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CTOPIC EXPRESSION OF DOUBLECORTIN PROTECTS ADULT RAT
ROGENITOR CELLS AND HUMAN GLIOMA CELLS FROM SEVERE

XYGEN AND GLUCOSE DEPRIVATION
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SA

bstract—Doublecortin (DCX) is a microtubule-associated
rotein expressed in migrating neuroblasts. DCX expression

s increased in subventricular zone (SVZ) cells migrating to
he boundary of an ischemic lesion after induction of middle
erebral artery occlusion (MCAO) in adult rats and mice. We
ested the hypothesis that DCX, in addition to being a marker
f migrating neuroblasts, serves to protect neuroblasts from
onditions of stress, such as oxygen and glucose deprivation
OGD). Using gene transfer technology, we overexpressed
CX in rat SVZ and U-87 human glioma cells. The cells re-
ained viable against severe OGD, up to 32 h exhibiting 1%

poptosis compared with 100% apoptosis in control. In addi-
ion, these genetically modified cells upregulated expression
f E-, VE- and N-cadherin, molecules that promote endo-

helial survival signals via the VE-cadherin/vascular endothelial
rowth factor receptor–2/phosphoinositide 3-kinase (PI3-K)/
KT/�-catenin pathway and inactivate the proapoptotic factor
ad. DCX overexpression also significantly increased cell
igration in SVZ tissue explants and U-87 cells and signifi-

antly upregulated microtubule-associated protein-2 (MAP2)
nd nestin protein levels in SVZ and U-87 cells compared with
ild-type control cells. Knocking down DCX expression in
CX overexpressing SVZ and U-87 cells with DCX small in-

erfering RNA (siRNA), confirmed the specificity of DCX on
ell survival against OGD, and the DCX induced upregulation
f E-, VE- and N-cadherin, MAP2 and nestin. In NIH3T3 cells,
CX overexpression had no effect on cell survival against
GD, and indicating that the protective effects of DCX was

estricted to brain cells e.g. SVZ and U-87 cells. Our data
uggest a novel and an important role for DCX as a protective
gent for migrating neuroblasts and tumor cells. © 2006 Pub-
ished by Elsevier Ltd on behalf of IBRO.

ey words: neuroprotection, doublecortin, cadherin, MAP2,
estin, cell migration.

Correspondence to: M. Chopp, Neurology Research, Henry Ford
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rand Boulevard, Detroit, MI 48202, USA. Tel: �1-313-876-3936; fax:
1-313-876-1318.
-mail address: chopp@neuro.hfh.edu (M. Chopp).
bbreviations: CMV, cytomegalovirus; DCX, doublecortin; GFP, green
uorescent protein; hMSC, human marrow stromal cell; MAP2, micro-
ubule-associated protein-2; MCAO, middle cerebral artery occlusion;
TS/PMS, modified tetrazolium/formazan; nestin-GFP, green fluores-

ent protein driven by nestin promoter; nt, nucleotide; OGD, oxygen
nd glucose deprivation; PBS, phosphate buffer saline; P-7, pas-
age-7; P-20, passage-20; siRNA, small interfering RNA; SVZ, sub-
t
entricular zone; T7, seven thymidines; VEGF, vascular endothelial
rowth factor; X-Gal, 5-bromo-4-chloro-3-indolyl P3-D-galactoside.
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any adult stem or progenitor cells do not proliferate in-
efinitely, because of insufficient telomerase activity, te-

omere-independent senescence, cell death due to nonte-
omeric damage, or stress with expression or suppression
f certain genes (Campisi 2005a,b). Doublecortin (DCX) is
n X-linked gene located on Xq22.3-q23. It is evolutionarily
onserved and a microtubule-associated protein that leads
o microtubule organization or stabilization in migrating
euroblasts (Francis et al., 1999; Gleeson et al., 1999).
cute inactivation of DCX in rodents produces significant
igration defects, although DCX knockout mice do not
isplay a major disruption in migration (Bai et al., 2003;
orbo et al., 2002). In transgenic mice, overexpression of
uman Bcl-2 driven by the neuron-specific enolase pro-
oter (NSE-huBcl-2) shows a significant reduction of ap-
ptotic cells in the hippocampal granule cell layer as dem-
nstrated by quantification of progenitor cells using DCX
nd new neurons using bromodeoxyuridine (BrdU)/neuro-
al nuclei antigen (NeuN) double-labeling (Kuhn et al.,
005). Combined treatment with human marrow stromal
ells (hMSC) and a nitric oxide donor, (Z)-1-[N-(2-amino-
thyl)-N-(2-ammonioethyl) aminio] diazen-1-ium-1,2-dio-

ate (DETA/NONOate), increases angiogenesis, neuro-
enesis, DCX immunoreactive cells in the ischemic bound-
ry area and neurological functional recovery after stroke

n rats, subjected to permanent middle cerebral artery
cclusion (MCAO) (Chen et al., 2004). When rats, sub-

ected to MCAO, are treated with hMSC therapy, neuro-
ogical recovery from stroke via induction and co-localiza-
ion of insulin-like growth factor 1 and DCX in ischemic
rain (Zhang et al., 2004b), indicates the involvement of
CX in neuroprotection. Downregulation of DCX expres-
ion in the ischemic boundary and attenuation of functional
ecovery after stroke in eNOS-deficient mice, subjected to
ermanent MCAO (Chen et al., 2005), also suggest that
CX plays a role in neuroprotection after stroke. Despite

he above-noted studies, there is no report regarding the
ossible direct effect of DCX on cerebral neuroblasts.

Given that DCX is highly upregulated in subventricular
one (SVZ) cells after neural injury and stroke, we em-
loyed gene transfer technology and a tissue culture
odel system of SVZ cells subjected to a severe hypoxic

ondition of serum, oxygen, and glucose deprivation
OGD) to test whether DCX plays a role in neuroprotection.
he introduction of DCX small interfering RNA (siRNA) into
CX expressing cells was utilized to knock down DCX
xpression in sequence-specific degradation of the RNA
nd to confirm the specificity of DCX on OGD. We propose

hat DCX confers neuroprotection to SVZ cells as they



m
l
p
a
s
d
c
b

A
t
o
b
H
a
a
a
1

C

H
e
C
D
g
S
a
a
d
t
(
b
u
s

t
T
s
b
s
m
e
t

�

�
D
f
1
i
p
s

C
s

M
e
c
(
K
p
v
i
U
t
c
1
g
3
c
(
p

F
�
Q
A
a

M. Santra et al. / Neuroscience 142 (2006) 739–752740
igrate from the SVZ to the boundary of an ischemic
esion. In order to test the cell specificity of DCX as a
rotective agent, we also transfected the mouse NIH-3T3
nd human U-87 glioma cells with DCX and measured
urvival under an adverse condition of OGD. Our data
emonstrate that OGD-induced apoptosis in both SVZ
ells and in human U-87 glioma was significantly inhibited
y DCX synthesis.

