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Ischemic stroke induces neurogenesis in the subventricular zone (SVZ), and newly generated neurons in the SVZ migrate toward the
ischemic boundary. However, the characteristics of migrating SVZ cells have not been investigated after stroke. Using time-lapse imaging
in both SVZ cells and organotypic brain slice cultures, we measured the dynamics of SVZ cell division and migration of adult rats
subjected to stroke. In normal brain slices, SVZ cells primarily migrated dorsally and ventrally along the lateral ventricular surface.
However, in stroke brain slices, SVZ cells migrated laterally toward the striatal ischemic boundary. Cultured stroke-derived SVZ cells
exhibited a significant ( p � 0.01) increase in the migration distance (212 � 21 �m) compared with the nonstroke-derived SVZ cells (97 �
12 �m). Migrating stroke-derived SVZ cells spent significantly ( p � 0.01) less time in cytokinesis (0.63 � 0.04 h) compared with the time
(1.09 � 0.09 h) for nonstroke-derived SVZ cells. Newborn cells with a single leading process exhibited fast migration (7.2 � 0.8 �m/h),
and cells with multiple processes showed stationary migration (3.6 � 0.8 �m/h). Stroke SVZ daughter cells further divided during their
migration. The morphology of doublecortin (DCX)-positive cells in fixed brain sections resembled those observed in cultured newborn
cells, and the DCX-positive cells proliferated in the ischemic striatum. Collectively, the present study suggests that stroke promotes
cytokinesis of migrating neuroblasts, and these cells migrate toward the ischemic striatum with distinct migratory behaviors and retain
the capacity for cell division during migration.
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Introduction
In the postnatal rodent subventricular zone (SVZ), neural pro-
genitor cells migrate radially into the overlying white matter and
cortex to give rise to astrocytes and oligodendrocytes (Levison
and Goldman, 1993; Suzuki and Goldman, 2003), whereas
throughout adult life, neural progenitor cells travel the rostral
migratory stream (RMS), as chains through tunnels formed by
astrocytes, to the olfactory bulb where they differentiate into
granule and periglomerular neurons (Doetsch et al., 1997; Luskin
et al., 1997; Garcia-Verdugo et al., 1998). The majority of neural
progenitor cells within the migratory pathway are neuroblasts
expressing doublecortin (DCX) or �-tubulin III (Tuj1). Neuro-
blasts maintain the ability to divide during migration in the RMS
(Menezes et al., 1995; Doetsch et al., 1997; Feng and Walsh,
2001).

Occlusion of the middle cerebral artery (MCA) results in in-
creases in neurogenesis in the SVZ, and neuroblasts in the SVZ

migrate toward the ischemic boundary regions of the striatum
and cerebral cortex, indicating that ischemic stroke redirects the
neural progenitor cell migratory pathway (Arvidsson et al., 2002;
Parent et al., 2002; Jin et al., 2003; Zhang et al., 2004a). When they
reach the ischemic boundary region, migrating neuroblasts ag-
gregate into clusters. Thereafter, neuroblasts in these clusters dis-
perse and these cells differentiate into striatal neurons, suggesting
that new neurons generated by progenitor cells replenish dam-
aged neurons (Lindvall et al., 2004; Zhang et al., 2004a; Ya-
mashita et al., 2006). This process involves the tight coordination
of cell proliferation, cell-cycle exit, initiation of neuronal differ-
entiation, and cell migration.

Studying migratory and proliferative behaviors of neuroblasts
in the stroke brain is important for understanding mechanisms
that regulate stroke-induced neurogenesis. Accordingly, using
time-lapse microscopy, we investigated the migratory behavior
and the proliferative potential of neural progenitor cells in the
SVZ of the adult rat subjected to embolic MCA occlusion. Our in
vitro and in vivo data indicate that neuroblasts in the SVZ migrate
toward the ischemic striatum with distinct migratory behaviors
and retain the capacity for cell division during migration.

Materials and Methods
All experimental procedures have been approved by the Institutional
Animal Care and Use Committee of Henry Ford Hospital (Detroit, MI).
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Animal model of stroke. Male Wistar rats
(3– 4 months of age) were used. The MCA was
occluded by placement of an embolus at the
origin of the MCA (Zhang et al., 1997).

