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Development/Plasticity/Repair

Brain Injury Does Not Alter the Intrinsic Differentiation
Potential of Adult Neuroblasts

Fang Liu,"* Yan You,"* Xiaosu Li,' Tong Ma,' Yanzhen Nie,' Bin Wei,' Tiejun Li,> Huanbing Lin,’ and Zhengang Yang'
nstitutes of Brain Science and State Key Laboratory of Medical Neurobiology, Fudan University, 200032 Shanghai, People’s Republic of China,
2Department of Pharmacology, School of Pharmacy, Second Military Medical University, 200433 Shanghai, People’s Republic of China, and *Department of
Pharmacology, School of Pharmaceutical Sciences, Southern Medical University, 510515 Guangzhou, People’s Republic of China

Neuroblasts produced by the neural stem cells of the adult subventricular zone (SVZ) migrate into damaged brain areas after stroke or
other brain injuries, and previous data have suggested that they generate regionally appropriate new neurons. To classify the types of
neurons produced subsequent to ischemic injury, we combined BrdU or virus labeling with multiple neuronal markers to characterize
new cells at different times after the induction of stroke. We show that SVZ neuroblasts give rise almost exclusively to calretinin-
expressing cells in the damaged striatum, resulting in the accumulation of these cells during long term recovery after stroke. The vast
majority of SVZ neuroblasts as well as newly born young and mature neurons in the damaged striatum constitutively express the
transcription factor Sp8, but do not express transcription factors characteristic of medium-sized spiny neurons, the primary striatal
projection neurons lost after stroke. Our results suggest that adult neuroblasts do not alter their intrinsic differentiation potential after

brain injury.

Introduction
The generation of new neurons (neurogenesis) from neural stem
cells normally occurs in two regions of the adult mammalian
brain, the hippocampal dentate gyrus and the olfactory bulb
(OB) (Alvarez-Buylla and Lim, 2004; Ming and Song, 2005; Zhao
et al., 2008). The persistence of neurogenesis throughout life
raises the possibility that the resident neural stem cells can mount
aregenerative response to replace neurons lost after brain injury.
Indeed, studies have shown that stroke increases the production
of new neurons in the damaged striatum that are derived from
neural progenitor cells in the adjacent subventricular zone (SVZ)
of the adult brain (Arvidsson et al., 2002; Parent et al., 2002; Jin et
al., 2003; Teramoto et al., 2003; Thored et al., 2006; Yamashita et
al., 2006). The therapeutic value of this regenerative response to
brain injury has been questioned. A key point toward evaluating
their therapeutic potential is establishing whether the progenitor
cells that persist into adulthood retain the capacity to differenti-
ate into the spectrum of cell types that were damaged.

Neurons in the striatum are diverse. Approximately 90—-95%
of the neurons in the striatum are GABAergic medium-sized
spiny projection neurons and 5-10% are local interneurons.
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DARPP-32 is expressed in virtually all of the striatal medium-
sized spiny projection neurons (Ouimet et al., 1998) and the
calcium-binding protein calbindin (CB) also is a selective marker
for these cells (Liu and Graybiel, 1992). In contrast, striatal inter-
neurons are a heterogeneous group, comprising four nonover-
lapping populations that have been classified as positive for parv-
albumin (PV "), calretinin (CR ™), somatostatin (SOM ©), and
choline acetyltransferase (ChAT ™) (Kawaguchi et al., 1995;
Marin et al., 2000). The mosaic organization of striatal neurons
offers opportunities to study the plasticity of neural stem cells and
their descendants (neuroblasts) in the adjacent SVZ after brain
injury, which we evaluated using a rat model for ischemic stroke
(Koizumi et al., 1986; Longa et al., 1989; Arvidsson et al., 2002).

Materials and Methods

Induction of ischemic stroke. Adult male Sprague Dawley rats (SD, ~250 g,
8 weeks old; Shanghai SLAC Laboratory Animal Co. Ltd.) were used for
the experiment. We certify that all experiments using animals were per-
formed in accordance with institutional guidelines, and We further attest
that all efforts were made to minimize the number of animals used and
their suffering. Rats were anesthetized with intraperitoneal injections of
chloral hydrate (360 mg/kg, body weight) and transient middle cerebral
artery occlusion (MCAO) was induced by the intraluminal filament tech-
nique as previously described (Koizumi et al., 1986; Longa et al., 1989;
Arvidsson et al., 2002). Briefly, the right common carotid artery (CCA)
and external carotid artery were permanently ligated, and the MCA was
occluded by a nylon monofilament inserted through the CCA. The fila-
ment was secured and rats allowed to wake up. After 2 h of occlusion, the
filament was withdrawn. No blood loss occurred during occlusion or
reperfusion. Approximately, 60% of the animals sustained infarcts that
involved the ipsilateral striatum and only these animals were used in this
study.

