
Angiopoietin 2 Mediates the Differentiation and Migration
of Neural Progenitor Cells in the Subventricular Zone
after Stroke*□S

Received for publication, April 13, 2009, and in revised form, June 18, 2009 Published, JBC Papers in Press, June 24, 2009, DOI 10.1074/jbc.M109.006551

Xian Shuang Liu‡, Michael Chopp‡§, Rui Lan Zhang‡, Ann Hozeska-Solgot‡, Sara C. Gregg‡, Ben Buller‡§, Mei Lu¶,
and Zheng Gang Zhang‡1

From the Departments of ‡Neurology and ¶Biostatistics and Research Epidemiology, the Henry Ford Health System, Detroit,
Michigan 48202 and the §Department of Physics, Oakland University, Rochester, Michigan 48309

Ischemic stroke stimulates neurogenesis in the adult rodent
brain. The molecules underlying stroke-induced neurogenesis
have not been fully investigated. Using real-time reverse tran-
scription-PCR, we found that stroke substantially up-regulated
angiopoietin 2 (ANG2), a proangiogenic gene, expression in
subventricular zone neural progenitor cells. Incubation of neu-
ral progenitor cells with recombinant human ANG2 signifi-
cantly increased the number of �-III tubulin-positive cells, a
marker of immature neurons, but did not alter the number of
glial fibrillary acidic protein (GFAP)-positive cells, a marker of
astrocytes, suggesting that ANG2 promotes neuronal differen-
tiation. Blockage of the ANG2 receptor, Tie2, with small inter-
ference RNA (siRNA)-Tie2 attenuated recombinant human
ANG2 (rhANG2)-increased �-III tubulin mRNA levels com-
paredwith levels in the progenitor cells transfectedwith control
siRNA. Chromatin immunoprecipitation analysis revealed that
CCAAT/enhancer-binding protein (C/EBP�) up-regulated by
rhANG2 bound to �-III tubulin, which is consistent with pub-
lished data that there are several C/EBP� binding sites in the
promoter of �-III tubulin gene. In addition, rhANG2 enhanced
migration of neural progenitor cells measured by single neuro-
sphere assay. Blockage of Tie2 with siRNA-Tie2 and a Tie2-
neutralizing antibody did not suppress ANG2-enhancedmigra-
tion. However, inhibition of matrix metalloproteinases with
GM6001 blocked ANG2-enhanced migration. Collectively, our
data suggest that interaction of ANG2, a proangiogenic factor,
with its receptor Tie2 promotes neural progenitor cell differen-
tiation into neuronal lineage cells, whereas ANG2 regulates
neural progenitor cell migration through matrix metallopro-
teinases, which do not require its receptor Tie2.

The mammalian brain contains neural stem and progenitor
cells in the sub-granular zone of the dentate gyrus and the sub-
ventricular zone (SVZ)2 of the lateral ventricles to generate new

neurons throughout lifetime (1–5). Neuroblasts generated in
the SVZ migrate in chains rostrally toward the olfactory bulb
where they differentiate into olfactory interneurons (6–8).
Cerebral ischemia increases neurogenesis in the SVZ (9–12),
and many SVZ neuroblasts migrate laterally toward the ische-
mic boundary zone (11, 13, 14). Upon arrival, some neuroblasts
exhibit markers of striatal neurons (9, 10, 15). However, the
molecules that mediate stroke-induced neurogenesis have not
been fully investigated.
The angiopoietins, including angiopoietin 1 (ANG1) and

angiopoietin 2 are a family of structurally related proteins that
bind with similar specificity and affinity to a common endothe-
lial cell-specific receptor-tyrosine kinase (Tie2) (16). ANG1 and
ANG2/Tie2 signaling play important roles in the angiogenic
process and hematopoiesis (17, 18). The function of ANG2 is
context-dependent. When acting in the absence of angiogenic
inducers (such as vascular endothelial growth factor), ANG2
induced endothelial cell apoptosis with consequent vascular
regression (19).When acting in concert with vascular endothe-
lial growth factor, ANG2 may stimulate endothelial cell migra-
tion and proliferation, thus serving as a permissive angiogenic
signal (19, 20). ANG2 is also a critical effector of hypoxia-in-
duced neovasculature and is involved in cerebral angiogenesis
in the ischemic brain (21–24).
Emerging evidence indicates that angiogenesis is coupled

with neurogenesis under physiological and pathophysiological
conditions (25–32). Neuroblasts in the SVZ could use cerebral
blood vessels as a scaffold to migrate to the ischemic striatum
(25). Cerebral endothelial cells activated by stroke promote
neural progenitor cell differentiation into neurons, whereas
ischemic neural progenitor cells facilitate angiogenesis (29).
Vascular endothelial growth factor mediates the coupling of
angiogenesis and neurogenesis in ischemic brain (27, 29). In
addition to vascular endothelial growth factor, stroke up-regu-
lates ANG2 expression in SVZ neural progenitor cells (26). In
the present study we investigated the effect of ANG2 on differ-
entiation and migration of adult SVZ progenitor cells. There is
no single marker to identify SVZ stem cells in the adult rodent
brain. Therefore, in the present study the term “neural progen-
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itor cells” was used to describe dividing cells with capacity for
differentiation.