Neurospheres. SVZ cells were harvested from
nonstroke rats and from rats at 7 d after MCA
occlusion (Morshead et al., 1994; Chiasson et
al., 1999; Zhang et al., 2004b). The time point of
7 d after MCA occlusion was selected based on
findings that in this model, stroke-induced
neurogenesis peaked 7 d after MCA occlusion
(Zhang et al., 2001, 2004b). The cells were cul-
tured in medium containing 20 ng/ml basic fi-
broblast growth factor (bFGF) and epidermal
growth factor (EGF; R & D Systems, Minneap-
olis, MN) at a cell density of 10,000 cells/ml.
The generated primary neurospheres were pas-
saged by mechanical dissociation and reseeded
as single cells at a density of 20,000 cells/ml in
bFGF- and EGF-containing medium (passage 1
cells). Passage 1 to passage 3 cells were used in
the present study (Zhang et al., 2004b). A single
neurosphere (�100 �m diameter) was embed-
ded in reduced-growth factor medium con-
taining Matrigel (40 �l; BD Biosciences, Frank-
lin Lakes, NJ), with medium containing bFGF
and EGF for time-lapse microscopic imaging.

Organotypic brain slice culture. To label SVZ
cells, the animal was anesthetized with
1.0 –1.5% halothane and mounted in a Kopf
stereotaxic frame (model 51603; Stoelting,
Wood Dale, IL). DiI (1 �l) was injected into the
lateral ventricle of the right hemisphere over a 2
min period using a 10 �l syringe (25 gauge;
Hamilton, Reno, NV) at the following coordi-
nates, calculated from bregma (in mm): an-
teroposterior, 0.2; mediolateral, 2.5; depth, 5.0
(Paxinos and Watson, 1986). One day after the
injection, nonstroke (n � 3) and 7-d-stroke
rats (n � 3) were killed. The procedure used for
organotypic slice culture assay was based on
published protocols (Miyata et al., 2002).
When removed from the skull, the brain was
immediately immersed in ice-cold HBSS (In-
vitrogen, San Diego, CA) at pH 7.2 for 3 min. A
4-mm-thick coronal brain section between the
level of bregma 2.7 mm and bregma �1.3 mm
was used for organotypic brain slice culture
(Paxinos and Watson, 1986), which includes
the entire territory supplied by the MCA
(Zhang et al., 1997). The coronal sections (300
�m thick) were cut by a vibratome, and brain
slices were placed in a six-well plate with one slice per well. Brain tissue
was kept in ice-cold HBSS during these procedures. The brain slice was
then embedded in a Cellmatrix gel (200 �l, type 1-A; Nitta Gelatin,
Osaka, Japan) and incubated for 1 h with brain slice medium containing
the following: DMEM/F-12, 25 �g/ml insulin, 100 �g/ml APO-
transferrin, 20 nM progesterone, 30 nM sodium selenate, 60 �M pu-
trescine, 10 ng/ml EGF, 10 ng/ml bFGF, 5% horse serum, 5% fetal calf
serum, 1% penicillin–streptomycin, 1% sodium bicarbonate, and 0.33%
HEPES (Miyata et al., 2002). After that, brain slices were ready for time-
lapse microscopic studies.

Time-lapse microscopy. Cultured neurospheres or organotypic brain
slices were incubated in a stage top chamber with 5% CO2 at 37°C (Live-
Cell Control Unit), which was placed on the stage of a Nikon (Tokyo,
Japan) TE2000-U Inverted Microscope equipped with a motorized
z-stage. A 10� objective with 1.5� electronic zoom was used for acquir-
ing images. Bright-field images were acquired for neurospheres, whereas
fluorescent field images were obtained for brain slices with excitation and

emission filters at 546 and 585 nm, respectively, at 0.5 ms exposure times.
A stack of images (30 images with a 5 �m step in z-axes) was acquired at
15 min intervals for a total of 20 h using a CCD camera (CoolSnap, 5000)
and MetaView software (Universal Imaging, West Chester, PA).

Immunohistochemistry. Immunostaining for fixed brain coronal sec-
tions were performed according to a published protocol (Zhang et al.,
2004b). Goat anti-DCX (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA) was used as a marker for migrating neuroblasts, and mouse anti-
bromodeoxyuridine (BrdU) (1:100; Boehringer Mannheim, Indianapo-
lis, IN) was used as an index of proliferating cells. Double-
immunofluorescent images were acquired using Zeiss (Oberkochen,
Germany) laser-scanning confocal microscopy (LSM 510 NLO).

