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Abstract—Doublecortin (DCX) is a microtubule-associated
protein expressed in migrating neuroblasts. DCX expression
is increased in subventricular zone (SVZ) cells migrating to
the boundary of an ischemic lesion after induction of middle
cerebral artery occlusion (MCAO) in adult rats and mice. We
tested the hypothesis that DCX, in addition to being a marker
of migrating neuroblasts, serves to protect neuroblasts from
conditions of stress, such as oxygen and glucose deprivation
(OGD). Using gene transfer technology, we overexpressed
DCX in rat SVZ and U-87 human glioma cells. The cells re-
mained viable against severe OGD, up to 32 h exhibiting 1%
apoptosis compared with 100% apoptosis in control. In addi-
tion, these genetically modified cells upregulated expression
of E-, VE- and N-cadherin, molecules that promote endo-
thelial survival signals via the VE-cadherin/vascular endothelial
growth factor receptor—2/phosphoinositide 3-kinase (PI3-K)/
AKT/B-catenin pathway and inactivate the proapoptotic factor
Bad. DCX overexpression also significantly increased cell
migration in SVZ tissue explants and U-87 cells and signifi-
cantly upregulated microtubule-associated protein-2 (MAP2)
and nestin protein levels in SVZ and U-87 cells compared with
wild-type control cells. Knocking down DCX expression in
DCX overexpressing SVZ and U-87 cells with DCX small in-
terfering RNA (siRNA), confirmed the specificity of DCX on
cell survival against OGD, and the DCX induced upregulation
of E-, VE- and N-cadherin, MAP2 and nestin. In NIH3T3 cells,
DCX overexpression had no effect on cell survival against
OGD, and indicating that the protective effects of DCX was
restricted to brain cells e.g. SVZ and U-87 cells. Our data
suggest a novel and an important role for DCX as a protective
agent for migrating neuroblasts and tumor cells. © 2006 Pub-
lished by Elsevier Ltd on behalf of IBRO.
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Many adult stem or progenitor cells do not proliferate in-
definitely, because of insufficient telomerase activity, te-
lomere-independent senescence, cell death due to nonte-
lomeric damage, or stress with expression or suppression
of certain genes (Campisi 2005a,b). Doublecortin (DCX) is
an X-linked gene located on Xg22.3-g23. It is evolutionarily
conserved and a microtubule-associated protein that leads
to microtubule organization or stabilization in migrating
neuroblasts (Francis et al., 1999; Gleeson et al., 1999).
Acute inactivation of DCX in rodents produces significant
migration defects, although DCX knockout mice do not
display a major disruption in migration (Bai et al., 2003;
Corbo et al., 2002). In transgenic mice, overexpression of
human Bcl-2 driven by the neuron-specific enolase pro-
moter (NSE-huBcl-2) shows a significant reduction of ap-
optotic cells in the hippocampal granule cell layer as dem-
onstrated by quantification of progenitor cells using DCX
and new neurons using bromodeoxyuridine (BrdU)/neuro-
nal nuclei antigen (NeuN) double-labeling (Kuhn et al.,
2005). Combined treatment with human marrow stromal
cells (hMSC) and a nitric oxide donor, (Z)-1-[N-(2-amino-
ethyl)-N-(2-ammonioethyl) aminio] diazen-1-ium-1,2-dio-
late (DETA/NONOate), increases angiogenesis, neuro-
genesis, DCX immunoreactive cells in the ischemic bound-
ary area and neurological functional recovery after stroke
in rats, subjected to permanent middle cerebral artery
occlusion (MCAOQO) (Chen et al., 2004). When rats, sub-
jected to MCAO, are treated with hMSC therapy, neuro-
logical recovery from stroke via induction and co-localiza-
tion of insulin-like growth factor 1 and DCX in ischemic
brain (Zhang et al., 2004b), indicates the involvement of
DCX in neuroprotection. Downregulation of DCX expres-
sion in the ischemic boundary and attenuation of functional
recovery after stroke in eNOS-deficient mice, subjected to
permanent MCAO (Chen et al., 2005), also suggest that
DCX plays a role in neuroprotection after stroke. Despite
the above-noted studies, there is no report regarding the
possible direct effect of DCX on cerebral neuroblasts.
Given that DCX is highly upregulated in subventricular
zone (SVZ) cells after neural injury and stroke, we em-
ployed gene transfer technology and a tissue culture
model system of SVZ cells subjected to a severe hypoxic
condition of serum, oxygen, and glucose deprivation
(OGD) to test whether DCX plays a role in neuroprotection.
The introduction of DCX small interfering RNA (siRNA) into
DCX expressing cells was utilized to knock down DCX
expression in sequence-specific degradation of the RNA
and to confirm the specificity of DCX on OGD. We propose
that DCX confers neuroprotection to SVZ cells as they
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migrate from the SVZ to the boundary of an ischemic
lesion. In order to test the cell specificity of DCX as a
protective agent, we also transfected the mouse NIH-3T3
and human U-87 glioma cells with DCX and measured
survival under an adverse condition of OGD. Our data
demonstrate that OGD-induced apoptosis in both SVZ
cells and in human U-87 glioma was significantly inhibited
by DCX synthesis.

EXPERIMENTAL PROCEDURES

All experimental procedures have been performed according to
the U.S. National Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No. 80-23) and approved
by the Institutional Animal Care and Use Committee of Henry Ford
Health System. All efforts were made to minimize the number of
animals used and their suffering. Male Wistar rats (3—4 months of
age) were used. The right MCAO was performed by placement of
an embolus at the origin of the middle cerebral artery (Zhang et al.,
1997).