BrdU injections. The S-phase marker 5-bromo-2'-deoxyuridine
(BrdU) (50 mg/kg body weight, Sigma) was injected intraperitoneally
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Table 1. Primary antibodies used forimmunohistochemistry
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Antibody Species Dilution Source (catalog number)

Human placental alkaline phosphatase Rabbit antiserum 1:30 Accurate Chemical (YSRTAHP537)
5-Bromo-2'-deoxyuridine Rat monoclonal IgG2a 1:30 Accurate Chemical (OBT0030S)
Calbindin D-28K Mouse monoclonal IgG1 1:10,000 Swant (300)

Calretinin Mouse monoclonal IgG1 1:400 Millipore (MAB1568)

Calretinin Rabbit antiserum 1:4000 Millipore (AB5054)

Choline acetyltransferase Mouse monoclonal IgG1 1:100 Millipore (MAB305)

COUP TF1-interacting protein 2 Rat monoclonal 1:200 Abcam (ab18465)

DARPP-32 Rabbit polyclonal 1:100 Cell Signaling Technology (2302)
DARPP-32 Goat polyclonal 1:50 Santa Cruz Biotechnology (sc-8066)
Doublecortin Goat polyclonal 1:100 Santa Cruz Biotechnology (sc-8483)
Forkhead box P1 Rabbit polyclonal 1:300 Abcam (ab16645)

Glial fibrillary acidic protein Mouse monoclonal IgG1 1:300 Millipore (MAB360)

Green fluorescent protein Chicken polyclonal IgY 1:500 Aves Labs (GFP-1020)

Islet1 Rabbit polyclonal 1:200 Abcam (ab20670)

NeuN Mouse monoclonal IgG1 1:300 Millipore (MAB377)

Parvalbumin Mouse monoclonal IgG1 1:400 Millipore (MAB1572)

Sp8 Rabbit polyclonal 1:20,000 Millipore (AB15260)

Pbx Rabbit polyclonal 1:80 Santa Cruz Biotechnology (sc-888)
Somatostatin Rabbit polyclonal 1:50 Santa Cruz Biotechnology (sc-13099)
Somatostatin Mouse monoclonal 1:100 GeneTex (GTX71935)

Tyrosine hydroxylase Mouse monoclonal IgG1x 1:400 Millipore (MAB318)

twice daily during days 3-7 after stroke (totally 5 d for 10 times). Animals
were perfused 2 weeks, 6 weeks, or 6 months after stroke. In a parallel exper-
iment, BrdU was also given intraperitoneally twice daily during days 1-14
after stroke and animals were perfused at 6 weeks recovery from stroke.
Virus injections. Replication-incompetent retroviruses encoding the
marker gene human placental alkaline phosphatase (AP) were harvested
from the psi2 DAP cell line (ATCC CRL-1949) concentrated, titered, and
tested for helper virus as described previously (Levison and Goldman,
1993). The titer was 1~2 X 10° colony-forming units/ml. High titers
(1 X 10° units/ml) of self-inactivating lentiviruses encoding the marker
gene GFP were produced by GeneChem, CO Ltd.. One day before stroke,
SD rats were anesthetized and totally 2 ul of retroviruses or lentiviruses
with 8 ug/ml polybrene were injected stereotaxically in 2 coordinates (1
wl/site) for each SVZ [unit (mm) relative to bregma, anterior, +2.0;
lateral, +1.1; depth, 4.6; and anterior, +0.2; lateral, +2.0; depth, 3.4] (Paxi-
nos and Watson, 1998). Rats were killed 2 d, 2 weeks, and 6 weeks after
stroke. Sections (40 um) at 240 wm intervals were collected and processed
for either AP histochemistry, AP or GFP immunofluorescence in combina-
tion with neuronal markers (Wichterle et al., 2001; Merkle et al., 2007).
Immunohistochemistry. Animals were deeply anesthetized with chloral
hydrate (400 mg/kg body weight, i.p.) before intracardiac perfusion with
0.9% saline followed by 4% paraformaldehyde. Brains were postfixed
with 4% paraformaldehyde overnight and then cryoprotected for at least
24 hin 30% sucrose in PBS. The brain samples were frozen in embedding
medium (O.C.T., Sakura Finetek) on a dry ice/ethanol slush.
Immunohistochemistry staining was performed on 40 wm free float-
ing sections in 24-well tissue culture plates or 10 wm sections on Super-
frost plus slides (Fisher Scientific). Sections (10 wm) were mainly used
for immunostaining on embryonic day 16 (E16) rat brains. Some 10 um
sections of the adult rat brain were also used to reduce background levels
for Sp8 immunostaining. Sections for BrdU staining were pretreated
with 2 N HCl for 1 h at room temperature to denature DNA. Sections
were blocked for 1 h in TBS with 0.3% Triton X-100 and 10% donkey
serum. Primary antibodies were incubated for 24 h at 4°C (the Sp8 anti-
body was incubated for 4872 h). The antibodies used in this study are
described in Table 1. All antibodies are available commercially.
Secondary antibodies against the appropriate species were incubated
for 2 h at RT (all from The Jackson Laboratory, 1:200). All secondary
antibody combinations were carefully examined to ensure that there was
no cross talk between fluorescent dyes or cross-reactivity between sec-
ondary antibodies, especially for anti-rat and anti-mouse secondary an-
tibodies. Fluorescently stained sections were then washed, counter-
stained with 4’,6’-diamidino-2-phenylindole (DAPI) (Sigma, 1 ug/ml)

for 5 min, and coverslipped with Gel/Mount (Biomeda). Streptavidin
and diaminobenzidine (DAB) were used to visualize the reaction product
for bright-field staining sections. Omission of primary antibodies elimi-
nated staining.