EXPERIMENTAL PROCEDURES

ll experimental procedures have been performed according to
he U.S. National Institutes of Health Guide for the Care and Use
f Laboratory Animals (NIH Publications No. 80-23) and approved
y the Institutional Animal Care and Use Committee of Henry Ford
ealth System. All efforts were made to minimize the number of
nimals used and their suffering. Male Wistar rats (3–4 months of
ge) were used. The right MCAO was performed by placement of
n embolus at the origin of the middle cerebral artery (Zhang et al.,
997).

ell cultures

uman glioblastoma U-87 cells, mouse NIH3T3 and human
mbryonic kidney 293T cells obtained from American Type
ulture Collection (Manassas, VA, USA) were maintained in
ME supplemented with 5% fetal bovine serum (FBS), 2 mM
lutamine, 100 U/ml penicillin and 50 �g/ml streptomycin. The
VZ of the adult male rat and mouse brain was examined under
microscope (Olympus BX40; Olympus Optical, Tokyo, Japan)
nd was surgically resected according to methods previously
escribed (Wang et al., 2004). SVZ cells were dissociated in

he medium containing 20 ng/mL of epidermal growth factor
EGF; R&D system, Minneapolis, MN, USA) and basic fibro-
last growth factor (bFGF). Usually, rat SVZ cells in culture
ndergo senescence and cease proliferation after 15–20 pas-
ages in vitro based on radioactive [14C] thymidine incorpora-

ig. 1. �-Galactosidase staining and nestin expression in SVZ cell
-galactosidase. Western blot analysis of nestin (C) in SVZ (P-7 an
uantitative analysis of nestin expression (D) in SVZ (P-7 and P-20) ce

sterisk indicates that there are significant differences between nestin express
re considered significant.
ion assay (Savarese et al., 2005; Pardo and Honegger, 2000).
wo different passages of rat SVZ cells were chosen; a) pas-
age-7, referred to as low (P-7) and proliferating SVZ cells, and
) passage-20 is referred to as long (P-20) and higher passage,
enescent postmitotic cells. P-7 of rat SVZ cells was used for
igration assay, and was infected with lentivirus to study the
xpression of E, VE, N-cadherin, microtubule-associated pro-
ein-2 (MAP2) and nestin.

-Galactosidase staining

-Galactosidase staining was performed according to method of
imri et al. (1995). Briefly, SVZ cells were washed in PBS, fixed

or 3 min in 3% formaldehyde, washed, and incubated at 37 °C for
6 h with fresh solution containing 1 mg of 5-bromo-4-chloro-3-

ndolyl P3-D-galactoside (X-Gal) per ml, 40 mM citric acid/sodium
hosphate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM potas-
ium ferricyanide,150 mM NaCl and 2 mM MgCl2.

onstruction of CMV-expression vector and
table transfection

ouse DCX cDNA driven by CMV promoter was inserted into the
xpression vector pcDNA3.1A to generate stably transfected
lones. Full-length mouse DCX cDNA from pYX-Asc library
ATCC) was digested with restriction endonuclease EcoR I and
pnI and subcloned into pcDNA3.1Myc-His(�)A (Invitrogen Cor-
oration, San Diego, CA, USA). The orientation of the insert was
erified by restriction endonuclease digestion and DNA sequenc-
ng from Applied Genomics Technology Center, Wayne State
niversity, Detroit, MI, USA. U-87 and NIH3T3 cells were stably

ransfected with the DCX expression vector (Fig. 1C). The U-87
ells (106) and mouse NIH3T3 cells (106) were transfected with
0 �g of purified DNA by Lipofectamine™ 2000 Reagent (Invitro-
en) according to the manufacturer’s protocol, and incubated at
7 °C in a humidified incubator for 12–16 h. Stably transfected
ells were isolated and cultured routinely, as previously described
Santra et al., 1995). Five highly DCX expressing clones were
ooled on the basis of real-time PCR data (data not shown). The

-7) cells, (A) and SVZ (P-20) cells (B) are stained with X-Gal for
ells is performed. Migration of nestin and �-actin is marked in left.

ed on relative histogram per �-actin in three independent experiments.
s. SVZ (P
d P-20) c
lls, is bas
ion in SVZ (P-20) cells, relative to SVZ (P-7) cells. Values of P�0.05
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ooled clones were used as DCX synthesizing U-87 and NIH3T3
ells.

onstruction of lentivirus vector and virus infection

ecorin expressing lentivirus vectors with and without green flu-
rescent protein (GFP) expression cassette were digested with
amH I and XbaI and the decorin insert was replaced with DCX
DNA fused to the 3= end of the human cytomegalovirus (CMV)
arly gene promoter/enhancer from pcDNA-3 (Santra et al., in
ress). Briefly, the decorin expressing lentivirus vector has been
ade from decorin expressing vector pcDNA3 (Santra et al.,
995) and lentivirus vector pLV-TH (Wiznerowicz and Trono,
003). Decorin cDNA including CMV promoter that drives decorin
xpression, was excised from decorin expressing vector pcDNA3
y restriction endonuclease digestion with BglII and EcoR I and

igated into lentivirus vector pLV-TH, digested with BamH I and
coR I. Here we removed decorin cDNA only by restriction endo-
uclease digestion with BamH I and XbaI from decorin expressing

entivirus vectors with and without GFP expression cassette and
igated mouse DCX cDNA that was excised from DCX expression
ector pcDNA3 (containing entire DCX cDNA including transcrip-
ion start codon ATG and polyadenyl nucleotides, nt) digested with

ig. 2. DCX expression and proliferation assay in rat SVZ, NIH3T3
uantitative real time PCR shown in top panel A, and DNA bands of P
ormalized to �-actin. Asterisks indicate that there are significant differe
re considered significant. (B) Proliferation assay of cells from Fig. 1A

nits (492 nm) measured by using a modified nonradioactive MTS/PMS assay. (C

entivirus vector, pLV-TH driven by CMV promoter. (D) Constructs of DCX siRN
amH I from 5= end of DCX cDNA (21 nt before ATG) and XbaI
rom pcDNA3 vector. The orientation of the inserts was verified by
estriction endonuclease digestion and DNA sequencing from Ap-
lied Genomics Technology Center. The male adult rat SVZ cells
re low transfection efficient cells. Rat SVZ cells (P-7) were in-
ected with lentivirus carrying the DCX gene and lentivirus-only as
ontrol. All recombinant lentiviruses were produced by transient
ransfection of 293T cells and infected in SVZ cells, according to
he method of Wiznerowicz and Trono (2003). Infection of virus
as monitored by observing GFP expression under a fluorescent

llumination microscope (Olympus IX71/IX51) by infecting the cells
ith GFP containing lentivirus. DCX expression was confirmed by

eal time PCR and Western blot analysis (Fig. 2).