Cell cultures

Human glioblastoma U-87 cells, mouse NIH3T3 and human
embryonic kidney 293T cells obtained from American Type
Culture Collection (Manassas, VA, USA) were maintained in
DME supplemented with 5% fetal bovine serum (FBS), 2 mM
glutamine, 100 U/ml penicillin and 50 ug/ml streptomycin. The
SVZ of the adult male rat and mouse brain was examined under
a microscope (Olympus BX40; Olympus Optical, Tokyo, Japan)
and was surgically resected according to methods previously
described (Wang et al., 2004). SVZ cells were dissociated in
the medium containing 20 ng/mL of epidermal growth factor
(EGF; R&D system, Minneapolis, MN, USA) and basic fibro-
blast growth factor (bFGF). Usually, rat SVZ cells in culture
undergo senescence and cease proliferation after 15-20 pas-
sages in vitro based on radioactive ['*C] thymidine incorpora-
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tion assay (Savarese et al., 2005; Pardo and Honegger, 2000).
Two different passages of rat SVZ cells were chosen; a) pas-
sage-7, referred to as low (P-7) and proliferating SVZ cells, and
b) passage-20 is referred to as long (P-20) and higher passage,
senescent postmitotic cells. P-7 of rat SVZ cells was used for
migration assay, and was infected with lentivirus to study the
expression of E, VE, N-cadherin, microtubule-associated pro-
tein-2 (MAP2) and nestin.

B-Galactosidase staining

B-Galactosidase staining was performed according to method of
Dimri et al. (1995). Briefly, SVZ cells were washed in PBS, fixed
for 3 min in 3% formaldehyde, washed, and incubated at 37 °C for
16 h with fresh solution containing 1 mg of 5-bromo-4-chloro-3-
indolyl P3-p-galactoside (X-Gal) per ml, 40 mM citric acid/sodium
phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM potas-
sium ferricyanide,150 mM NaCl and 2 mM MgCI2.

Construction of CMV-expression vector and
stable transfection

Mouse DCX cDNA driven by CMV promoter was inserted into the
expression vector pcDNA3.1A to generate stably transfected
clones. Full-length mouse DCX cDNA from pYX-Asc library
(ATCC) was digested with restriction endonuclease EcoR | and
Kpnl and subcloned into pcDNA3.1Myc-His(—)A (Invitrogen Cor-
poration, San Diego, CA, USA). The orientation of the insert was
verified by restriction endonuclease digestion and DNA sequenc-
ing from Applied Genomics Technology Center, Wayne State
University, Detroit, MI, USA. U-87 and NIH3T3 cells were stably
transfected with the DCX expression vector (Fig. 1C). The U-87
cells (10°) and mouse NIH3T3 cells (10°) were transfected with
10 pg of purified DNA by Lipofectamine™ 2000 Reagent (Invitro-
gen) according to the manufacturer’'s protocol, and incubated at
37 °C in a humidified incubator for 12—16 h. Stably transfected
cells were isolated and cultured routinely, as previously described
(Santra et al., 1995). Five highly DCX expressing clones were
pooled on the basis of real-time PCR data (data not shown). The
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Fig. 1. B-Galactosidase staining and nestin expression in SVZ cells. SVZ (P-7) cells, (A) and SVZ (P-20) cells (B) are stained with X-Gal for
B-galactosidase. Western blot analysis of nestin (C) in SVZ (P-7 and P-20) cells is performed. Migration of nestin and B-actin is marked in left.
Quantitative analysis of nestin expression (D) in SVZ (P-7 and P-20) cells, is based on relative histogram per B-actin in three independent experiments.
Asterisk indicates that there are significant differences between nestin expression in SVZ (P-20) cells, relative to SVZ (P-7) cells. Values of P<<0.05

are considered significant.
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pooled clones were used as DCX synthesizing U-87 and NIH3T3
cells.

Construction of lentivirus vector and virus infection

Decorin expressing lentivirus vectors with and without green flu-
orescent protein (GFP) expression cassette were digested with
BamH | and Xbal and the decorin insert was replaced with DCX
cDNA fused to the 3’ end of the human cytomegalovirus (CMV)
early gene promoter/enhancer from pcDNA-3 (Santra et al., in
press). Briefly, the decorin expressing lentivirus vector has been
made from decorin expressing vector pcDNA3 (Santra et al.,
1995) and lentivirus vector pLV-TH (Wiznerowicz and Trono,
2003). Decorin cDNA including CMV promoter that drives decorin
expression, was excised from decorin expressing vector pcDNA3
by restriction endonuclease digestion with Bgl/ll and EcoR | and
ligated into lentivirus vector pLV-TH, digested with BamH | and
EcoR I. Here we removed decorin cDNA only by restriction endo-
nuclease digestion with BamH | and Xbal from decorin expressing
lentivirus vectors with and without GFP expression cassette and
ligated mouse DCX cDNA that was excised from DCX expression
vector pcDNA3 (containing entire DCX cDNA including transcrip-
tion start codon ATG and polyadenyl nucleotides, nt) digested with
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BamH | from 5’ end of DCX cDNA (21 nt before ATG) and Xbal
from pcDNAS3 vector. The orientation of the inserts was verified by
restriction endonuclease digestion and DNA sequencing from Ap-
plied Genomics Technology Center. The male adult rat SVZ cells
are low transfection efficient cells. Rat SVZ cells (P-7) were in-
fected with lentivirus carrying the DCX gene and lentivirus-only as
control. All recombinant lentiviruses were produced by transient
transfection of 293T cells and infected in SVZ cells, according to
the method of Wiznerowicz and Trono (2003). Infection of virus
was monitored by observing GFP expression under a fluorescent
illumination microscope (Olympus IX71/1X51) by infecting the cells
with GFP containing lentivirus. DCX expression was confirmed by
real time PCR and Western blot analysis (Fig. 2).