Quantification of SVZ cell motility. Cell migration speed and distances
were analyzed off-line by tracing individual cells at different levels and
times using Universal Imaging MetaMorph software. Subsequently, mi-
gratory values were statistically analyzed across treatment groups.

Statistical analysis. The measurements of migration distance and speed
were presented as mean � SE. Significant differences between stroke and

Figure 1. Time-lapse imaging of DiI-labeled cells in living brain coronal slices. The inset in A indicates coronal slices obtained at the
striatal level of the coronal section. A, B, Arrows indicate migration of the same DiI-labeled SVZ cells over time from a representative
nonstroke (A) or stroke (B) brain slice. DiI-labeled SVZ cells were localized to the SVZ at time 0 (A, B). In a nonstroke-derived brain slice,
labeled cells within the SVZ migrated dorsally and ventrally (A, arrows; C), whereas labeled SVZ cells migrated laterally toward the striatum
in a stroke-derived brain slice (B, arrows; D) during the 24 h experimental period. A line in A or B demarcates the striatal boundary of the
SVZ. C, D, Migration paths of individual SVZ cells measured by tracking lines with different colors in nonstroke and stroke living brain slices,
respectively. Each color in C and D represents one SVZ cell, and data are a summation of three individual observations from nonstroke (n�
3) and stroke (n � 3) rats. CC, Corpus callosum; LV, lateral ventricle.
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nonstroke groups were analyzed using a Student’s t test. The migration
patterns of divided daughter cells were compared using a � 2 test. Statis-
tical significance was detected if p � 0.05.

Results
Ischemic stroke promotes SVZ cell migration and directs SVZ
cell migration toward the ischemic striatum
Ischemic stroke induces SVZ cell migration toward the ischemic
cortex and striatum (Arvidsson et al., 2002; Parent et al., 2002; Jin
et al., 2003; Zhang et al., 2004b). To dynamically examine the
behavior of SVZ cell migration, we performed time-lapse imag-
ing on living brain coronal slices. DiI was injected into the lateral
ventricle to label SVZ cells 1 d before brain slices were obtained.
Migration of DiI-labeled SVZ cells in brain slices was imaged
during a 20 h period. In normal brain slices, SVZ cells primarily

migrated dorsally and ventrally along the lateral ventricular sur-
face and never migrated laterally into the striatum (Fig. 1A,C),
which is consistent with previous studies in neonatal rat SVZ cells
(Suzuki and Goldman, 2003). However, in stroke brain slices,
SVZ cells migrated laterally toward the striatal ischemic bound-
ary region with time (Fig. 1B,D). A few cells migrated away from
the SVZ and later migrated back toward the SVZ (Fig. 1D). Mi-
gration of SVZ cells toward the cortex was not detected in stroke
brain slices (Fig. 1D). To examine whether stroke SVZ cells in-
trinsically increase migration, we seeded a single neurosphere
derived from SVZ cells from adult normal rats or rats subjected to
stroke in Matrigel and measured the migration distance of cells
out of the neurosphere 24 h after incubation. Stroke and non-
stroke SVZ cells radially migrated out of neurospheres during this
24 h period (Fig. 2). Stroke SVZ cells exhibited a significant in-
crease in the migration distance (212 � 21 �m; n � 32 neuro-
spheres derived from 12 rats) compared with the distance for
nonstroke SVZ cells (97 � 12 �m; n � 32 neurospheres derived
from 16 rats) (Fig. 2). Collectively, the brain slice data suggest
that stroke changes the brain microenvironment to direct SVZ
cell migration toward the ischemic region, and stroke also alters
intrinsic SVZ cell migratory behavior, which is independent of
the brain microenvironment.