CX siRNA construct

o generate DCX siRNA-1, a 25 nt oligo (oligo 1) corresponding to
t 1–25 of DCX coding region was first attached to the 9-nt spacer
ttcaagaga) which had maximum efficiency to knock down p53
nd CDH1 genes (Brummelkamp et al., 2002) and was followed
y reverse complementary of oligo 1, seven thymidines (T7) as
ermination signal and endonuclease Mlu I sequence. The endo-
uclease ClaI was inserted at the both ends of DCX siRNA-1 to

an glioblastoma U-87 cells. DCX expression is analyzed by semi-
ucts are separated by 1.5% agarose gel in bottom panel A. Data are
X expressing samples relative to NIH3T3 as control. Values of P�0.05
by 5 h OGD. The number of viable cells is equivalent to absorbance
and hum
CR prod
nt in DC
followed
) Constructs of DCX expression vector, pcDNA3.1A, DCX expression
A expression lentivirus vector, pLV-TH driven by H1 RNA promoter.
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enerate streaky ends for ligation into LVTH (Wiznerowicz and
rono, 2003). The following was the sequence of DCX siRNA-1.

5=-CGATATGGATGAACTGGAAGAAGGGGAAAttcaagaga
TTCCCCTTCTTCCAGTTCATCCATTTTTTTACGCGTAT-3=

DCX RNAi-2 was designed from a 25-nt oligo (oligo 2) corre-
ponding to nt 149–163 of DCX coding region. It was separated
y the above mentioned 9-nt spacer sequence (ttcaagaga) from
everse complementary of oligo 2, followed by T7 as termination
ignal and endonuclease Mlu I sequence. The endonucleases
laI were incorporated at the both ends of DCX siRNA-2 like DCX
iRNA-1. Sequence of DCX siRNA-2 was as follows.

5=-CGATGAACAGTGCTCAAGCCAGAGAGAACAttcaagag
TGTTCTCTCTGGCTTGAGCACTGTTTTTTTTACGCGTAT-3=

Sequences for siRNAs were analyzed by BLAST research to
nsure that they did not have significant sequence homology with
ther genes. DCX siRNA-1 and 2 were hybridized with their re-
pective reverse complementary stands to generate double
tands DNA and ligated into pLV-TH digested with ClaI. The
rientation of the inserts was verified by restriction endonuclease
igestion and DNA sequencing from Applied Genomics Technol-
gy Center. The specific function of DCX on OGD was determined
y using DCXsiRNA technology. Two DCXsiRNAs were inserted

nto the lentiviral vector pLV-TH driven by H1 RNA promoter (Fig.
D). Efficiency of two DCXsiRNAs was based on analysis of DCX
nockdown by quantitative real time PCR followed by infection
ith DCX siRNA lentivirus in DCX-transfected NIH3T3 clones.
hese two DCXsiRNAs mixtures were used in all experiments.
mong six DCXsiRNAs constructs, these two successfully
nocked down DCX expression. The other four DCXsiRNAs are
ot shown.

ell treatment and induction of hypoxia

he cells were rinsed twice with serum free and glucose free
edia. The cells were incubated for different times with minimum

olume of serum free and glucose free medium in hypoxia without
xygen in an airtight Plexiglas humidified chamber (Anaerobic
nvironment, Sheldon Manufacturing Inc., Cornelius, OR, USA),
hich was maintained at 37 °C and continuously gassed with a
ixture of 99% N2/1% CO2/0% O2. Cells were placed into this
heldon hypoxia chamber on culture day 4 and remained there for

able 1. Sequences of DNA primers used in semi-quantitative real tim

ene Species Sense

CX Rat/mouse ATGC
CX Rat/mouse CTTTT
CX Human TTGC
CX Human TTTCC
-cadherin Human GCTC
-cadherin Rat CTGA
-cadherin Mouse AACC
-cadherin Human AGGA
-cadherin Rat CATC
-cadherin Mouse CTGG
E-cadherin Human TAATC
E-cadherin Rat CACA
E-cadherin Mouse CTTCA
AP2 Human GAAA
AP2 Rat CAGA
AP2 Mouse GAGA
estin Human GAAG
estin Rat TTAGC
estin Mouse AGAG
–24 h. c
eal-time semi-quantitative PCR, cell proliferation
ssays and TUNEL assay

he cDNA was synthesized by using Superscript III RT from total
NA, according to the manufacturer’s protocol (Invitrogen). All
NA primers used are shown in Table 1. Real time PCR was
erformed in ABI Prism 7700 Sequence Detection System (Ap-
lied Biosystems, Foster City, CA, USA) by using SYBR Green
CR Master Mix (Applied Biosystems) for 2 min at 93 °C, followed
y 28–36 cycles of 7 s at 93 °C, 30 s at 65 °C and 30 s at 70 °C,
s described previously (Zhang et al., 2004b). Dissociation curves
nd agarose gel electrophoresis were used to verify the quality of
he PCR products. Each sample was tested in triplicate using
uantitative RT-PCR. All values were normalized to �-actin. Val-
es obtained from five independent experiments were analyzed
elative to gene expression data using the 2���CT method (Livak
nd Schmittgen, 2001).

The CellTiter 96 Aqueous Non-Radioactive Cell Proliferation
ssay (Promega Corporation, Madison, WI, USA) was used to
etermine the number of viable cells in the proliferative phase,
ccording to the manufacturer’s protocol. This nonradioactive cell
roliferation assay is a colorimetric method based on a modified
etrazolium/formazan (MTS/PMS) assay (Santra et al., 1995). In
his method, the amount of formazan product is time-dependent
nd proportional to the number of viable cells. TUNEL stains
Santra et al., in press) were performed by using the ApopTag Red
its containing Digoxigenin/rhodamine conjugated anti-digoxige-
in system (Intergen Company, Purchase, NY, USA), according to
he manufacturer’s protocol. Small DNA fragments diffused from
he nucleus of the cells. TUNEL staining was confined to the
ucleus or what appeared to be diffuse nuclear debris.