DCX siRNA construct

To generate DCX siRNA-1, a 25 nt oligo (oligo 1) corresponding to
nt 1-25 of DCX coding region was first attached to the 9-nt spacer
(ttcaagaga) which had maximum efficiency to knock down p53
and CDH1 genes (Brummelkamp et al., 2002) and was followed
by reverse complementary of oligo 1, seven thymidines (T7) as
termination signal and endonuclease Mlu | sequence. The endo-
nuclease Clal was inserted at the both ends of DCX siRNA-1 to
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Fig. 2. DCX expression and proliferation assay in rat SVZ, NIH3T3 and human glioblastoma U-87 cells. DCX expression is analyzed by semi-
quantitative real time PCR shown in top panel A, and DNA bands of PCR products are separated by 1.5% agarose gel in bottom panel A. Data are
normalized to B-actin. Asterisks indicate that there are significant different in DCX expressing samples relative to NIH3T3 as control. Values of P<0.05
are considered significant. (B) Proliferation assay of cells from Fig. 1A followed by 5 h OGD. The number of viable cells is equivalent to absorbance
units (492 nm) measured by using a modified nonradioactive MTS/PMS assay. (C) Constructs of DCX expression vector, pcDNA3.1A, DCX expression
lentivirus vector, pLV-TH driven by CMV promoter. (D) Constructs of DCX siRNA expression lentivirus vector, pLV-TH driven by H1 RNA promoter.
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Table 1. Sequences of DNA primers used in semi-quantitative real time PCR

Gene Species Sense Anti-sense

DCX Rat/mouse ATGCAGTTGTCCCTCCATTC ATGCCACCAAGTTGTCATCA
DCX Rat/mouse CTTTTGGTTCAGCAGAAGGG CAAATGTTCTGGGAGGCACT
DCX Human TTGCCCTGTCTAATTTTGCC AAAAGGGGCACTTGTGTTTG
DCX Human TTTCCAGATTCAATCAGCCC AAAGATCTGCTGAGGGGGAT
E-cadherin Human GCTCAAGCTATCCTTGCACC CTTGAGCCCAGGAGTTTGAG
E-cadherin Rat CTGAGGACTTTGGTGTGGGT CTGGGTTAATCTCCAGCCAA
E-cadherin Mouse AACCAATGTTTTCTGGCTGG TTAAATCGGCCAGCATTTTC
N-cadherin Human AGGATCAACCCCATACACCA TGGTTTGACCACGGTGACTA
N-cadherin Rat CATCAATGGCAATCAAGTGG CATACGTCCCAGGCTTTGAT
N-cadherin Mouse CTGGGACGTATGTGATGACG TGATGATGTCCCCAGTCTCA
VE-cadherin Human TAATCACGATAACACGGCCA GGCATCCCATTGTCTGAGAT
VE-cadherin Rat CACAGTAGATGGCAGCTGGA CTGCCATGCTGCTTATGAAA
VE-cadherin Mouse CTTCAAGCTGCCAGAAAACC ATTCGGAAGAATTGGCCTCT
MAP2 Human GAAAGACGAAGCAAAGGCAC CCCTGTATGGGAATCCATTG
MAP2 Rat CAGAACATACCACCAGCCCT TGAGTGAGGCTGATGTCCAG
MAP2 Mouse GAGAAACGTTCTTCCCTCCC GTGTGGAGGTGCCACTTTTT
Nestin Human GAAGAGAACCTGGGAAAGGG TCTCCACCGTATCTTCCCAC
Nestin Rat TTAGCCACAAACCTCAACCC TACCAGTTCCCAGATTTGCC
Nestin Mouse AGAGGACCAGGTGCTTGAGA TCCTCTGCGTCTTCAAACCT

generate streaky ends for ligation into LVTH (Wiznerowicz and
Trono, 2003). The following was the sequence of DCX siRNA-1.
5'-CGATATGGATGAACTGGAAGAAGGGGAAAttcaagaga
TTTCCCCTTCTTCCAGTTCATCCATTTTTTTACGCGTAT-3’
DCX RNAI-2 was designed from a 25-nt oligo (oligo 2) corre-
sponding to nt 149-163 of DCX coding region. It was separated
by the above mentioned 9-nt spacer sequence (ttcaagaga) from
reverse complementary of oligo 2, followed by T7 as termination
signal and endonuclease Mlu | sequence. The endonucleases
Clal were incorporated at the both ends of DCX siRNA-2 like DCX
siRNA-1. Sequence of DCX siRNA-2 was as follows.
5'-CGATGAACAGTGCTCAAGCCAGAGAGAACAttcaagag
aTGTTCTCTCTGGCTTGAGCACTGTTTTTTTTACGCGTAT-3'
Sequences for siRNAs were analyzed by BLAST research to
ensure that they did not have significant sequence homology with
other genes. DCX siRNA-1 and 2 were hybridized with their re-
spective reverse complementary stands to generate double
stands DNA and ligated into pLV-TH digested with Clal. The
orientation of the inserts was verified by restriction endonuclease
digestion and DNA sequencing from Applied Genomics Technol-
ogy Center. The specific function of DCX on OGD was determined
by using DCXsiRNA technology. Two DCXsiRNAs were inserted
into the lentiviral vector pLV-TH driven by H1 RNA promoter (Fig.
1D). Efficiency of two DCXsiRNAs was based on analysis of DCX
knockdown by quantitative real time PCR followed by infection
with DCX siRNA lentivirus in DCX-transfected NIH3T3 clones.
These two DCXsiRNAs mixtures were used in all experiments.
Among six DCXsiRNAs constructs, these two successfully
knocked down DCX expression. The other four DCXsiRNAs are
not shown.

