem cells (NSCs) to the infarcted area after stroke (Imitola et al. 2004; Robin et al. 2006).
The chemokine receptor CXCR4 is present both in the adult rat SVZ and in cultured adult
rat neurospheres and regulates the migration of NPCs after stroke (Ji et al. 2004a; Robin et
al. 2006; Tran et al. 2007; Tran et al. 2004). SDF1/CXCR4 signaling directs the migration of
sensory neuron progenitors to the dorsal root ganglia (DRGs) in mice (Belmadani et al.
2005). SDF1/CXCR4 expression in the SVZ is the essential pathway of interaction between
precursors of projection neurons and invading interneurons during corticogenesis (Tiveron
et al. 2006). In mice lacking CXCR4 or SDF1, GABAergic neurons fail to complete their
migration, and regulated expression of SDF1 in the intermediate neurons and SVZ
influences lateromedial tangential migration of CXCR4-expressing GABAergic neurons
(Stumm et al. 2007). NO donors significantly enhanced the SDF1α-induced hematopoietic
progenitor cells migration, whereas various inhibitors of NO synthase markedly abrogated
the chemotactic response in a concentration-dependent manner (Cherla and Ganju 2001).
Thus, the interaction of SDF1/CXCR4 likely controls the trafficking of endogenous
neuroblast in the SVZ and DETA-NONOate may enhance SDF1-induced chemotaxis. Our
previous studies showed that SDF1 is primarily expressed in astrocytes and partially in
endothelial cells (Cui et al. 2007). In the present study, our data show that DETA-NONOate
treatment of stroke significantly increases endogenous brain SDF1 gene and protein
expression in the ischemic brain. In vitro, SDF1α directly regulates SVZ explant cell
migration both in the sham and in the MCAo groups, which is consistent with the previous
studies (Robin et al. 2006). In addition, CXCR4 colocalizes with DCX-positive cells in the
SVZ, which is also consistent with other studies (Robin et al. 2006; Tran et al. 2007). The
specific CXCR4 blocker AMD3100 did not change the total number of DCX positive cells,
but suppressed the migration of the newly born neurons (Thored et al. 2006; Watanabe M
2007). DETA-NONOate significantly increased SDF1 expression in the IBZ as well as
upregulated CXCR4 in the SVZ, and inhibition of CXCR4 significantly decreased SVZ
explant cell migration. These findings show that SDF1 generated in the stroke hemisphere
may guide SVZ cell migration towards the ischemic boundary via binding to its receptor
CXCR4 in the SVZ cells. Thus, our data indicate that DETA-NONOate-induced
augmentation of the SDF1/CXCR4 axis is important for mediating SVZ cell migration after
stroke. However, inhibition of CXCR4 only partially suppressed SVZ cell migration in vitro,
which suggests that other mechanisms also direct SVZ cell migration.

Ang1 and Tie2 not only promote angiogenesis and vascular maturation, but also regulate
cell migration (Kobayashi et al. 2006; Metheny-Barlow et al. 2004). Ang1/Tie2 promotes
post-stroke neuroblast migration to the peri-infarct cortex and improves animal behavioral
recovery (Ohab et al. 2006). DETA-NONOate increases expression of Ang1 and Tie2,
which may regulate angiogenesis and vascular integrity after stroke in rats (Chen et al.
2006a; Zacharek et al. 2006). Ang1 is primarily expressed in the ischemic border around the
blood vessels in astrocytes, endothelial cells and pericytes (Zacharek et al. 2007). Blood
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vessels in peri-infarct cortex express Ang1, and their neighboring neuroblasts express their
receptors Tie2 (Ohab et al. 2006). The present study showed that Tie2 colocalizes with
DCX-positive cells in the SVZ, which is consistent with previous studies (Ohab et al. 2006).
These data indicated that DETA-NONOate increased the expression of Ang1 in the IBZ and
upregulated their neighboring neuroblasts Tie2 in the SVZ after stroke. In addition, DETA-
NONOate significantly enhanced DCX-positive cell migration in vivo and in vitro. Blocking
Tie2 with a specific neutralizer significantly attenuated DETA-NONOate-induced SVZ cell
migration. These data demonstrated that DETA-NONOate increases Ang1 in the ischemic
boundary and the Tie2 receptor in neuroblasts, which in concert exert a trophic effect on
migrating of neuroblasts.