EXPERIMENTAL PROCEDURES

TheModel ofMiddle Cerebral Artery Occlusion—Adult male
mice (C57B/6J, 20–30 g) were employed in this study. Perma-
nent right middle cerebral artery occlusion (MCAo) was
induced by advancing a 6–0 surgical nylon suture (8.0–9.0
mm, determinedby bodyweight)with an expanded tip from the
external carotid artery into the lumen of the internal carotid
artery to block the origin of the middle cerebral artery (33).
SVZ Cell Cultures—SVZ cells were dissociated from adult

mice, as previously reported (1, 6, 34). The cells were plated at a
density of 2� 104 cells/ml in growthmedium. Growthmedium
contains Dulbecco’s modified Eagle’s medium/F-12 medium
(Invitrogen), 20 ng/ml epidermal growth factor (R&D Systems,
Minneapolis, MN), and basic fibroblast growth factor (R&D
Systems). Dulbecco’s modified Eagle’s medium/F-12 medium
contains L-glutamine (2mmol/liter), glucose (0.6%), putrescine
(9.6 mg/ml), insulin (0.025 mg/ml), progesterone (6.3 ng/ml),
apotransferrin (0.1 mg/ml), and sodium selenite (5.2 ng/ml).
The generated neurospheres (primary spheres) were passaged
bymechanical dissociation and reseeded as single cells at a den-
sity of 20 cells/�l. SVZ cells from ischemic brain were extracted
7 days after MCAo, a peak time of increase of neurogenesis (9,
13). SVZ cells used in all experiments were from passages 2–5.
Laser Capture Microdissection (LCM)—Briefly, frozen brain

coronal sections stored at �80 °C were immediately immersed
in acetone for 2 min of fixation and air-dried for 30 s. After a
brief rinse with 0.1% diethylpyrocarbonate-treated phosphate-
buffered saline, sections were stained with propidium iodide
dye (1:3000 dilution, Sigma) for 5 min, rinsed with phosphate-
buffered saline twice, and dehydrated in graded alcohols (75,
90, and 100% ethanol, 30 s each) and xylene for clearance for 5
min (26). All reaction steps were performed in RNase-free solu-
tions. Sections were then air-dried under laminar flow for 10
min and immediately used for LCM. Dense SVZ cells on sec-
tions stained by propidium iodidewere readily distinct from the
ependymal cells that have cilia along the lateral wall of the lat-
eral ventricle and from the adjacent striatal cells (35). In the
non-ischemic mouse, the dorsal and ventral SVZ of the lateral
wall was defined as a 20–30-�m-wide zone approximately of
2–3 cell bodies immediately adjacent to ependymal cells,
whereas in the ischemic mouse, the SVZ was expanded to a
60–80-�m-wide zone. Propidium iodide-positive cells within
the SVZ were captured onto a thermoplastic film mounted on
optically transparent LCM caps using the PixCell II LCM Sys-
tem (Arcturus Bioscience Inc., Mountain View, CA). The fol-
lowing parameters were used during LCM: 7.5-mm laser spot
size, 60 milliwatts of power, and 750-ms duration. The transfer
film was examined under the microscope to ensure cell lysis.
Caps with cells were immediately placed into Eppendorf tubes
containing 350 �l of lysis buffer and stored at �80 °C before
RNA isolation. Approximately 1000 cells were isolated in the
SVZ from each animal.
Real-time Semiquantitative RT-PCR—Quantitative PCRs

were performed using SYBR Green real-time PCR system.
Total RNAs from cultured SVZ cells or LCM cells were

extracted using Qiagen Mini kit or Qiagen Micro kit (Qiagen,
Valencia, CA). cDNAs were prepared from total RNA using
oligodT20, dNTP mix, first-strand buffer, dithiothreitol, RNas-
eOUT, and Superscript III (Invitrogen). Real-time RT-PCRs
were performed on an ABI 7000 PCR instrument (Applied Bio-
systems, Foster City, CA). Amplicon sizes were confirmed
using RT-PCR, as previously described (36). Each sample was
tested in triplicate, and relative gene expression was deter-
mined using the 2���CT method (37). Primers to amplify the
following transcripts are as follows: �-actin forward primer,
5�-CCATCATGAAGTGTGACGTTG, and reverse primer,
5�-CAATGATCTTGATCTTCATGGTG (150 bp); ANG1 for-
ward primer, 5�-GATCTTACACGGTGCCGATT, and reverse
primer, 5�-TTAGATTGGAAGGGCCACAG (118 bp); ANG2
forward primer, 5�-TCCAAGAGCTCGGTTGCTAT, and
reverse primer, 5�-AGTTGGGGAAGGTCAGTGTG (114 bp);
Tie2 forward primer, 5�-AAGCATGCCCATCTGGTTAC,
and reverse primer, 5�-GCCTGCCTTCTTTCTCACAC (138
bp); bone morphogenetic protein 2 (Bmp2) forward primer,
5�- GTCGAAGCTCTCCCACTGAC, and reverse primer
5�-CAGGAAGCTTTGGGAAACAG (150 bp); Bmp4 forward
primer, 5�-CGTTACCTCAAGGGAGTGGA, and reverse
primer, 5�-ATGCTTGGGACTACGTTTGG (116 bp); �-III
tubulin forward primer, 5�-TGAGGCCTCCTCTCACAAGT,
and reverse primer, 5�-GGCCTGAATAGGTGTCCAAA (105
bp); Bmp type I receptor B (Bmpr1b), forward primer,
5�-AGCGCTATATGCCTCCAGAA, and reverse primer,
5�-CTCCTTGCAATCTCCCAGAG (114 bp); Smad5 forward
primer, 5�-CTCCAGCTCCTCCATAGCAC, and reverse
primer, 5�-ATTGTTGGGCTGGAAACAAG (109 bp).
Microarray Hybridization—The Oligo arrays (SABio-