Cell treatment and induction of hypoxia

The cells were rinsed twice with serum free and glucose free
media. The cells were incubated for different times with minimum
volume of serum free and glucose free medium in hypoxia without
oxygen in an airtight Plexiglas humidified chamber (Anaerobic
Environment, Sheldon Manufacturing Inc., Cornelius, OR, USA),
which was maintained at 37 °C and continuously gassed with a
mixture of 99% N,/1% CO,/0% O,. Cells were placed into this
Sheldon hypoxia chamber on culture day 4 and remained there for
4-24 h.

Real-time semi-quantitative PCR, cell proliferation
assays and TUNEL assay

The cDNA was synthesized by using Superscript Ill RT from total
RNA, according to the manufacturer's protocol (Invitrogen). All
DNA primers used are shown in Table 1. Real time PCR was
performed in ABI Prism 7700 Sequence Detection System (Ap-
plied Biosystems, Foster City, CA, USA) by using SYBR Green
PCR Master Mix (Applied Biosystems) for 2 min at 93 °C, followed
by 28-36 cycles of 7 s at 93 °C, 30 s at 65 °C and 30 s at 70 °C,
as described previously (Zhang et al., 2004b). Dissociation curves
and agarose gel electrophoresis were used to verify the quality of
the PCR products. Each sample was tested in triplicate using
quantitative RT-PCR. All values were normalized to B-actin. Val-
ues obtained from five independent experiments were analyzed
relative to gene expression data using the 274¢T method (Livak
and Schmittgen, 2001).

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

Cell migration assay

SVZ tissue explant. Adult male Wistar rats were subjected
to the right MCAO, as previously reported (Zhang et al., 1997).
The MCAO rats were killed after 2 weeks. The SVZ tissues were
isolated from MCAO adult rats as previously described (Chen et
al., 2005), cut into very small pieces and plated on Matrigel (BD
Biosciences, San Jose, CA, USA) containing either 10° DCX
lentivirus or DCX siRNA lentivirus or lentivirus particles/ml as
control in 24 wells with neural basal-A medium containing 2% B27
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supplement (Invitrogen) (Leventhal et al., 1999) and respective
virus at the same concentration as in Matrigel. The average linear
distance and the total area of cell migration from the explant
culture edge were captured using a 10X objective (BX40; Olym-
pus Optical) via the MCID computer imaging analysis system and
measured at day 3 using the MCID software. The average of the
10 longest migration distances and the area encompassing
migration were assessed in each explant culture. To examine
the effect of DCX on SVZ cell migration, SVZ tissues from
normal rat and rats subjected to MCAO were infected with
lentivirus carrying DCX gene and empty lentivirus as control. In
order to knock down endogenous DCX expression, DCX-in-
fected SVZ tissues were treated with DCXsiRNA lentivirus.

Quantitative scrape migration for U-87. U-87 control and
DCX-transfected cells were grown to complete confluence on a
six-well plate. The scrapes were made by scratching with sterile
200 microliter pipette tip. Two hundred-microliter pipette tip
scrapes correlate to a width 200xXheight 448 pixel areas. Such
areas were selected from time 0 and 3 h pictures. Images were
inverted, thresholded to eliminate background, and converted to
binary (black and white) form, and an integrated density measure-
ment was performed based on histogram. In essence, this method
allowed the quantification of the amount of bright white refraction
that accompanies the perimeter of each cell within the scrape
area. Time 0 numbers were subtracted from 3 h calculations to
provide a net migration into the wound. From three to six scrapes
per treatment group were analyzed for each experiment. Five
experiments were analyzed for quantification.

Immunohistochemistry and Western blot analysis

For immunohistochemistry, rat SVZ cells (P-7) were dissociated
and plated on poly-L-ornithine/laminin-coated 96-well plates at a
density of 10,000 cells/well. The 50,000 U-87 cells were seeded in
eight-well chamber slides (Laboratory-Tek, Nunc, Inc., Naperville,
IL, USA). After 2 days, SVZ and U-87 cells were washed with
phosphate buffer saline (PBS) and fixed with 4% paraformalde-
hyde for 10 min on ice. Then cells were washed with PBS (4 °C)
and stored at 4 °C. After permeabilization on ice using 0.1% Triton
X-100 (Sigma-Aldrich) in PBS, cells were incubated with blocking
solution (1% BSA in PBS) at room temperature for 1 h. Mouse
monoclonal antibodies for VE- and N-cadherin (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), for E-cadherin (1:
1000; Transduction Laboratories Lexington, KY, USA), for MAP2
(1:1000; Chemicon International Inc., Temecula, CA, USA) and for
nestin (1:1000; BD Pharmingen, San Diego, CA, USA) were in-
cubated overnight at 4 °C. Cells were then washed with 0.1% BSA
in PBS and incubated for 1 h with the anti-mouse secondary
antibodies conjugated with fluorescein isothiocyanate (FITC) at
room temperature. The cells were examined under a fluorescent
illumination microscope (Olympus IX71/1X51) in five independent
experiments. For Western blot analysis, cells were incubated in
serum-free medium for 1.5 h, rinsed twice with PBS and harvested
in ice-cold lysis buffer containing 50 mM Hepes pH 7.4, 1% Triton
X-100, 10% glycerol, 150 mM NaCl, 2 mM EDTA, 10 mM NaF,
1 mM Na3VO4, 10 mg/ml leupeptin, 10 mg/ml aprotinin and 1 mM
PMSF. Proteins (typically 40 ug) were directly subjected to SDS-
PAGE, separated by SDS 10% PAGE, transferred onto nitrocel-
lulose membranes, and blocked with 5% BSA for 18 h, and
analyzed by immunoblotting with the indicated specific antibodies
using the ECL detection system (Santra et al., 1995) in five
independent experiments. Proteins were transferred onto a nitro-
cellulose membrane and incubated with goat anti-serum for DCX
(1:1000; Santa Cruz Biotechnology) as primary antibody, and
donkey anti-goat horseradish peroxidase antibody (Jackson Im-
munoResearch Laboratories, West Grove, PA, USA) as second-
ary antibody. Mouse monoclonal antibodies (1:1000) for E, VE-
and N-cadherin, MAP2, nestin and (B-actin, Santa Cruz Biotech-