ell migration assay

SVZ tissue explant. Adult male Wistar rats were subjected
o the right MCAO, as previously reported (Zhang et al., 1997).
he MCAO rats were killed after 2 weeks. The SVZ tissues were

solated from MCAO adult rats as previously described (Chen et
l., 2005), cut into very small pieces and plated on Matrigel (BD
iosciences, San Jose, CA, USA) containing either 109 DCX

entivirus or DCX siRNA lentivirus or lentivirus particles/ml as

Anti-sense

CCCTCCATTC ATGCCACCAAGTTGTCATCA
GCAGAAGGG CAAATGTTCTGGGAGGCACT

TAATTTTGCC AAAAGGGGCACTTGTGTTTG
AATCAGCCC AAAGATCTGCTGAGGGGGAT

TCCTTGCACC CTTGAGCCCAGGAGTTTGAG
TGGTGTGGGT CTGGGTTAATCTCCAGCCAA
TTCTGGCTGG TTAAATCGGCCAGCATTTTC
CCATACACCA TGGTTTGACCACGGTGACTA
AATCAAGTGG CATACGTCCCAGGCTTTGAT
TGTGATGACG TGATGATGTCCCCAGTCTCA

AACACGGCCA GGCATCCCATTGTCTGAGAT
GGCAGCTGGA CTGCCATGCTGCTTATGAAA
CCAGAAAACC ATTCGGAAGAATTGGCCTCT
GCAAAGGCAC CCCTGTATGGGAATCCATTG
CACCAGCCCT TGAGTGAGGCTGATGTCCAG
CTTCCCTCCC GTGTGGAGGTGCCACTTTTT
TGGGAAAGGG TCTCCACCGTATCTTCCCAC

ACCTCAACCC TACCAGTTCCCAGATTTGCC
GTGCTTGAGA TCCTCTGCGTCTTCAAACCT
e PCR

AGTTGT
GGTTCA

CCTGTC
AGATTC

AAGCTA
GGACTT
AATGTT
TCAACC
AATGGC
GACGTA
ACGAT

GTAGAT
AGCTG

GACGAA
ACATAC
AACGTT
AGAACC
CACAA
ontrol in 24 wells with neural basal-A medium containing 2% B27
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upplement (Invitrogen) (Leventhal et al., 1999) and respective
irus at the same concentration as in Matrigel. The average linear
istance and the total area of cell migration from the explant
ulture edge were captured using a 10� objective (BX40; Olym-
us Optical) via the MCID computer imaging analysis system and
easured at day 3 using the MCID software. The average of the
0 longest migration distances and the area encompassing
igration were assessed in each explant culture. To examine

he effect of DCX on SVZ cell migration, SVZ tissues from
ormal rat and rats subjected to MCAO were infected with

entivirus carrying DCX gene and empty lentivirus as control. In
rder to knock down endogenous DCX expression, DCX-in-
ected SVZ tissues were treated with DCXsiRNA lentivirus.

Quantitative scrape migration for U-87. U-87 control and
CX-transfected cells were grown to complete confluence on a
ix-well plate. The scrapes were made by scratching with sterile
00 microliter pipette tip. Two hundred-microliter pipette tip
crapes correlate to a width 200�height 448 pixel areas. Such
reas were selected from time 0 and 3 h pictures. Images were

nverted, thresholded to eliminate background, and converted to
inary (black and white) form, and an integrated density measure-
ent was performed based on histogram. In essence, this method
llowed the quantification of the amount of bright white refraction
hat accompanies the perimeter of each cell within the scrape
rea. Time 0 numbers were subtracted from 3 h calculations to
rovide a net migration into the wound. From three to six scrapes
er treatment group were analyzed for each experiment. Five
xperiments were analyzed for quantification.

mmunohistochemistry and Western blot analysis

or immunohistochemistry, rat SVZ cells (P-7) were dissociated
nd plated on poly-L-ornithine/laminin-coated 96-well plates at a
ensity of 10,000 cells/well. The 50,000 U-87 cells were seeded in
ight-well chamber slides (Laboratory-Tek, Nunc, Inc., Naperville,
L, USA). After 2 days, SVZ and U-87 cells were washed with
hosphate buffer saline (PBS) and fixed with 4% paraformalde-
yde for 10 min on ice. Then cells were washed with PBS (4 °C)
nd stored at 4 °C. After permeabilization on ice using 0.1% Triton
-100 (Sigma-Aldrich) in PBS, cells were incubated with blocking
olution (1% BSA in PBS) at room temperature for 1 h. Mouse
onoclonal antibodies for VE- and N-cadherin (1:1000; Santa
ruz Biotechnology, Santa Cruz, CA, USA), for E-cadherin (1:
000; Transduction Laboratories Lexington, KY, USA), for MAP2
1:1000; Chemicon International Inc., Temecula, CA, USA) and for
estin (1:1000; BD Pharmingen, San Diego, CA, USA) were in-
ubated overnight at 4 °C. Cells were then washed with 0.1% BSA
n PBS and incubated for 1 h with the anti-mouse secondary
ntibodies conjugated with fluorescein isothiocyanate (FITC) at
oom temperature. The cells were examined under a fluorescent
llumination microscope (Olympus IX71/IX51) in five independent
xperiments. For Western blot analysis, cells were incubated in
erum-free medium for 1.5 h, rinsed twice with PBS and harvested
n ice-cold lysis buffer containing 50 mM Hepes pH 7.4, 1% Triton
-100, 10% glycerol, 150 mM NaCl, 2 mM EDTA, 10 mM NaF,
mM Na3VO4, 10 mg/ml leupeptin, 10 mg/ml aprotinin and 1 mM
MSF. Proteins (typically 40 �g) were directly subjected to SDS-
AGE, separated by SDS 10% PAGE, transferred onto nitrocel-

ulose membranes, and blocked with 5% BSA for 18 h, and
nalyzed by immunoblotting with the indicated specific antibodies
sing the ECL detection system (Santra et al., 1995) in five

ndependent experiments. Proteins were transferred onto a nitro-
ellulose membrane and incubated with goat anti-serum for DCX
1:1000; Santa Cruz Biotechnology) as primary antibody, and
onkey anti-goat horseradish peroxidase antibody (Jackson Im-
unoResearch Laboratories, West Grove, PA, USA) as second-
ry antibody. Mouse monoclonal antibodies (1:1000) for E, VE-

nd N-cadherin, MAP2, nestin and (�-actin, Santa Cruz Biotech- m
ology) were used as primary antibody, and anti-mouse horse-
adish peroxidase antibody (1:10,000; Jackson ImmunoResearch
aboratories) as secondary antibody.

tatistical analysis

ne-way analysis of variance (ANOVA) followed by Student-New-
an-Keuls test was used. The values were the mean of 5 to 10

ndependent experiments for real-time PCR data and three inde-
endent experiments for Western blot analysis. The data are
resented as mean�S.D. Values of P�0.05 are considered sig-
ificant.