sciences, Frederick, MD) were used, and hybridization pro-
cedures were performed as described by the manufacturer.
The biotin dUTP-labeled cDNA probes were specifically
generated in the presence of a designed set of gene-specific
primers using total RNA and reverse transcriptase. The array
filters were hybridized with biotin-labeled probes at 60 °C
for 17 h. The filters were then washed twice with 2� saline
sodium citrate buffer, 1% sodium dodecyl sulfate and twice
with 0.1� saline sodium citrate ,1% sodium dodecyl sulfate
at 60 °C for 15 min each. Chemiluminescent detection steps
were performed by subsequent incubation of the filters with
alkaline phosphatase-conjugated streptavidin and CDPStar
substrate (SABiosciences).
For quantification, intensity of spots wasmeasured byGEArray

Expression Analysis Suite software, and then the average inten-
sities derived from blank spots were subtracted. Four random
pictures from the bottom of each insert were acquired. These
relative intensities were used to compare gene expression levels
between control and ANG2 treatment groups.
Chromatin Immunoprecipitation Assay (ChIP)—A ChIP

assay was performed using the ChIP kit (Upstate, Charlottes-
ville, VA). SVZ cells were cross-linked with 1% formaldehyde
and sonicated to an average length of 200–500 bp. The chro-
matin solutions were precleared with the addition of Protein G
beads for 2 h at 4 °C. The precleared chromatinswere incubated
with C/EBP� antibody (2 �g, Santa Cruz Biotechnology, Inc.
Santa Cruz, CA), normal IgG serum, or no antibody as a nega-
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tive control overnight. The antibody/chromatin mixtures were
precipitated with Protein G beads, and the beads were sequen-
tially washed with ChIP wash buffer. Cross-linking was
reversed by adding 4 �l of 5 M NaCl and incubating at 65 °C
overnight. DNAs were purified by phenol/chloroform extrac-
tion and ethanol precipitation. The real-time PCR primers: for-
ward primer, 5�-GCACCTGGGGTGAACTAAGA, and
reverse primer, 5�-CCAAGGAGGAGGACAAAGAA (127
bp), were used to amplify the �-III tubulin promoter region
flanking theC/EBP� binding. Binding activities were calculated
as the percentage of pre-immunoprecipitated input DNA.
In Situ Zymography—In situ gelatinolytic activity was per-

formed on a single SVZ neurosphere using an 8-well chamber
and DQ gelatin as a substrate (Molecular Probes, Eugene, OR)
(38, 39). DQ-gelatin was dissolved in a concentration of 1
mg/ml in water and then 1:10 diluted in 1% (w/v) low gelling
temperature-agarose (Sigma) in phosphate-buffered saline.
The mixture was put on top of the cells and covered with a
coverslip. After gelling of the agar at 4 °C, the incubation was
performed for 1 h at room temperature.
Cleavage of DQ gelatin byMMPs resulted in a green fluores-

cent product (wavelengths: excitation, 495 nm; emission, 515
nm). Some SVZ neurospheres were incubated with GM601, a
nonspecific inhibitor of MMP activity. Images were taken
under a 63� objective of 2-photon laser confocal microscope
(Carl Zeiss Inc.), and fluorescent density was compared in con-
trol and ANG2 treatment groups.
siRNA Electroporation in Vitro—siRNA against mouse Tie2

(sequences are provided in supplemental Data I), purchased
from Dharmacon (Chicago, IL, catalog #M-045325-01) and
siGLO (Dharmacon, catalog #D-001630-02), was used as the
negative control. siRNAs were introduced into cells using a
NucleofectorTMkit (Amaxa, Germany). Briefly, 200 pmol/well
siRNAs were mixed with 100 �l of Nucleofector solution, and
cell-DNAmixtures were transferred into a cuvette and electro-
porated using program A33. Total RNAs or proteins were
extracted at 24 or 72 h after nucleofection for the following
experiment.
Neurosphere Assay—To examine the effects of ANG2 on