nology) were used as primary antibody, and anti-mouse horse-
radish peroxidase antibody (1:10,000; Jackson ImmunoResearch
Laboratories) as secondary antibody.

Statistical analysis

One-way analysis of variance (ANOVA) followed by Student-New-
man-Keuls test was used. The values were the mean of 5 to 10
independent experiments for real-time PCR data and three inde-
pendent experiments for Western blot analysis. The data are
presented as mean=S.D. Values of P<<0.05 are considered sig-
nificant.

RESULTS
DCX expression in SVZ cells

A proliferation assay for mouse SVZ cells, using a MTS/
PMS assay (Santra et al., 1995), demonstrated that the
cells did not become senescent and continued to prolifer-
ate even after 60 passages (data not shown), as also
reported by others (Pardo and Honegger, 2000; Reynolds
et al., 1992). Thus, unlike mouse SVZ cells that proliferate
indefinitely (Pardo and Honegger, 2000; Reynolds et al.,
1992), in our laboratory adult rat SVZ cells in culture typ-
ically undergo replicative postmitotic senescence after
15-20 passages, which is in agreement with results of
other studies (Savarese et al., 2005; Pardo and Honegger,
2000). Senescence-associated B-galactosidase staining
was performed to confirm the senescence-associated rat
SVZ cells after P-20 (Fig. 1A and B). The SVZ (P-7) cells
were not stained with X-Gal (Fig. 1A) indicating that these
cells did not express B-galactosidase and were dividing
cells. In contrast, higher passage (P-20) SVZ cells were
senescence-associated B-galactosidase positive, because
they contained senescent SVZ cells as well as many post-
proliferative astrocytes, which could abundantly express
senescence-associated p-galactosidase (Evans et al,
2003). We examined the expression of nestin as a marker
for migrating immature neuroblasts (Feuer et al., 2005;
Glass et al., 2005), in SVZ cells. SVZ (P-7) cells main-
tained linear expression of nestin based on protein loading
as shown in B-actin expression (Fig. 1C). In contrast, SVZ
(P-20) cells were almost nestin negative and there was no
linearity on nestin expression (Fig. 1C). Quantitative anal-
ysis of nestin expression showed that level of nestin in SVZ
(P-7) cells was approximately ninefold higher than that in
SVZ (P-20) cells (Fig. 1D). These data indicate that the
proliferating SVZ (P-7) cells express nestin spontaneously.
In contrast, nestin expression was almost undetectable in
senescent postmitotic SVZ (P-20) cells.

To test cell survival and DCX expression, we com-
pared low passage neural precursors SVZ (P-7) cells with
higher passage, senescent postmitotic SVZ (P-20) cells
from adult male rats. These cells were subjected to OGD.
SVZ cells from adult male rats subjected to MCAO showed
very high DCX mRNA expression based on real time PCR
compared with normal proliferating SVZ cells (P-7) (Fig.
2A). In contrast, there was no DCX expression in both
normal and ischemic senescent postmitotic SVZ (P-20)
(Fig. 2A). The human glioblastoma cell line U-87 and
mouse NIH3T3 were also used to determine the cell spec-
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ificity of DCX expression. There was no detectable DCX
expression in U-87 cells and NIH3T3 cells. These data
suggest that DCX is an unstable hypoxic inducible gene. In
order to examine the involvement of DCX in hypoxia, an
OGD tissue culture model system was employed. The
senescent postmitotic rat SVZ cells (P-20) both from nor-
mal rats and rats subjected to MCAO, became vulnerable
and sensitive to OGD (Fig. 2B). Low passage neural pre-
cursors SVZ (P-7) cells with higher passage, senescent
postmitotic SVZ (P-20) cells were subjected to OGD from
2 to 4 h and cell viability was measured using a MTS/PMS
assay (Santra et al., 1995). Proliferating rat SVZ cells (P-7)
from ischemic rat survived for 4 h after OGD (Fig. 2B).
Normal proliferating rat SVZ cells (P-7) remained viable
only after 2 h OGD. In contrast, both normal and ischemic
senescent postmitotic rat SVZ cells (P-20) did not survive
for 1 h. These data suggest that DCX expression may
contribute to the survival of SVZ cells under OGD condi-
tion. To further test the effect of DCX on SVZ cells sub-
jected to OGD, gene transfer technology was employed.