RESULTS

CX expression in SVZ cells

proliferation assay for mouse SVZ cells, using a MTS/
MS assay (Santra et al., 1995), demonstrated that the
ells did not become senescent and continued to prolifer-
te even after 60 passages (data not shown), as also
eported by others (Pardo and Honegger, 2000; Reynolds
t al., 1992). Thus, unlike mouse SVZ cells that proliferate

ndefinitely (Pardo and Honegger, 2000; Reynolds et al.,
992), in our laboratory adult rat SVZ cells in culture typ-

cally undergo replicative postmitotic senescence after
5–20 passages, which is in agreement with results of
ther studies (Savarese et al., 2005; Pardo and Honegger,
000). Senescence-associated �-galactosidase staining
as performed to confirm the senescence-associated rat
VZ cells after P-20 (Fig. 1A and B). The SVZ (P-7) cells
ere not stained with X-Gal (Fig. 1A) indicating that these
ells did not express �-galactosidase and were dividing
ells. In contrast, higher passage (P-20) SVZ cells were
enescence-associated �-galactosidase positive, because
hey contained senescent SVZ cells as well as many post-
roliferative astrocytes, which could abundantly express
enescence-associated �-galactosidase (Evans et al.,
003). We examined the expression of nestin as a marker
or migrating immature neuroblasts (Feuer et al., 2005;
lass et al., 2005), in SVZ cells. SVZ (P-7) cells main-

ained linear expression of nestin based on protein loading
s shown in �-actin expression (Fig. 1C). In contrast, SVZ
P-20) cells were almost nestin negative and there was no
inearity on nestin expression (Fig. 1C). Quantitative anal-
sis of nestin expression showed that level of nestin in SVZ
P-7) cells was approximately ninefold higher than that in
VZ (P-20) cells (Fig. 1D). These data indicate that the
roliferating SVZ (P-7) cells express nestin spontaneously.
n contrast, nestin expression was almost undetectable in
enescent postmitotic SVZ (P-20) cells.

To test cell survival and DCX expression, we com-
ared low passage neural precursors SVZ (P-7) cells with
igher passage, senescent postmitotic SVZ (P-20) cells
rom adult male rats. These cells were subjected to OGD.
VZ cells from adult male rats subjected to MCAO showed
ery high DCX mRNA expression based on real time PCR
ompared with normal proliferating SVZ cells (P-7) (Fig.
A). In contrast, there was no DCX expression in both
ormal and ischemic senescent postmitotic SVZ (P-20)
Fig. 2A). The human glioblastoma cell line U-87 and

ouse NIH3T3 were also used to determine the cell spec-
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ficity of DCX expression. There was no detectable DCX
xpression in U-87 cells and NIH3T3 cells. These data
uggest that DCX is an unstable hypoxic inducible gene. In
rder to examine the involvement of DCX in hypoxia, an
GD tissue culture model system was employed. The
enescent postmitotic rat SVZ cells (P-20) both from nor-
al rats and rats subjected to MCAO, became vulnerable
nd sensitive to OGD (Fig. 2B). Low passage neural pre-
ursors SVZ (P-7) cells with higher passage, senescent
ostmitotic SVZ (P-20) cells were subjected to OGD from
to 4 h and cell viability was measured using a MTS/PMS
ssay (Santra et al., 1995). Proliferating rat SVZ cells (P-7)

rom ischemic rat survived for 4 h after OGD (Fig. 2B).
ormal proliferating rat SVZ cells (P-7) remained viable
nly after 2 h OGD. In contrast, both normal and ischemic
enescent postmitotic rat SVZ cells (P-20) did not survive
or 1 h. These data suggest that DCX expression may
ontribute to the survival of SVZ cells under OGD condi-
ion. To further test the effect of DCX on SVZ cells sub-
ected to OGD, gene transfer technology was employed.

e novo DCX expression

ctopic DCX expression was analyzed by real time PCR
Fig. 3A) at the mRNA level and by Western blot immuno-
etection technique at the protein level (Fig. 3B). The high
CX expressing clones were isolated on the basis of real

ime PCR. Five high DCX expressing clones were pooled
nd expressed DCX at the mRNA (Fig. 3A) and protein

evels (Fig. 3B). These pooled clones were used in all
xperiments. When DCX overexpressing SVZ, U-87 and
IH3T3 were infected with the pooled DCX siRNA lentivi-

ig. 3. Ectopic DCX expression in rat SVZ (P-7), human glioblasto
uantitative real time PCR shown in the top panel A and DNA bands
re normalized to �-actin. Asterisks indicate that there are significant d
f P�0.05 are considered significant. (B) An immunoblotting analysis o

y using an anti-DCX antibody and chemiluminescence. Loading of different sa
-actin are marked on the left.
uses 1 and 2 (Fig. 2D), DCX expression was significantly
nocked down both at the mRNA (Fig. 3A) and protein

evels (Fig. 3B). These DCX overexpressing SVZ, U-87
nd NIH3T3 cells were subjected to OGD to determine the
irect effect of DCX on cell survival against OGD.

CX upregulation protects brain cells against
erum, OGD

VZ, U-87 and NIH3T3 cells with and without DCX over-
xpression were incubated in OGD conditions for different
imes. The cell viability was measured by MTS/PMS as-
ays from five individual experiments. The overexpressing
VZ and U-87 cells remained viable against OGD up to
2 h (Fig. 4). In contrast, control cells without ectopic DCX
xpression survived up to 2 h (Fig. 4). When these DCX
verexpressing SVZ and U-87 cells were infected with the
ooled DCX siRNA lentivirus, the cell viability was reduced
ery significantly after 2 h and 4 h of OGD (Fig. 4). These
ata suggest that DCX was directly and specifically in-
olved in protection of SVZ and U-87 cells against OGD.
nterestingly, DCX overexpressing NIH3T3 cells did not
urvive as long as DCX synthesizing SVZ and U-87 cells
id. DCX overexpressing NIH3T3 cells remained viable for
h (Fig. 4). These data demonstrate that DCX protected

rain cells e.g. SVZ and U-87 cells, but not mouse fibro-
last NIH3T3 cells against OGD.

nti-apoptotic effect of DCX

n order to test whether DCX synthesis reduces apoptosis
fter OGD, TUNEL assay was performed. Almost all con-
rol U-87 and SVZ cells (P-7) underwent apoptosis after