SVZcell proliferation, single cells at a density of 10 cells/�l were
incubated in the growth medium for 7 days, and bromode-
oxyuridine (BrdUrd, 30 �g/ml, Sigma) was added 18 h before
the termination of incubation (34). The percentage of BrdUrd-
positive cells was measured.
To examine the effects of ANG2 on SVZ cell differentiation,

neurospheres were plated directly onto laminin-coated glass
coverslips in Dulbecco’s modified Eagle’s medium/F-12
medium containing 2% fetal bovine serum, which is referred to
as differentiation medium, in the presence of various concen-
trations of recombinant humanANG2 (rhANG2). Every 4 days,
half of the medium was replaced with fresh medium. Incuba-
tion was terminated 10 days after plating, and immunostaining
for neuronal and astrocyte markers was performed for evalua-
tion of cell differentiation.
To assay themigration of ANG2 treated cells, we employed a

Matrigel assay that had been used for measurements of neural
progenitor cell motility (40). Briefly, a single neurosphere was
seeded in the Matrigel of 96-well plates for 48 h. Migration of

cells out of the neurosphere was measured at 0 and 48 h after
seeding.
Immunohistochemistry and Quantification—Single, double,

and triple immunofluorescent staining was performed on brain
coronal sections and cultured cells, as previously described (9,
13, 26, 34, 40). The following primary antibodies were used in
the present study: mouse anti-BrdUrd (1:100; Roche Applied
Science), mouse anti-�-III tubulin (TuJ-1, 1:500; Covance the
Development Services Co.), rabbit anti-glial fibrillary acidic
protein (GFAP, 1:500; Dako Cytomation California Inc.,
Carpinteria, CA), rabbit anti-ANG2 (1:500, Abcam, Cam-
bridge, MA), rabbit anti-ANG1 (1:500, Abcam), anti-mouse
nestin (1:100, Pharmingen, San Jose, CA), goat anti-sox2 (1:100,
Santa Cruz Biotechnology, Inc), goat anti-doublecortin (1:100,
Santa Cruz Biotechnology, Inc). Cultured cells were fixed in 4%
paraformaldehyde for 20 min at room temperature. Nonspe-
cific binding sites were blocked with phosphate-buffered saline
with 1% bovine serum albumin goat serum for 1 h at room
temperature. The cells were then incubated with the primary
antibodies listed above and with CY3 or fluorescein isothiocya-
nate-conjugated secondary antibodies. Nuclei were counter-
stained with 4�,6-diamidino-2-phenylindole (1:10,000, Vector
Laboratories, Burlingame, CA).
Measurements of ANG2 immunoreactive cells were per-

formed on five coronal sections per mouse subjected to 7 days
after MCAo (34). ANG2-positive areas in the ipsilateral SVZ
were digitized under a 20� objective (Olympus BX40) with use
of a 3-CCD color video camera (Sony DXC-970MD) interfaced
with an MCID image analysis system (Imaging Research, St.
Catharines, Ontario, Canada). ANG2 immunoreactive areas
within the SVZ were determined by setting a threshold to dis-
tinguish signals from the background based on the original
images. The data are presented as a percentage of positive
immunoreactive area in the SVZ. For cultured cells, eight fields
per well were randomly selected. The number of BrdUrd-,
TuJ1-, and GFAP-positive cells as well as total 4�,6-diamidino-
2-phenylindole nuclei was counted under a 40� objective
(IX71; Olympus Optical, Tokyo, Japan), and the percentage of
each cell type was determined.
Statistical Analysis—One-way analysis of variance or the

Student-Newman-Keuls test was applied for multiple or two
group comparisons, respectively. To analyze the effect of
GM6001 on gelatinase activity in the absence or the presence of
rhANG2, we designed a method. By assuming a treatment fac-
tor (T), rhANG2 (absence or presence), and a blocker factor (B),
GM6001 (absence or presence) in which each has two levels (0,
1), response variable (changes of fluorescence, yij), and
expected value of yij (�ij), E(yij) � �ij with indexes of rhANG2
treatment (i) and GM6001 (j). We used the complete 2 � 2
factorial design and two-way analysis of variance to analyze the
effect of rhANG2 on MMP signals detected by in situ zymog-
raphy. The analysis began with testing for T by B interaction
using PROC MIXED in SAS with a contract statement, L �
(�11 � �01) � (�10 � �00), followed by evaluating additive or
sub-additive effects of the two factors of treatment and condi-
tion. The sub-additive effects would be identified if L�0 or
(�11 � �01) � (�10 � �00), indicating that the rhANG2 treat-
ment effect is greatly reduced in the presence of GM6001 com-
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pared with the rhANG2 treatment effect in the absence of
GM6001. The data are presented as means � S.D. A value of
p � 0.05 was taken as significant.