De novo DCX expression

Ectopic DCX expression was analyzed by real time PCR
(Fig. 3A) at the mRNA level and by Western blot immuno-
detection technique at the protein level (Fig. 3B). The high
DCX expressing clones were isolated on the basis of real
time PCR. Five high DCX expressing clones were pooled
and expressed DCX at the mRNA (Fig. 3A) and protein
levels (Fig. 3B). These pooled clones were used in all
experiments. When DCX overexpressing SVZ, U-87 and
NIH3T3 were infected with the pooled DCX siRNA lentivi-

ruses 1 and 2 (Fig. 2D), DCX expression was significantly
knocked down both at the mRNA (Fig. 3A) and protein
levels (Fig. 3B). These DCX overexpressing SVZ, U-87
and NIH3T3 cells were subjected to OGD to determine the
direct effect of DCX on cell survival against OGD.

DCX upregulation protects brain cells against
serum, OGD

SVZ, U-87 and NIH3T3 cells with and without DCX over-
expression were incubated in OGD conditions for different
times. The cell viability was measured by MTS/PMS as-
says from five individual experiments. The overexpressing
SVZ and U-87 cells remained viable against OGD up to
32 h (Fig. 4). In contrast, control cells without ectopic DCX
expression survived up to 2 h (Fig. 4). When these DCX
overexpressing SVZ and U-87 cells were infected with the
pooled DCX siRNA lentivirus, the cell viability was reduced
very significantly after 2 h and 4 h of OGD (Fig. 4). These
data suggest that DCX was directly and specifically in-
volved in protection of SVZ and U-87 cells against OGD.
Interestingly, DCX overexpressing NIH3T3 cells did not
survive as long as DCX synthesizing SVZ and U-87 cells
did. DCX overexpressing NIH3T3 cells remained viable for
4 h (Fig. 4). These data demonstrate that DCX protected
brain cells e.g. SVZ and U-87 cells, but not mouse fibro-
blast NIH3T3 cells against OGD.

Anti-apoptotic effect of DCX

In order to test whether DCX synthesis reduces apoptosis
after OGD, TUNEL assay was performed. Almost all con-
trol U-87 and SVZ cells (P-7) underwent apoptosis after
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OGD. In contrast, DCX expressing cells had very faint
fluorescent intensity indicating less apoptosis (~1%)
based on cell count under a fluorescent illumination micro-
scope (Olympus IX71/IX51) in five independent experi-
ments (Fig. 5). These data suggest that DCX synthesizing
cells were resistant to apoptosis after 6 h of OGD. In order
to investigate the specificity of DCX against apoptosis, we
utilized DCX SiRNA lentivirus with GFP expression. DCX
expressing cells, infected with DCX SiRNA lentivirus con-
taining GFP showed intense yellow fluorescence merged
with red fluorescence from apoptosis and green fluores-
cence from GFP containing DCX SiRNA lentivirus (Fig. 5).
These data indicate that only those cells that were infected
with DCX SiRNA lentivirus and lost DCX expression, un-
derwent apoptosis. These data strongly demonstrate that
DCX protected these SVZ and U-87 cells against apopto-
sis after 6 h of OGD. Ectopic DCX expression revealed
morphological diversity of the U-87 and SVZ cells, which
were aggregated after 4 h of severe OGD (Fig. 5).

DCX promotes SVZ and U-87 cell migration

SVZ cells migrate toward ischemic area and may replace
dead cells after MCAO (Zhang et al., 2001; Arvidsson et
al., 2002; Lichtenwalner and Parent, 2006; Jin et al., 2001,
2003; Parent et al., 2002). SVZ tissue explant experiment
shows that DCX lentivirus infection significantly enhanced
SVZ cell migration (Fig. 6A, B) in both normal and MCAO
SVZ tissues. In contrast, DCXsiRNA infection almost com-
pletely blocked SVZ cell migration (Fig. 6A, B). These data
indicate that DCX was directly involved in SVZ cell migra-

tion. SVZ cells from the tissue of rats subjected to MCAO
migrated significantly faster than from normal tissue (Fig.
6A, B). These data also are consistent with the observation
that SVZ cells from rats subjected to MCAO expressed
more DCX than the SVZ cells from normal rat (Fig. 2A, B).
DCX, therefore, may facilitate migration of SVZ cells from
the adult rat.

In the quantitative scrape migration assay, DCX-trans-
fected U-87 cells completely occupied the empty space for
3 h while control cells just started migration (Fig. 6C, D).
Treatment with DCXsiRNA significantly reduced migration
by ~37% (Fig. 6C, D). These data show that DCX synthe-
sis significantly increased cells migration.

Ectopic expression of DCX is associated with
marked induction of N-cadherin, E-cadherin
and VE-cadherin

N-, E-, and VE-cadherin are involved in cell migration,
resistance to apoptosis (Li et al., 2001; Carmeliet et al.,
1999) and protection against ischemia (Linke et al., 2005).
In order to investigate the neuroprotective mechanism of
DCX, using quantitative real time PCR, Western blot anal-
ysis and immunohistochemistry we measured the effect of
DCX on N-, E-, and VE-cadherin expression in the prolif-
erating stage of cells without OGD. Quantitative real time
PCR and Western blot analysis showed that DCX greatly
upregulated E-, VE- and N-cadherin in SVZ and U-87 cells
(Fig. 7). For quantitative analysis of E-, VE- and N-cad-
herin, real time PCR data for mRNA and histogram data for
protein were normalized to B-actin. E-, VE- and N-cadherin
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were upregulated by 2.5- to 5-fold (Fig. 7). DCX siRNA
infection significantly reduced the level of E-, VE- and
N-cadherin in DCX synthesizing cells by 20—40%. These
data indicate that DCX induced E-, VE- and N-cadherin
upregulation specifically in SVZ (P-7) and U-87 cells. In
contrast, DCX had no effect on the regulation of E-, VE-
and N-cadherin in NIH3T3 cells (Fig. 7). These data
strongly suggest that DCX upregulates E-, VE- and N-
cadherin specifically in brain cells e.g. SVZ and U-87 cells,
but not in NIH3T3. In order to localize the E-, VE- and
N-cadherin expression and to determine the morphological
changes mediated by DCX in SVZ and U-87 cells, immu-
nohistochemistry was performed.