, and NIH3T3 cells. The expression of DCX is analyzed by semi-
roducts are separated by 1.5% agarose gel in bottom panel A. Data
s between DCX expressing samples relative to vector control. Values
ll lysates from the different cells as indicated in the bottom of the gels
ma U-87
of PCR p
ifference
f total ce
mples is indicated in the top of the gels. The migrations of DCX and
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GD. In contrast, DCX expressing cells had very faint
uorescent intensity indicating less apoptosis (�1%)
ased on cell count under a fluorescent illumination micro-
cope (Olympus IX71/IX51) in five independent experi-
ents (Fig. 5). These data suggest that DCX synthesizing

ells were resistant to apoptosis after 6 h of OGD. In order
o investigate the specificity of DCX against apoptosis, we
tilized DCX SiRNA lentivirus with GFP expression. DCX
xpressing cells, infected with DCX SiRNA lentivirus con-
aining GFP showed intense yellow fluorescence merged
ith red fluorescence from apoptosis and green fluores-
ence from GFP containing DCX SiRNA lentivirus (Fig. 5).
hese data indicate that only those cells that were infected
ith DCX SiRNA lentivirus and lost DCX expression, un-
erwent apoptosis. These data strongly demonstrate that
CX protected these SVZ and U-87 cells against apopto-
is after 6 h of OGD. Ectopic DCX expression revealed
orphological diversity of the U-87 and SVZ cells, which
ere aggregated after 4 h of severe OGD (Fig. 5).

CX promotes SVZ and U-87 cell migration

VZ cells migrate toward ischemic area and may replace
ead cells after MCAO (Zhang et al., 2001; Arvidsson et
l., 2002; Lichtenwalner and Parent, 2006; Jin et al., 2001,
003; Parent et al., 2002). SVZ tissue explant experiment
hows that DCX lentivirus infection significantly enhanced
VZ cell migration (Fig. 6A, B) in both normal and MCAO
VZ tissues. In contrast, DCXsiRNA infection almost com-
letely blocked SVZ cell migration (Fig. 6A, B). These data

ig. 4. De novo DCX synthesis induces cell survival against OGD in ra
ells is established by using a nonradioactive MTS/PMS assay. The U-8
xpression vector transfected U-87 and NIH3T3 cells as DCX, rat SVZ

nfected with DCX expressing lentivirus as SVZ DCX, the cells infected
ndicate that there are significant differences between DCX expressing
ndicate that DCX was directly involved in SVZ cell migra- p
ion. SVZ cells from the tissue of rats subjected to MCAO
igrated significantly faster than from normal tissue (Fig.
A, B). These data also are consistent with the observation
hat SVZ cells from rats subjected to MCAO expressed
ore DCX than the SVZ cells from normal rat (Fig. 2A, B).
CX, therefore, may facilitate migration of SVZ cells from

he adult rat.
In the quantitative scrape migration assay, DCX-trans-

ected U-87 cells completely occupied the empty space for
h while control cells just started migration (Fig. 6C, D).

reatment with DCXsiRNA significantly reduced migration
y �37% (Fig. 6C, D). These data show that DCX synthe-
is significantly increased cells migration.

ctopic expression of DCX is associated with
arked induction of N-cadherin, E-cadherin

nd VE-cadherin

-, E-, and VE-cadherin are involved in cell migration,
esistance to apoptosis (Li et al., 2001; Carmeliet et al.,
999) and protection against ischemia (Linke et al., 2005).

n order to investigate the neuroprotective mechanism of
CX, using quantitative real time PCR, Western blot anal-
sis and immunohistochemistry we measured the effect of
CX on N-, E-, and VE-cadherin expression in the prolif-
rating stage of cells without OGD. Quantitative real time
CR and Western blot analysis showed that DCX greatly
pregulated E-, VE- and N-cadherin in SVZ and U-87 cells
Fig. 7). For quantitative analysis of E-, VE- and N-cad-
erin, real time PCR data for mRNA and histogram data for

-7) and U-87 cells, but not in NIH3T3 cells. The number of proliferating
H3T3 cells transfected with empty pcDNA-3.1A vector as control, DCX
) infected with empty lentivirus as SVZ control and rat SVZ cells (P-7)

X siRNA as �DCX siRNA are subjected to OGD for 2–32 h. Asterisks
relative to vector control. Values of P�0.05 are considered significant.
t SVZ (P
7 and NI
cells (P-7
rotein were normalized to �-actin. E-, VE- and N-cadherin
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ere upregulated by 2.5- to 5-fold (Fig. 7). DCX siRNA
nfection significantly reduced the level of E-, VE- and
-cadherin in DCX synthesizing cells by 20–40%. These
ata indicate that DCX induced E-, VE- and N-cadherin
pregulation specifically in SVZ (P-7) and U-87 cells. In
ontrast, DCX had no effect on the regulation of E-, VE-
nd N-cadherin in NIH3T3 cells (Fig. 7). These data
trongly suggest that DCX upregulates E-, VE- and N-
adherin specifically in brain cells e.g. SVZ and U-87 cells,
ut not in NIH3T3. In order to localize the E-, VE- and
-cadherin expression and to determine the morphological
hanges mediated by DCX in SVZ and U-87 cells, immu-
ohistochemistry was performed.

mmunohistochemistry of E-, VE- and N-cadherin

he control U-87 and SVZ cells (P-7) maintained their
ild-type morphology (Fig. 8). There was no detectable
uorescence in these corresponding control U-87 and SVZ
ells, immunostained with antibodies against E-, VE- and

ig. 5. De novo DCX expression protects rat SVZ (P-7) and U-87
uorescence. The U-87 cells transfected with empty pcDNA3.1A vecto
at SVZ cells (P-7) infected with empty lentivirus without GFP as SVZ
FP as SVZ�DCX, and the cells infected with DCX siRNA with GFP ex
ells, infected with DCX SiRNA lentivirus containing GFP showed ver
nd green fluorescence from GFP containing DCX SiRNA lentivirus.
poptotic. In contrast, less than 1% of DCX expressing cells are apop
VZ cells which are aggregated, as indicated by asterisks during the
-cadherin (Fig. 8). DCX overexpressing U-87 cells turned f
nto elongated endothelial-like cells (left panel) and DCX
ynthesizing SVZ cells aggregated, as observed in the
hase contrast microscope (Fig. 8). Immunostaining of
CX overexpressing SVZ and U-87 cells with antibodies
gainst E-, VE- and N-cadherin, showed very dense fluo-
escence where the cells were aggregated (Fig. 8). DCX
xpressing SVZ and U-87 cells induced cell aggregation and
phere formation. DCX synthesizing U-87 cells changed their
orphology into an elongated shape. To investigate specif-

cally how DCX acted on E-, VE- and N-cadherin expres-
ion, DCX overexpressing cells were infected with DCX-
iRNA. Immunostaining for E-, VE- and N-cadherin was
lmost completely abrogated (Fig. 8) and the morphology
f DCX expressing U-87 cells returned to the wild-type
hape (Fig. 8).