RESULTS

Stroke Up-regulates ANG2 Expression in SVZNeural Progen-
itor Cells—To analyze the effects of stroke on ANG expression
in neural progenitor cells, SVZ cells fromnon-ischemicmice or
mice subjected to 7 days after MCAo were isolated using LCM.
Real-time RT-PCR analysis revealed that SVZ cells expressed
ANG2 under non-ischemic conditions (Fig. 1A). However,
mRNA levels of ANG2 significantly increased in SVZ cells iso-
lated frommice 7 days afterMCAo (Fig. 1,A and B). In parallel,
immunostaining analysis revealed that in non-ischemic SVZ,
ependymal cells, and SVZ cells were ANG2-positive (Fig. 1,
C–E). However, MCAo (p � 0.05) significantly increased the
number of ANG2-positive SVZ cells (Fig. C–E). Interestingly,
MCAo did not significantly alter ANG1 mRNA expression in
SVZ cells (1.2 � 0.7 versus 1.1 � 0.6 in non-ischemic SVZ cells,
p� 0.05,n� 5). ANG1 immunoreactive cells were not detected
in non-ischemic and ischemic SVZ cells (data not shown).
SVZ cells consist of a heterogeneous cell population (41). To

identify cellular sources of ANG2, double and triple immuno-
staining was performed on the coronal and sagittal sections
(Fig. 2). We found that ANG2-positive cells in the SVZ 7 days
after MCAo were GFAP (Fig. 2, A1–A3)-, SOX2 (Fig. 2,
B1–B3)-, or nestin (Fig. 2, C1–C3)-positive but doublecortin-
negative (Fig. 2, D1–D3), suggesting that ANG2-expressing
cells are neural progenitor cells but not neuroblasts. In addi-
tion, some ANG2-positive cells were BrdUrd-immunoreactive
(Fig. 2, E1–E3). Triple immunofluorescent staining showed
that a few of the ANG2-positive cells were GFAP- and SOX2-
positive (Fig. 2, F1–F4).Morphologically, theseANG2-, SOX2-,
andGFAP-positive astrocytes exhibited few processes (Fig. 2F),
suggesting that these ANG2-positive astrocytes are stem cell-
like astrocytes (42–45).

ANG2Promotes Neuronal Differentiation of SVZNeural Pro-
genitor Cells—To examine the biological effects of ANG2 on
neural progenitor cells, a neurosphere assay was employed in
which SVZ cells were isolated from the SVZ of adult mice (40).
When they were cultured in the medium containing growth
factors, SVZ cells proliferated and formed spheres (1, 2, 4).
Withdrawing growth factors, SVZ cells differentiated into
Tuj1-positive immature neurons andGFAP-positive astrocytes
(4, 46). Consistent with in vivo data, cultured SVZ cells were
ANG2- and GFAP-positive (Fig. 2,G1–G4) or ANG2- and nes-
tin-positive (Fig. 2, H1–H4).
When SVZ cells were cultured in the growth medium in the

presence of rhANG2 at concentrations of 50 and 200 ng/�l,
rhANG2 did not affect the cell proliferation (81.1 � 12.2 and
80.2 � 7.8% versus 87.2 � 5.3% in the control group, p � 0.05,
n � 3). However, in the differentiation medium rhANG2
increased the number of Tuj1-positive cells (Fig. 3, A–E) and
�-III tubulin transcript (Fig. 3F) in a dose-dependent manner
with a significant increase at a dose of 200 ng/ml (p � 0.05, Fig.
3, E and F). Treatment with rhANG2 did not alter the number
of GFAP-positive cells (56.5 � 11.9%) compared with the con-
trol group (57 � 14.4%, Fig. 3G). To examine whether ANG2
through the Tie2 receptor promotes neuronal differentiation,
SVZ cells were electroporated with siRNA against mouse Tie2.
Real-time RT-PCR analysis revealed that the siRNA suppressed
	70% endogenous Tie2mRNA in SVZ cells comparedwith the
mRNA levels in SVZ cells transfected with control siRNA
(siGLO), indicating high transfection efficiency in adult SVZ
progenitor cells (Fig. 3,H–L). Attenuation of endogenous Tie2
expression in SVZ cells by siRNA against Tie2 significantly
reduced �-III tubulin mRNA levels compared with the levels in
SVZ cells transfected by siGLO (Fig. 3M). Moreover, siRNA
against Tie2 abolished ANG2-increased �-III tubulin mRNA
(Fig. 3M). To verify that down-regulation of �-III tubulin
mRNA is specifically caused by blocking Tie2, SVZ cells were