Immunohistochemistry of E-, VE- and N-cadherin

The control U-87 and SVZ cells (P-7) maintained their
wild-type morphology (Fig. 8). There was no detectable
fluorescence in these corresponding control U-87 and SVZ
cells, immunostained with antibodies against E-, VE- and
N-cadherin (Fig. 8). DCX overexpressing U-87 cells turned

into elongated endothelial-like cells (left panel) and DCX
synthesizing SVZ cells aggregated, as observed in the
phase contrast microscope (Fig. 8). Immunostaining of
DCX overexpressing SVZ and U-87 cells with antibodies
against E-, VE- and N-cadherin, showed very dense fluo-
rescence where the cells were aggregated (Fig. 8). DCX
expressing SVZ and U-87 cells induced cell aggregation and
sphere formation. DCX synthesizing U-87 cells changed their
morphology into an elongated shape. To investigate specif-
ically how DCX acted on E-, VE- and N-cadherin expres-
sion, DCX overexpressing cells were infected with DCX-
siRNA. Immunostaining for E-, VE- and N-cadherin was
almost completely abrogated (Fig. 8) and the morphology
of DCX expressing U-87 cells returned to the wild-type
shape (Fig. 8).

Effect of DCX on MAP2 and nestin expression

Co-expression and regulation of MAP2 with E- and N-
cadherin and neural cell adhesion molecule (N-CAM) are
found in adult and fetal normal pituitary tissues (Rubinek et
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al., 2003), in primary cell culture, such as hippocampal atocarcinoma cell line, such as mouse P-19 (Hamada-
progenitor cells (Amoureux et al., 2000), and even in ter- Kanazawa et al., 2004). MAP2 is a potent neuroprotective
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candidate against ischemic insult (Krugers et al., 2000;
lkeda et al.,, 1999; Yu et al., 2002; Hutter-Paier et al.,
1998). Overexpression of N-cadherin upregulates nestin
mRNA in P-19 cells (Gao et al., 2001). Nestin is also a
hypoxia inducible gene (Chen et al., 2005; Glass et al.,
2005; Yu et al., 2002). Using quantitative real time PCR,
Western blot analysis and immunohistochemistry, we
therefore examined whether DCX induced MAP2 and nes-
tin expression after 12 h OGD. The data showed that DCX
overexpression caused MAP2 and nestin expression in
SVZ (P-7) and U-87 cells (Figs. 9 and 10). For quantitative
analysis of MAP2 and nestin, real time PCR data for
mRNA and histogram data for protein were normalized to
B-actin. MAP2 and nestin were upregulated by two- to
threefold (Fig. 9). DCX siRNA treatment significantly re-
duced MAP2 and nestin expression in DCX synthesizing
cells by 20—40% (Fig. 9). In contrast, there was no MAP2
and nestin expression in DCX expressing NIH3T3 cells
(Fig. 9). When DCX overexpressing SVZ (P-7) and U-87
cells were treated with DCX siRNA, MAP2 and nestin
expression was abolished (Figs. 9 and 10). These data
demonstrate that DCX may also protect SVZ and U-87
cells from OGD by inducing MAP2 and nestin expression.

DISCUSSION

In tissue culture, when brain cells are exposed to com-
bined hypoxia and hypoglycemia in the presence of the
glucose substitute, 2-deoxyglucose, they survive only for
6 h (Lyons and Kettenmann, 1998). Brain cells such as
astrocytes and oligodendrocytes from rat and mouse also
could not survive for more than 4 h of OGD (data not
shown). Brain cells such as adult mouse SVZ and U-87
cells completely lose their cell viability after 4 h of OGD
(Santra et al., in press). Decorin synthesis protects mouse
SVZ cells and U-87 up to 24 h of OGD (Santra et al., in
press). Here, we demonstrate the DCX overexpressing
SVZ and U-87 cells remained viable after 32 h of exposure
of severe OGD. In contrast, control SVZ and U-87 cells
survived less than 4 h of OGD (Figs. 3, 4). NIH3T3 cells
were unable to survive for more than 4 h even with over-
expression of DCX. These data suggest that DCX is a
brain specific gene that protects brain cells e.g. SVZ and
U-87, but not mouse fibroblast NIH3T3. Apoptosis anal-
ysis showed that DCX protected the majority of SVZ and
U-87 cells from apoptosis against OGD. Infection with
DCX siRNA induced apoptosis specifically in those cells
that had lost DCX expression.
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SVZ cells extracted from the adult male rat subjected
to MCAO expressed significantly more DCX than normal
SVZ cells. These ischemic SVZ cells migrated faster than
normal SVZ cells, as shown in the tissue-explant migration
assay. When DCX was overexpressed, SVZ cells from
normal as well as rats subjected to MCAO and U-87 cells
migrated faster than the wild-type cells. DCX induced cell
aggregation in SVZ cells and cell enlargement in U-87
cells. Cell aggregation is also reported to be induced by
cadherins (Navarro et al., 1998; Li et al., 2001; Charalam-
bous et al., 2005). In our experiment, DCX-mediated E-,
VE- and N-cadherins showed dense immunostaining spe-
cifically in a spherical area where the cells aggregated.
Treatment with DCX siRNA abrogated their E-, VE- and
N-cadherin expression and these cells resembled isolated
and non-aggregated wild-type cells. These data demon-
strate that DCX-induced E-, VE- and N-cadherin expres-
sion in SVZ and U-87 cells plays a role in the aggregation
of SVZ cells and the enlargement of U-87 cells. Deficiency
or truncation of VE-cadherin induces endothelial cell apo-
ptosis associated with downregulation of Bclll, and upregu-
lation of the proapoptotic mediator p53 and abolishes
transmission of the endothelial survival signal via vascular
endothelial growth factor (VEGF)-A/AKT/phosphoinositide
3-kinase (PI3-K)/VEGF receptor-2/B-catenin (Carmeliet et