ffect of DCX on MAP2 and nestin expression

o-expression and regulation of MAP2 with E- and N-
adherin and neural cell adhesion molecule (N-CAM) are

m apoptosis. Cell death was detected by TUNEL staining as red
control, DCX expression vector transfected U-87 cells as U-87�DCX,
nd rat SVZ cells (P-7) infected with DCX expressing lentivirus without
as �DCX siRNA are subjected to 6 h OGD. Note that DCX expressing
nt yellow fluorescence merged with red fluorescence from apoptosis
yellow fluorescence is indicated by arrow; 100% of control cells are
opic DCX expression reveals morphological diversity of the U-87 and
n in severe OGD.
cells fro
r as U-87
control a
pression
y significa
Merging
ound in adult and fetal normal pituitary tissues (Rubinek et
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l., 2003), in primary cell culture, such as hippocampal
rogenitor cells (Amoureux et al., 2000), and even in ter-

ig. 7. Effect of DCX on E-, VE- and N-cadherin expression in NIN3T3,
CX expressing, DCXsiRNA-infected DCX expressing NIH3T3, U-87 c
re indicated on the left. Quantitative real time PCR for mRNA and qua

ig. 6. DCX induces cell migration in SVZ tissue explant and U-87 ce
pper panel (A) and MCAO adult rat as a second row in the upper pan

he upper figure (A). The bottom panel left (B) is quantitative analysis o
omputer imaging analysis system and measured at day 3. The upper r
ells and DCX-transfected U-87 cells infected with DCXsiRNA. The bo
bjective (BX40; Olympus Optical) based on histogram analysis.
xperiments are shown on the top of the gel for corresponding lane. Loading o
re upregulated 2.5- to 5-fold by DCX and are knocked down 60–80% by DC
tocarcinoma cell line, such as mouse P-19 (Hamada-
anazawa et al., 2004). MAP2 is a potent neuroprotective

rat SVZ (P-7) cells. Western blot analysis of the proteins from control,
at SVZ cells (P-7) is shown in the bottom panel. Migrations of proteins
histogram analysis of Western blot for protein from three independent

issue explant migration assay was performed from normal adult rat in
he tissues are marked in the left, and lentivirus infections indicated in
ation by using a 10� objective (BX40; Olympus Optical) via the MCID
l (C) is scrape migration assay for U-87 control, DCX-transfected U-87
el right (D) is a quantitative analysis of cell migration by using a 10�
U-87 and
ells and r
ntitative
lls. SVZ t
el (A). T

f cell migr
ight pane
f the gel is indicated in the bottom. Note that E-, VE- and N-cadherin
XsiRNA.
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andidate against ischemic insult (Krugers et al., 2000;
keda et al., 1999; Yu et al., 2002; Hutter-Paier et al.,
998). Overexpression of N-cadherin upregulates nestin
RNA in P-19 cells (Gao et al., 2001). Nestin is also a
ypoxia inducible gene (Chen et al., 2005; Glass et al.,
005; Yu et al., 2002). Using quantitative real time PCR,
estern blot analysis and immunohistochemistry, we

herefore examined whether DCX induced MAP2 and nes-
in expression after 12 h OGD. The data showed that DCX
verexpression caused MAP2 and nestin expression in
VZ (P-7) and U-87 cells (Figs. 9 and 10). For quantitative
nalysis of MAP2 and nestin, real time PCR data for
RNA and histogram data for protein were normalized to
-actin. MAP2 and nestin were upregulated by two- to

hreefold (Fig. 9). DCX siRNA treatment significantly re-
uced MAP2 and nestin expression in DCX synthesizing
ells by 20–40% (Fig. 9). In contrast, there was no MAP2
nd nestin expression in DCX expressing NIH3T3 cells
Fig. 9). When DCX overexpressing SVZ (P-7) and U-87
ells were treated with DCX siRNA, MAP2 and nestin
xpression was abolished (Figs. 9 and 10). These data
emonstrate that DCX may also protect SVZ and U-87

ig. 8. Immunohistochemistry analysis of E-, VE- and N-cadherin exp
f the cells and antibodies is indicated on the top. DCX transfections,
xpressing U-87 and SVZ cells are very positive with antibodies of E-
ells from OGD by inducing MAP2 and nestin expression. t
DISCUSSION

n tissue culture, when brain cells are exposed to com-
ined hypoxia and hypoglycemia in the presence of the
lucose substitute, 2-deoxyglucose, they survive only for
h (Lyons and Kettenmann, 1998). Brain cells such as

strocytes and oligodendrocytes from rat and mouse also
ould not survive for more than 4 h of OGD (data not
hown). Brain cells such as adult mouse SVZ and U-87
ells completely lose their cell viability after 4 h of OGD
Santra et al., in press). Decorin synthesis protects mouse
VZ cells and U-87 up to 24 h of OGD (Santra et al., in
ress). Here, we demonstrate the DCX overexpressing
VZ and U-87 cells remained viable after 32 h of exposure
f severe OGD. In contrast, control SVZ and U-87 cells
urvived less than 4 h of OGD (Figs. 3, 4). NIH3T3 cells
ere unable to survive for more than 4 h even with over-
xpression of DCX. These data suggest that DCX is a
rain specific gene that protects brain cells e.g. SVZ and
-87, but not mouse fibroblast NIH3T3. Apoptosis anal-
sis showed that DCX protected the majority of SVZ and
-87 cells from apoptosis against OGD. Infection with
CX siRNA induced apoptosis specifically in those cells

rat SVZ (P-7) and U-87 cells with and without DCX synthesis. Name
s, microscopic observations are indicated on the left. Note, that DCX
d N-cadherin.
ression in
hat had lost DCX expression.
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SVZ cells extracted from the adult male rat subjected
o MCAO expressed significantly more DCX than normal
VZ cells. These ischemic SVZ cells migrated faster than
ormal SVZ cells, as shown in the tissue-explant migration
ssay. When DCX was overexpressed, SVZ cells from
ormal as well as rats subjected to MCAO and U-87 cells
igrated faster than the wild-type cells. DCX induced cell
ggregation in SVZ cells and cell enlargement in U-87
ells. Cell aggregation is also reported to be induced by
adherins (Navarro et al., 1998; Li et al., 2001; Charalam-
ous et al., 2005). In our experiment, DCX-mediated E-,
E- and N-cadherins showed dense immunostaining spe-
ifically in a spherical area where the cells aggregated.
reatment with DCX siRNA abrogated their E-, VE- and
-cadherin expression and these cells resembled isolated
nd non-aggregated wild-type cells. These data demon-
trate that DCX-induced E-, VE- and N-cadherin expres-
ion in SVZ and U-87 cells plays a role in the aggregation
f SVZ cells and the enlargement of U-87 cells. Deficiency
r truncation of VE-cadherin induces endothelial cell apo-
tosis associated with downregulation of BclII, and upregu-