FIGURE 1. Expression of ANG2 in SVZ neural progenitor cells. RT-PCR analysis revealed mRNA levels of ANG2 in non-ischemic and ischemic SVZ cells, and
�-actin was used as an internal control (A and B). Panels C and D show ANG2-immunoreactive cells in non-ischemic and ischemic SVZ, respectively. Panel C� and
D� show merged images of ANG2 immunoreactive and 4�,6-diamidino-2-phenylindole (DAPI) nuclear staining cells. Panel E shows quantitative data of ANG2-
positive SVZ cells. *, p � 0.05 versus the control group. Bar � 40 �m; LV, lateral ventricle; Str, striatum; CC, corpus callosum.
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transfected by siRNA against lamin
A/C (the sequence is provided in
supplemental Data I, Dharmacon,
catalog #D-001050-01-05), which
does not target Tie2. We found the
attenuation of endogenous lamin
A/C by siRNA (44.7 � 14.5 versus
100 � 10.0% in control, n � 3, p �
0.05) did not affect �-III tubulin
mRNA levels in the presence (100�
17.6 versus 93.0 � 15.7% in control,
n � 3, p � 0.05) or the absence of
rhANG2 (94.7 � 23.9 versus 100 �
7.93% in control, n � 3, p � 0.05),
indicating that the effect of endoge-
nous Tie2 attenuated by siRNA on
�-III tubulin expression is specific.
ANG2 Changes Gene Profiles of

SVZ Neural Progenitor Cells—To
examine signaling changes in SVZ
cells treated with exogenous ANG2,
a signal finder microarray contain-
ing 113 genes was performed.
Treatment of SVZ cells with
rhANG2 up-regulated (above the
ratio 1.5) 23 genes and down-regu-
lated (below the ratio 0.5) 38 genes
(Fig. 4, A and B, and supplemental
Data II). Among the up-regulated
genes, C/EBP� and fibronectin1
transcripts were increased by 4.0-
and 6.9-fold, respectively, com-
pared with the levels in the control
group (Fig. 4, A to D). Using Pro-
moSer software and Transcription
Element Search Software, we found
that there are several C/EBP� bind-
ing sites in the promoter of the �-III
tubulin gene. To examine whether
C/EBP� binds to the �-III tubulin
gene promoter in SVZ progenitor
cells, ChIP was performed. A bind-
ing band was detected on ChIP (Fig.
4E, arrow), and rhANG2 treatment
enhanced the binding of C/EBP� to
the promoter of �-III tubulin gene
(Fig. 4F), suggesting that C/EBP� is
involved in ANG2-promoted neu-
ronal differentiation.
The Bmp/Smad signaling pathway

promotes thegenerationof astrocytes
and antagonizes neurogenesis by the
inhibition of pro-neurogenic activity
of basic helix-loop-helix factors (47–
49). Among down-regulated genes,
two members of Bmp family, Bmp2
and Bmp4, were decreased by 0.35
and 0.5 times, respectively, after
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rhANG2 treatment (supplemental
Data II). Real-time RT-PCR analysis
confirmed that rhANG2 treatment
reduced mRNA levels of Bmp2 and
Bmp4 (Fig. 4, G and H). In addition,
rhANG2decreasedBmptype I recep-
tor B (Bmpr1b) and BMP signaling
effectors, SMAD5 (Fig. 4, I and J).
Thus, down-regulation of the Bmp/
Smad signaling pathway may also
contribute to exogenous ANG2-pro-
moted neuronal differentiation.
ANG2 Enhances SVZ Neural Pro-

genitor Cell Migration—To examine
if ANG2 affects SVZ cell migration, a
single neurosphere migration assay
was employed (12, 40, 50). Incubation
of neurospheres with rhANG2 at 50
and 200 ng/ml for 48 h significantly
increased the migration distance of
cells out of the neurosphere seeded in
a Matrigel with the growth medium
compared with the distance in the
control group (Fig. 5, A–E). Blockage
of the ANG2 receptor, Tie2, with a
neutralizing antibody or attenuation
of endogenous Tie2 mRNA with
siRNAagainstTie2didnot inhibit the
ANG2-increased migration distance
(Fig. 5F). In contrast, a general
MMP inhibitor, GM6001, blocked
rhANG2-increased cell migration
(48.7�7.1�m versus64.5�10.6�m
in rhANG2,n� 12,p� 0.05, Fig. 5F).
In situ zymography analysis revealed
that MMP signals were present in
neurospheres in the absence of
rhANG2- and GM6001-reduced
MMP signals (Fig. 5G). Incubation of
neurospheres with rhANG2 (200
ng/ml) significantly increased MMP
signals in SVZ cells (Fig. 5, H–K),
which was substantially blocked by
GM6001 (Fig. 5, J and K). Statistical
analysis revealed that there was an
interaction between rhANG2 alone
and GM6001 alone groups with esti-
mated L � �1.07 and p � 0.01.
GM6001 blocked MMP signals by
3-fold (p � 0.01, Fig. 5). These data
suggest that MMPs mediate ANG2-
enhanced cell migration.

FIGURE 2. ANG2-positive SVZ cells in vivo and in vitro. Double immunofluorescent staining on coronal brain sections shows that ANG2-positive cells in the
ischemic SVZ were GFAP (A1–A3, arrows)-, SOX2 (B1–B3, arrows)-, or nestin (C1–C3, arrows)-positive but not doublecortin (DCX)-positive (D1–D3, outlined by
dashed lines). Some of ANG2-positive cells were BrdUrd-positive (E1–E3, arrows). Triple immunofluorescent staining showed that a few of ANG2-positive cells
were GFAP- and SOX2-positive (F1–F4, a star). Panels G1 to H4 show that cultured SVZ cells were GFAP (G1–G4, arrows) or nestin positive (H1–H4, arrows). LV �
lateral ventricle. Bar � 20 �m. DAPI, 4�,6-diamidino-2-phenylindole.