Migrating SVZ cells divide, and daughter cells have distinct
migratory patterns

To further measure behaviors of SVZ cell
proliferation and migration, we per-
formed time-lapse microscopic imaging
on individual neurospheres seeded in the
Matrigel during a 48 h experimental pe-
riod. Cells migrated out of neurospheres
either as individual cells (Fig. 3A,B) or as
cells guided by processes extending from
neurospheres (Fig. 3E). Individual SVZ
cells migrated out of the neurosphere with
leading and tailing processes (Fig. 3A,B).
A leading process extended from the soma
in the direction of progenitor cell migra-
tion (Fig. 3A,B). Morphology of these
progenitor cells resembled migrating neu-
rons observed in the ventricular zone of
embryonic development (Edmondson
and Hatten, 1987). During migration,
some cells retracted their external pro-
cesses and became round (Fig. 3C). Then,
the rounded cell divided into two daugh-
ter cells (Fig. 3D). The time for a cell to
complete cytokinesis starting from round-

ing was 0.63 � 0.04 h in stroke SVZ cells, which was significantly
( p � 0.01) shorter than the time spent for nonstroke SVZ cell
division (1.09 � 0.09 h). Mitotic spindle rotation before SVZ cell
division was observed (supplemental movie 1, available at
www.jneurosci.org as supplemental material). Two daughter
cells underwent a second division in stroke neurospheres, which
was not detected in nonstroke neurospheres (supplemental
movie 2a,b, available at www.jneurosci.org as supplemental ma-
terial). In nonstroke neurospheres, cell division occurred during
the first 30 h, whereas cell division was observed during the entire
experimental period (48 h) for stroke neurospheres (Fig. 3H).
We observed that two and five cells divided within processes
extended from the nonstroke and stroke neurospheres, respec-
tively (Fig. 3F,G).

Figure 2. Migration of SVZ cells out of neurospheres. A single neurosphere derived from
nonstroke (A, B) or stroke (C, D) SVZ cells was placed in the Matrigel. After 24 h in the Matrigel,
SVZ cells migrated out of the neurosphere (B, D; t � 24 h) compared with cells from time 0 (A,
C; t � 0 h). More SVZ cells migrated out of the stroke-derived neurospheres (D) than the cells
out of the nonstroke-derived neurospheres (B), and stroke-derived SVZ cells exhibited distant
migration (D). Scale bars, 10 �m.

Figure 3. Division of migrating SVZ cells. A, B, An individual cell migrated out of the stroke neurosphere had leading (A, B,
arrows) and tailing processes (B, arrowhead). C, D, This cell became round (C) and then divided into two daughter cells (D). E–G,
A cell (E, arrow) within a process extended from the nonstroke neurosphere divided into two daughter cells (F, G, arrows). H,
Distribution of total dividing cells during a 48 h experimental period, and each point represents a cell division. Scale bars, 10 �m.
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There were three different migratory
behaviors of daughter cells after individual
cell division. In type 1 fast migration, a
daughter cell with a single polar shape mi-
grated rapidly away from the neurosphere
with a speed of 7.07 � 0.78 �m/h in stroke
and 5.53 � 0.42 �m/h in nonstroke SVZ
cells ( p � 0.05), whereas a daughter cell
with a bipolar shape paused for a while
after division and resumed migration
away from the neurosphere with a speed of
4.51 � 0.54 �m/h in stroke and 4.15 �
0.23 �m/h in nonstroke SVZ cells ( p �
0.05) (Fig. 4A,B). In type 2 stationary mi-
gration, after division, both daughter cells
with multiple processes were stationary
and migrated a very short distance with an
average speed of 3.59 � 0.77 and 3.45 �
1.93 �m/h in stroke and nonstroke SVZ
cells, respectively ( p � 0.05) (Fig. 4C,D).
In type 3 reversed migration, one daughter
cell with a unipolar process migrated away
from the neurosphere, whereas another
daughter cell with a bipolar shape reversed
its polarity and migrated toward the neu-
rosphere (Fig. 4E; Table 1). The percent-
age of cells in each type of migration was
not significantly different ( p � 0.05) be-
tween cells from stroke and nonstroke
neurospheres (Table 1).