al.,, 1999). Thus, VE-cadherin/B-catenin signaling may
control survival of SVZ and U-87 cells from OGD. N-
cadherin-mediated cell adhesion activates antiapoptotic
protein AKT/PKB and subsequently increases B-catenin
and inactivates the proapoptotic factor Bad in melanoma
cells (Li et al., 2001). Thus, DCX promotes robust survival
of SVZ and U-87 cells against OGD by upregulating E-,
VE- and N-cadherin.

MAP2 binds microtubules through specialized microtu-
bule-binding domains and increases microtubule polymer-
ization that is involved in neuronal migration, dendritic
outgrowth and synaptic plasticity. Treatment with metyrap-
one (Krugers et al., 2000), erythropoietin and cerebrolysin
(Yu et al., 2002; Hutter-Paier et al., 1998) induces MAP2
expression and protects the cells from ischemic damage.
Our data showed that DCX synthesis upregulated MAP2 in
SVZ and U-87 cells. Induction of MAP2 by DCX may
protect cells against OGD. SOX6 transfection induces E-
and N-cadherin and MAP2 and promotes neuronal differ-
entiation by stimulating cellular aggregation and cell to cell
interaction in MAP2-null P19 cells (Hamada-Kanazawa et
al., 2004). In our data, DCX-induced upregulation of MAP2
in SVZ and U-87 cells may be regulated via the SOX6/E-
and N-cadherin signal pathway. These two MAPs, DCX
and MAP2, may also be involved in neuronal migration in
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the same pathway as Tau and MAP1B promote neuronal
migration (Takei et al., 2000), and MAP2 and MAP1B act
synergistically to increase neuronal migration and dendritic
extension (Teng et al., 2001). In addition, the absence of
both MAP2 and MAP1B leads to perinatal lethality, re-
duced dendritic and total subunits of cAMP-dependent
protein kinase (PKA) in hippocampal tissue and cultured
neurons and reduced activation of cAMP-responsive ele-
ment binding protein (Harada et al., 2002).

N-cadherin overexpressing P-19 cells induce nestin
and Wnt1 expression (Gao et al., 2001). In our data, in-
duction of nestin in SVZ and U-87 cells by DCX may be
regulated by Wnt1/N-cadherin signal pathway. In a murine
experimental glioblastoma model, endogenous neural pre-
cursors migrate from the SVZ toward the tumor and sur-
round it (Zhang et al., 2004c; Glass et al., 2005). When
red fluorescent protein-labeled murine glioblastoma G261
cells are implanted into the caudate-putamen of transgenic
mice, which express green fluorescent protein driven by
nestin promoter (nestin-GFP), 14 days after inoculation,
the tumors were surrounded by the nestin-GFP cells in
several cell layers, and 10% (DCX) of the nestin-GFP-
positive cells are in the proximity of the tumor (Glass et al.,
2005). DCX and nestin are expressed in the ipsilateral SVZ
at 7 day after MCAO (Chen et al., 2005). In our experiment,

induction of nestin in DCX overexpressing SVZ cells dem-
onstrates that DCX may be involved in the migration of
neural precursor SVZ cells toward injured area of brain,
such as tumor and stroke.

SVZ cells from rats subjected to MCAO showed up-
regulation of DCX expression and increased cell migration.
DCX treatment induced cell migration in SVZ and U-87
cells. Knocking down endogenous DCX expression by
DCXsiRNA abrogated cell migration in SVZ and U-87 cells.
DCX, therefore, directly induces migration of SVZ cells
from the adult rat. The SVZ cells contribute to functional
recovery after neuronal injury and stroke (Zhang et al.,
2001, 2004a,b; Jin et al., 2001). SVZ cells proliferate and
migrate to the injured striatum and replace neurons lost
after focal ischemia and injury (Zhang et al., 2001, 2004a;
Arvidsson et al., 2002; Parent et al., 2002). The majority of
the newly generated striatal neurons die, and only ~0.2%
of the fraction of striatal neurons after replacement survive
(Arvidsson et al., 2002; Parent et al., 2002; Jin et al., 2003;
Zhang et al., 2004a). Enhancing the survival of these cells
by DCX overexpression, also may benefit restoration of
neurological function. Increased DCX expression in tumor
cells, may also promote the survival of these cells under
potentially lethal insults, such as OGD. Over-expression of
DCX in glioma cells may resist toxic agents designed to
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destroy them. Thus, the DCX may mediate migration as
well as protect these migrating cells during their travels
from the site of production in the SVZ to injured tissue. The
different microenvironments within the brain, particularly
the injured brain, can place migrating neuroblasts at risk
(Chen et al., 2005, 2004; Zhang et al., 2004b). Thus, the
expression of DCX may ensure the survival of these neural
progenitor cells.
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