FIGURE 3. The effect of ANG2 on neuronal differentiation. Immunofluorescent staining shows Tuj1-positive
cells in various concentrations of rhANG2 (A–D). Panels E–G show quantitative data of the number of Tuj1 (E),
�-III tubulin mRNA levels (F), and GFAP-positive cells (G). Incubation of SVZ neural progenitor cells with rhANG2
increased the number of Tuj1-positive cells in a dose-dependent manner (E). Panels H–J show control siRNA
siGLO linked with CY3 (I and J, red color) was introduced into SVZ cells (H and J) with high electroporation
efficiency (70%). Panel J is a merged image of panels H and I. Real-time RT-PCR analysis demonstrates that
endogenous Tie2 mRNA in SVZ cells was significantly knocked down by siRNA against Tie2 compared with
mock and siGLO control (K and L). Attenuation of endogenous Tie2 by siRNA against Tie2 suppressed �-III
tubulin mRNA levels increased by rhANG2 (200 ng/ml, M). *, p � 0.05 versus the siGLO group; #, p � 0.05 versus
the ANG2
siGLO group. The bar in D and J � 20 �m.
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DISCUSSION

Stroke increases neurogenesis and inducesmigration of neu-
roblasts in the SVZ to the ischemic boundary region in the adult
rodent brain (9–11, 13, 14). The present study shows that
MCAo up-regulates ANG2, a proangiogenic factor, in SVZ
neural progenitor cells. In vitro assays indicate that ANG2 pro-
motes SVZ neural progenitor cell differentiation into neuronal
lineage cells through its receptor Tie2 and that ANG2 enhances
neural progenitor cell motility independent on Tie2 and possi-
bly via activation ofMMPs. Together, these data suggest that in
addition to angiogenesis, ANG2 mediates neurogenesis which

provides additional mechanisms underlying stroke-induced
neurogenesis.
ANG2 deactivates Tie2 and antagonizes the Tie 2 agonist

ANG1 to destabilize established vasculature, allowing new ves-
sel formation to occur in the endothelium (51, 52). However,
the role of ANG2 in the neurogenesis remains unknown. Our
data show that rhANG2promoted adult SVZneural progenitor
cells to differentiate into neuronal lineage cells through its
receptor-Tie2, which was associated with up-regulation of
transcriptional factor C/EBP�. The C/EBP family is composed
of basic leucine zipper DNA-binding proteins (�, �, �, �, �, and

FIGURE 4. The effect of ANG2 on gene expression. Signaling transduction microarray analysis shows a profile in SVZ cells non-treated (A) and treated with
rhANG2 (200 ng/ml, B) for 24 h. Representative microarrays show up-regulated C/EBP� (square, A–C) and fibronectin 1 (circle, A, B, and D) genes in SVZ cells
treated with rhANG2 compared with SVZ cells only. The ChIP assay reveals binding of C/EBP� to the �-III tubulin gene promoter sequence (E, arrows), and ANG2
promoted the binding of C/EBP� (E, arrows, F). Real-time RT-PCR analysis (G–J) confirmed that rhANG2 treatment reduced mRNA levels of Bmp2 (G), Bmp4 (H),
Bmp type I receptor B (I), and BMP signaling effectors, SMAD1 (J). Ab, antibody; BSA, bovine serum albumin.
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�) that recognize a common DNA binding sequence and regu-
late signal transduction to cellular differentiation in numerous
developing neural tissues (53, 54). C/EBP� is involved in neu-
rogenesis by the binding neurogenic basic helix-loop-helix
transcription factor; that is, NeuroD members (55, 56). Our
ChIP results show that incubation of SVZ cells with rhANG2
dramatically increased binding of C/EBP� to the promoter of
the �-III tubulin gene, which is consistent with the observation
that there are several C/EBP� binding sites in a promoter of the

�-III tubulin gene using the Tran-
scription Element Search System
(TESS). Thus, our data suggest that
interaction of ANG2 with the Tie2
receptor in SVZ neural progenitor
cells increases C/EBP� binding to
the promoter of �-III tubulin gene,
which may lead to increased neuro-
nal differentiation. In addition, the
present study showed that ANG2-
promoted neuronal differentia-
tion was associated with down-
regulation of BMP family gene
expression. BMPs are a family of
cytokines belonging to the trans-
forming growth factor-� super-
family (57). BMP2 and BMP4 pro-
mote gliogenesis and antagonize
neurogenesis to maintain the stem
cell phenotype (4, 58). Thus, in addi-
tion to C/EBP�, down-regulation of
BMP-SMAD genes could contrib-
ute to ANG2-enhanced neuronal
differentiation. The present study
also indicates that the endogenous
ANG2/Tie2 pathway mediates
neuronal differentiation because
attenuation of endogenous Tie2
by siRNA reduced �-III tubulin
expression.
After stroke, neuroblasts in the