To examine whether migrating and
proliferative behaviors of neuroblasts ob-
served in vitro are present in vivo, immu-
nostaining with an antibody against DCX,
a marker for migrating neuroblasts, was
performed on brain coronal sections of
rats subjected to stroke (n � 7). DCX-
positive cells in the ipsilateral SVZ and
striatum had different morphologies ei-
ther with a leading process toward the
ischemic boundary region or round shape
(Fig. 5B,D,F), resembling morphologies
of migrating cultured SVZ cells (Fig.
5A,C,E). We also found two round-
shaped DCX-positive cells next to each
other (Fig. 5H), suggesting that these two DCX-positive cells are
two daughter cells, as we have shown in cultured SVZ cells (Fig.
5G). To further confirm that migrating neuroblasts divide in vivo,
BrdU was injected, and rats were killed 2 h after BrdU injection
(n � 3). Double immunostaining revealed that some DCX-
positive cells in the ipsilateral striatum (Fig. 5I, green) were BrdU
immunoreactive (Fig. 5I, red), indicating that migrating neuro-
blasts divide in vivo.

Discussion
The present study provides direct in vitro evidence that migrating
adult SVZ cells divide, stroke SVZ cells exhibit substantially more
rapid division than SVZ cells from a normal brain, and daughter
cells exhibit distinct migratory behaviors. Moreover, in vivo data
show that the morphology of DCX-positive cells resembled in
vitro cellular morphology with fast migratory behaviors and that
DCX-positive cells divided within the ischemic striatum. Thus,

our data indicate that stroke promotes adult neuroblast division
during migration toward the ischemic striatum.

In the SVZ of the adult rodent, type A cells correspond to
proliferating, migrating neuroblasts (Doetsch et al., 1997). Using
a BrdU-labeling protocol in the neonatal rat, Luskin et al. (1997)
suggest that neuroblasts originate from the SVZ and divide
within the RMS as they migrate to the olfactory bulb (Menezes et
al., 1995). Our time-lapse microscopic results provided, for the
first time, direct evidence that adult SVZ cells divide when they

Figure 4. Time-lapse imaging of daughter cell migration. A, Fast migration of daughter cells from a representative stroke
neurosphere. After cell division, one daughter cell had a bipolar shape (green arrow) and the other had a unipolar shape (red
arrowhead). The unipolar daughter cell (red arrowhead) rapidly migrated away from the neurosphere. The bipolar daughter cell
(green arrow) paused before resuming migration away from the neurosphere. B, Quantitative data of two daughter cell migra-
tions, which were derived from the total of nonstroke- and stroke-derived daughter cells. Red and green lines represent unipolar
and bipolar daughters, respectively. C, Stationary migration of daughter cells from a representative stroke neurosphere. Both
daughter cells paused after division, then later migrated a very short distance. D, Quantitative data of two daughter cell migra-
tions, which were derived from total of nonstroke- and stroke-derived daughter cells. Red and green lines represent each daughter
cell marked in C. E, Reverse migration direction of daughter cells. The bipolar daughter cell (green arrow) reversed its polarity and
migrated toward the neurosphere (N). Numbers in A, C, and E are minutes.

Table 1. Distribution of daughter cell migration patterns for individual dividing
cells

Parent cells

Migration patterns

Fast Stationary Reversed

Nonstroke (n � 12) 5 (42%) 2 (17%) 5 (42%)
Stroke (n � 21) 12 (57%) 6 (29%) 3 (14%)

Parent cells were detected from individual neurospheres (nonstroke, n � 3; stroke, n � 5).
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migrate out of the neurosphere. Neuroblasts form chains when
they migrate in the RMS, and the chains are ensheathed by astro-
cytes (Doetsch et al., 1997; Luskin et al., 1997; Wichterle et al.,
1997). In parallel, we observed that SVZ cells divided within a
glial process extending from the neurosphere. In addition, time-
lapse data revealed that individual SVZ cells migrating out of the
neurosphere exhibit a bipolar morphology, which resembles mi-
grating neuroblasts (Menezes et al., 1995; Wichterle et al., 1997).
During migration, these individual cells divide. Stroke SVZ cells
spent significantly less time in cytokinesis compared with non-
stroke SVZ cells, suggesting that stroke SVZ cells have a shorter
cell-cycle length. During the experimental period (48 h), stroke
daughter cells further divided, which was not detected in non-
stroke daughter cells, suggesting that stroke daughter cells do not
exit the cell cycle. The presence of growth factors in cultured SVZ
cells could facilitate neural progenitor cell proliferation. How-
ever, in vivo stroke reduces the length of the SVZ cell cycle and
increases the number of SVZ cells within the cell cycle (Zhang et
al., 2006). Double immunostaining on brain coronal sections
shows that migrating neuroblasts identified by DCX-positive
cells in the ischemic striatum were proliferating cells labeled by
BrdU. A single injection of BrdU labels a cohort of SVZ cells that
are in S phase at the time of the injection (Morshead et al., 1994;
Zhang et al., 2006). Thus, these DCX- and BrdU-positive cells are
likely migratory neuroblasts that undergo cell proliferation in the
striatum because these animals were killed 2 h after the injection.
A recent study demonstrates that neuroblasts localized to the
ischemic striatum are derived primarily from the SVZ (Ya-
mashita et al., 2006). Together, these data suggest that neuro-
blasts divide during migration from the SVZ toward the ischemic
striatum. Moreover, the morphology of migrating neuroblasts in
the ischemic striatum resembled that of in vitro migrating cells,
suggesting that migrating neuroblasts are present in the living
brain after stroke. Therefore, our in vitro assay may provide a
means of investigating migratory and proliferative behaviors of
SVZ cells.