In addition, our data show that DETA-NONOate treatment induces SDF1/CXCR4 and
Ang1/Tie2 expression in the ischemic brain, as well as increases neuroblast cell migration in
the ischemic brain after stroke but not in sham control mice. Thus, DETA-NONOate
treatment induced neuroblast cell migration occurs under ischemic conditions. However, in
vitro we found that DETA-NONOate induces SVZ cell migration derived from both sham
and stroked mice. This apparent contradiction between in vitro and in vivo data to requires
future investigation.

The present data provide insight into the molecular mechanisms underlying the migration of
neuroblasts after stroke. Our study also demonstrates an important aspect of the restorative
use of an NO donor for the treatment of stroke, amplification of neuroblast migration
mediated by SDF1/CXCR4 and Ang1/Tie2.
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Fig.1.
Schematic image of coronal brain section shows 8 fields selected along the ischemic
boundary zone (IBZ) and the subventricular zone (SVZ) for quantitative measurement of
scan areas.
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Fig.2.
DETA-NONOate treatment upregulates Stromal cell-Derived Factor 1 (SDF1) and
Angiopoietin 1 (Ang1) in the IBZ and increases neuroblast migration in the ischemic brain
after middle cerebral artery occlusion (MCAo) in mice. A-D and F-I: doublecortin (DCX)
immunostaining in sham control (A and F); sham + DETA-NONOate treatment (B and G);
MCAo control (C and H); and MCAo + DETA-NONOate treatment (D and I) in the SVZ
and IBZ, respectively. E and J: Quantitative data of DCX-immunoreactive neuroblasts in
the SVZ (E) and IBZ (J). K-N and Q-T: SDF1 and Ang1 immunohistochemical expression
in the IBZ in sham control (K and Q); sham + DETA-NONOate (L and R); MCAo control
(M and S); and MCAo + DETA-NONOate treatment (N and T). O and U: Quantitative
SDF1 (O) and Ang1 (U) immunostaining data. P and V: SDF1 (P) and Ang1 (V) gene
expression measured by real time polymerase chain reaction (PCR). Bar in G = 50 μm; Bar
in T = 200 μm.

Cui et al. Page 13

J Neurosci Res. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig.3.
DETA-NONOate treatment upregulates chemokine (CXC motif) receptor 4 (CXCR4) and
Tie2 in the SVZ after stroke in mice. A-D and F-I: CXCR4 and Tie2 immunostaining in the
SVZ in sham control (A and F); sham + DETA-NONOate (B and G); MCAo control (C and
H) and MCAo + DETA-NONOate treatment (D and I). E and J: Quantitative data of
CXCR4 (E) and Tie2 (J) immunoreactive positive area. K-P: CXCR4 (K-M) and Tie2 (N-P)
double-immunofluorecence staining with DCX in the SVZ. Bar in D = 50 μm; Bar in I = 25
μm.
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Fig.4.
DETA-NONOate increases SVZ explant cell migration by upregulating SDF1/CXCR4 and
Ang1/Tie2 pathways. A-D and F-I: images of SVZ explant cell migration derived from
sham and MCAo mice (A and F: control; B and G: + DETA-NONOate 0.4 mg/kg; C and H:
+ SDF1α 200 μg/L; D and I: + Ang1 200 μg/L). E and J: Quantitative data of SVZ explant
cell migration derived from sham (E) and MCAo (J) mice. K-P: images of SVZ explant cell
migration derived from MCAo mice (K: MCAo alone; L: + AMD3100 20 μmol/L; M: +
anti-Tie2 2 mg/L; N: + DETA-NONOate 0.1 μmol/L; O: + DETA-NONOate 0.1 μmol/L +
AMD3100 20 μmol/L; P: + DETA-NONOate 0.1 μmol/L + anti-Tie2 2 mg/L). Q:
Quantitative evaluation of SVZ explant cell migration derived from MCAo mice. R and S:
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DCX-immunofluorecence staining in the cultured SVZ explants derived from MCAo alone
(R) and DETA-NONOate treatment (0.4 mg/kg) (S). T: Quantitative data of DCX-positive
cell migration. n = 6 well / group.
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