SVZ migrate toward the ischemic
boundary regions of the striatum.
Chemokines, such as stromal-de-
rived factor 1� and its receptor
CXCR4, regulate neuroblast motil-
ity after stroke (50, 59, 60). Our
data demonstrate that rhANG2
enhanced cultured neural progeni-
tor cell migration, and knockdown
of Tie2 with siRNA in the neural
progenitor cells did not block
ANG2-enhanced migration. These
data suggest that ANG2 mediates
motility of neural progenitor cells,
which is independent of its receptor
Tie2. Although ANG2 regulates
angiogenesis through interaction
with Tie2 receptor, emerging stud-

ies on cancer cells and fibroblasts show that the highly con-
served COOH-terminal fibrinogen-like receptor binding
domain of ANG2 has a functional association with the integrin
receptors, and ANG2 activates integrin signaling and stimu-
lates cell adhesion in Tie2 knock-out cells (18, 61–64). ANG2
induced glioma cell invasion by stimulating MMP2 expression
through the �V�1integrin, but not the Tie2 receptor (17). We
and others have shown that activation of MMP2 andMMP9 in
SVZ cells mediates neuroblast migration under physiological

FIGURE 5. The effect of rhANG2 on SVZ cell migration. Micrographs (A–D) show cell migration out of neuro-
spheres seeded in Matrigel with various concentrations of rhANG2 during a 48-h period. Panel E shows quan-
titative data of migration distance 48 h after rhANG2 treatment. Blockage of Tie2 with a neutralized antibody
against Tie2 or siRNA-Tie2 did not suppress ANG2-enhanced cell migration (F), whereas suppression of MMP
with an MMP inhibitor GM6001 significantly reduced ANG2-enhanced migration (F). In situ gelatinase zymog-
raphy of SVZ neurospheres (G–K) shows that incubation of SVZ neurospheres with rhANG2 significantly
increased MMP activity (white in H and J) compared with the control group (white in G). However, incubation of
neurospheres with rhANG2 in the presence of an MMP inhibitor GM6001 abolished ANG2-increased MMP
activity (white in I and J). *, p � 0.05 versus control group; #, p � 0.05 versus ANG2 group. n � 12 per group. Bar �
50 �m. A box plot (L) displays summary statistics for the distribution of values for control (control), control 

GM6001 (MMP inhibitor), rhANG2 (ANG2), and rhANG2 
 GM6001 (ANG2
MMP inhibitor) groups. The outer
bounds of the box represent the first and third quartiles. The line or circle inside the box represents the median
or mean, respectively. The markers outside the box, referred to as outliers, represent data points that are outside
of the 25th and 75th percentiles.
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and ischemic conditions and that stroke up-regulates integrin
�V expression in SVZ cells (20, 26, 65). The present study
shows that rhANG2 up-regulated fibronectin, a ligand of inte-
grins, and activated MMPs in SVZ cells, whereas blockage of
MMPs suppressed the effect of ANG2 on the cell migration.
Collectively, these data suggest that ANG2 may interact with
integrins to activate MMPs that mediate neural progenitor cell
motility.
SVZ cells are heterogeneous and contain type A to type C

cells (41). In adult rodents, a subset of SVZ GFAP-positive
astrocytes (type B cells) are considered as the origin of neural
stem cells that are derived from radial glia (7, 66). Type B cells
generate transit-amplifying (type C) cells that give rise to neu-
roblasts (typeA cells) and oligodendrocytes (7, 66). Neuroblasts
born in the SVZ niche migrate tangentially through the rostral
migratory stream to the olfactory bulb (2–4). Bipolar and
unipolarGFAP-expressing cells are neural stemcells in the SVZ
of adult rodent, and adult neural stem cells express SOX2 (42,
45). Our triple immunostaining demonstrated that a few of the
ANG2-positive cells in the SVZ were GFAP- and SOX2-posi-
tive, and these cells had few processes. In addition, many
ANG2-positive cells were nestin (one of markers for type C
cells), but not doublecortin (a marker of type A cells)-positive.
Collectively, these data suggest that ANG2 was primarily
derived from types B and C cells but not from type A neuro-
blasts. ANG2 is a secreted protein (67, 68). Therefore, both
autocrine and paracrine ANG2 could play important roles in
mediating neuronal differentiation and neuroblast migration.
Intriguingly, ANG2 was also expressed in ependymal cells, and
MCAo further increased ANG2 expression. Under physiologi-
cal conditions, there is debate about whether ependymal cells
are neural stem cells in the adult SVZ (35, 69). After stroke, we
and others have demonstrated that ependymal cells in the lat-
eral ventricles exhibit neural stem cell characteristics proper-
ties (70, 71). Thus, it is warranted to investigate a role of ANG2
in ependymal cells under normal and ischemic conditions.
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