ation of the proapoptotic mediator p53 and abolishes
ransmission of the endothelial survival signal via vascular
ndothelial growth factor (VEGF)-A/AKT/phosphoinositide

ig. 9. Effect of DCX on MAP2 and nestin expression in NIN3T3, U-87
istogram analysis of Western blots for protein from control, DCX expre
P-7) of three independent experiments are shown in the upper panel
n the bottom panel. Migrations of proteins are indicated on the left. L
pregulated two- to threefold by DCX and are knocked down with DC
-kinase (PI3-K)/VEGF receptor-2/�-catenin (Carmeliet et a
l., 1999). Thus, VE-cadherin/�-catenin signaling may
ontrol survival of SVZ and U-87 cells from OGD. N-
adherin-mediated cell adhesion activates antiapoptotic
rotein AKT/PKB and subsequently increases �-catenin
nd inactivates the proapoptotic factor Bad in melanoma
ells (Li et al., 2001). Thus, DCX promotes robust survival
f SVZ and U-87 cells against OGD by upregulating E-,
E- and N-cadherin.

MAP2 binds microtubules through specialized microtu-
ule-binding domains and increases microtubule polymer-

zation that is involved in neuronal migration, dendritic
utgrowth and synaptic plasticity. Treatment with metyrap-
ne (Krugers et al., 2000), erythropoietin and cerebrolysin
Yu et al., 2002; Hutter-Paier et al., 1998) induces MAP2
xpression and protects the cells from ischemic damage.
ur data showed that DCX synthesis upregulated MAP2 in
VZ and U-87 cells. Induction of MAP2 by DCX may
rotect cells against OGD. SOX6 transfection induces E-
nd N-cadherin and MAP2 and promotes neuronal differ-
ntiation by stimulating cellular aggregation and cell to cell

nteraction in MAP2-null P19 cells (Hamada-Kanazawa et
l., 2004). In our data, DCX-induced upregulation of MAP2

n SVZ and U-87 cells may be regulated via the SOX6/E-
nd N-cadherin signal pathway. These two MAPs, DCX

VZ (P-7) cells. Quantitative real time PCR for mRNA and quantitative
DCXsiRNA-infected DCX expressing NIH3T3, U-87 and rat SVZ cells

ral panel respectively. Western blot analysis of the proteins is shown
f the gel is indicated in the bottom. Note, that MAP2 and nestin are
by 60–80%.
and rat S
ssing and
and cent
nd MAP2, may also be involved in neuronal migration in
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he same pathway as Tau and MAP1B promote neuronal
igration (Takei et al., 2000), and MAP2 and MAP1B act

ynergistically to increase neuronal migration and dendritic
xtension (Teng et al., 2001). In addition, the absence of
oth MAP2 and MAP1B leads to perinatal lethality, re-
uced dendritic and total subunits of cAMP-dependent
rotein kinase (PKA) in hippocampal tissue and cultured
eurons and reduced activation of cAMP-responsive ele-
ent binding protein (Harada et al., 2002).

N-cadherin overexpressing P-19 cells induce nestin
nd Wnt1 expression (Gao et al., 2001). In our data, in-
uction of nestin in SVZ and U-87 cells by DCX may be
egulated by Wnt1/N-cadherin signal pathway. In a murine
xperimental glioblastoma model, endogenous neural pre-
ursors migrate from the SVZ toward the tumor and sur-
ound it (Zhang et al., 2004c; Glass et al., 2005). When
ed fluorescent protein-labeled murine glioblastoma G261
ells are implanted into the caudate-putamen of transgenic
ice, which express green fluorescent protein driven by
estin promoter (nestin-GFP), 14 days after inoculation,
he tumors were surrounded by the nestin-GFP cells in
everal cell layers, and 10% (DCX) of the nestin-GFP-
ositive cells are in the proximity of the tumor (Glass et al.,
005). DCX and nestin are expressed in the ipsilateral SVZ

ig. 10. Immunohistochemistry analysis of MAP2 and nestin expressi
ells and antibodies is indicated on the top. DCX transfections, inf
xpressing U-87 and SVZ cells are very positive against antibodies o
t 7 day after MCAO (Chen et al., 2005). In our experiment, D
nduction of nestin in DCX overexpressing SVZ cells dem-
nstrates that DCX may be involved in the migration of
eural precursor SVZ cells toward injured area of brain,
uch as tumor and stroke.

SVZ cells from rats subjected to MCAO showed up-
egulation of DCX expression and increased cell migration.
CX treatment induced cell migration in SVZ and U-87
ells. Knocking down endogenous DCX expression by
CXsiRNA abrogated cell migration in SVZ and U-87 cells.
CX, therefore, directly induces migration of SVZ cells

rom the adult rat. The SVZ cells contribute to functional
ecovery after neuronal injury and stroke (Zhang et al.,
001, 2004a,b; Jin et al., 2001). SVZ cells proliferate and
igrate to the injured striatum and replace neurons lost
fter focal ischemia and injury (Zhang et al., 2001, 2004a;
rvidsson et al., 2002; Parent et al., 2002). The majority of

he newly generated striatal neurons die, and only �0.2%
f the fraction of striatal neurons after replacement survive
Arvidsson et al., 2002; Parent et al., 2002; Jin et al., 2003;
hang et al., 2004a). Enhancing the survival of these cells
y DCX overexpression, also may benefit restoration of
eurological function. Increased DCX expression in tumor
ells, may also promote the survival of these cells under
otentially lethal insults, such as OGD. Over-expression of

VZ (P-7) and U-87 cell with and without DCX synthesis. Name of the
icroscopic observations are indicated on the left. Note, that DCX

nd nestin.
on in rat S
CX in glioma cells may resist toxic agents designed to
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estroy them. Thus, the DCX may mediate migration as
ell as protect these migrating cells during their travels

rom the site of production in the SVZ to injured tissue. The
ifferent microenvironments within the brain, particularly
he injured brain, can place migrating neuroblasts at risk
Chen et al., 2005, 2004; Zhang et al., 2004b). Thus, the
xpression of DCX may ensure the survival of these neural
rogenitor cells.
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