Stroke promotes SVZ cell migration toward the ischemic
boundary region (Arvidsson et al., 2002; Parent et al., 2002; Jin et
al., 2003; Zhang et al., 2003, 2004a). However, migratory charac-
teristics of SVZ cells after stroke have not been established. We
provide the first direct evidence that cultured stroke SVZ cells
substantially increased their migratory distance compared with
nonstroke SVZ cells, indicating that molecules that regulate cell
motility triggered by stroke are retained after cell isolation from
the SVZ niche. Candidate molecules include stromal cell-derived
factor-1 (CXCL12) and its receptor CXCR4, and matrix metallo-
proteinases (MMPs), which have been shown to regulate neural
progenitor cell migration after stroke (Imitola et al., 2004; Lee et
al., 2006; Robin et al., 2006; Thored et al., 2006; Wang et al.,
2006). Different migratory behaviors of SVZ cells were also de-
tected in brain slices. Our findings in the nonstroke-derived brain
slice, that adult SVZ cells only moved within the SVZ, are consis-
tent with published studies in postnatal rats, in which SVZ cells
do not migrate to the striatum (Suzuki and Goldman 2003).
However, after stroke, SVZ cells migrated toward the ischemic
striatum but not the cortex, indicating that in addition to in-
creases in migratory capability, SVZ cells change their migratory
direction after stroke. We and others have demonstrated that
chemokines, such as CXCL12, MMP2, and MMP9 generated in
the ischemic boundary, attract neuroblasts migrating toward the
ischemic boundary region (Imitola et al., 2004; Lee et al., 2006;
Robin et al., 2006; Thored et al., 2006; Wang et al., 2006). Thus,
stroke promotes neuroblast motility via niche-dependent and
-independent pathways.

We found that cultured newborn cells exhibited distinct mi-
gratory behaviors after cell division. Newborn cells with a single
leading process move fast, whereas cells with multiple processes
exhibited slower movements. Some newborn cells with bipolar
shape showed bidirectional movements by reversing their polar-
ity, which has been reported in embryonic brain slices (Noctor et
al., 2004). During cortical neurogenesis, the majority of neurons
in the SVZ reverse their polarity to move toward the ventricular

Figure 5. Dividing DCX-positive cells. A–H, In vitro morphology of daughter cells (A, C, E, G), which were mirrored by in vivo morphology of DCX-positive cells (B, D, F, H ). I, Confocal images show
that a DCX-positive cell (merged, green) in ischemic striatum was BrdU positive (merged, red). Z-stacks of DCX (green) and BrdU (red) immunoreactivity, at 1 �m intervals, are shown. Scale bars,
10 �m.
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zone before changing their directions to migrate into the cortex
(Noctor et al., 2004). Our finding of bidirectional movement of
divided daughter cells suggests that adult neural progenitor cells
could inherit migratory behaviors of embryonic neural progeni-
tor cells. Stroke reduced the bidirectional movement population
(14%) compared with the nonstroke population (42%), although
a statistical significance was not achieved. It is not known whether
stroke severity affects migratory patterns of divided daughter
cells because neurospheres used in the present study were pooled
from three to four rats. Additional studies are warranted.

In summary, the present study provides evidence of dynamic
migratory and proliferative behaviors of SVZ cells after stroke,
which lends valuable insight into the mechanisms underlying
stroke-induced neurogenesis in the adult brain.
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