Microscopy. Fluorescently immunolabeled sections were analyzed on a
Zeiss LSM510 confocal laser scanning microscope using the following
filter sets with the indicated wavelengths (in nm) for the excitation laser
line and emission filters: DAPI, 405/(LP 420); Cy2, 488/(505/530); Cy3,
543/(560-615); Cy5, 633/(LP 650). Confocal Z sectioning was per-
formed at 0.5 wm intervals using a Plan-Apochromat X63 (NA = 1.40)
oil-immersion objective for single, double, and triple labeling. Images
were acquired and a Z-stack was reconstructed using the Zeiss LSM
software, cropped, adjusted and optimized in Photoshop 9.0. Images of
enzyme histochemistry labeled sections and some fluorescently immu-
nolabeled sections were acquired using an Olympus BX 51 microscope.

Cell quantification. Animals given BrdU intraperitoneal injections
twice daily during days 37 after stroke (totally 5 d for 10 times) were
used for cell quantification.

The number of CR ™ cells in bright-field staining sections of the con-
tralateral or ipsilateral striatum 6 months after stroke, were counted
using a X40 objective. Because the posterior part of the striatum was
absent or severely reduced in size, rostral striatal regions were used for
quantification. Coronal sections were collected from the anterior tip of
the corpus callosum (Paxinos and Watson, 1998). Six 40 um sections at
240 pm intervals (every 6 sections) were quantified per brain (n = 5 rats).
Briefly, in each section, the entire striatal cross- section was scanned on
the right and left, and all CR " neurons were visualized by focusing up
and down. Neurons were counted if they contained a whole cell body.
The number presented was calculated by multiplying the number of
CR™ cells counted per section and 6 sections.

To compare the number of newly born immature neurons in the con-
tralateral and ipsilateral striatum 2 weeks after stroke, BrdU */dou-
blecortin (Dcx) * cells were counted with an epifluorescence microscope
using a X40 objective. Four 40 wm sections at 480 wm intervals (every 12
sections) of each brain were quantified (n = 5 rats). To compare the
number of BrdU */CR ™ cells in the OB of the contralateral or ipsilateral
brain, four 40 wm sagittal sections at 240 wm (every 6 sections) of each
OB were counted with a X40 objective (n = 3 rats). The number pre-
sented was calculated by multiplying the number of double-labeled cells
counted per section and 4 sections.

BrdU */NeuN * or BrdU */CR ™ in the striatum was counted using a
Zeiss LSM510 confocal laser scanning microscope. We recently devel-
oped a new method to more accurately count the BrdU-labeled newly
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Figure 1.
stroke. C—E, Higher magnification of the boxed areas in B showing Dox * /NeuN ™ cells. F, G, BrdU was injected intraperitoneally twice daily during days 3—7 after stroke and BrdU/Dcx double immunostaining
was performed at 2 weeks recovery from stroke showing BrdU /Dox ™ cells in the contralateral (F) and ipsilateral (G) striatum. Scale bars: (in A) A, B, 100 wm; (in €) =G, 10 um.

born small interneuron-like cells in the damaged striatum (Yang and
Levison, 2007; Yang et al., 2008). In current study, four 40 wm sections at
480 wm (every 12 sections, the first section was collected from the ante-
rior tip of the corpus callosum) of each striatum were extensively ana-
lyzed (n = 4 rats, 6 weeks poststroke; n = 5 rats, 6 months poststroke).
For each section, confocal Z sectioning was performed at 1.0 wm inter-
vals using a Plan-Neofluar X40 (NA = 1.30) oil-immersion objective in
each field (covers 300 um X 300 wm) and 10 fields were quantified. Ten
fields at fixed intervals (100-300 um; depends on the striatal area of the
contralateral and ipsilateral hemisphere) were equally distributed in each
section. The total volume analyzed of each striatum was 10 fields X 4
sections X 40 wm section thickness X300 wm X 300 wm = 0.144 mm°.
The number presented was calculated by multiplying the number of
double-labeled cells counted per field and 10 fields and 4 sections.

The longest axis of DARPP-32 *, BrdU"/CR™, CR+/Sp8 ~, and
CR™/Sp8™* cell bodies were measured with an epifluorescence micro-
scope using a X 100 objective. We analyzed an average of 422 (+171) cells
in at least 3 rats.

Statistical analysis. All data are presented as the means = SEM. We
analyzed numeric data for statistical significance using Student’s ¢ test
with SAS Institute software. We considered p values <0.05 as statistically
significant.

Results

Ischemic stroke induces production of CR * cells in the
damaged striatum

Ischemic stroke was induced by transient middle cerebral artery
occlusion (MCAO) in adult rats as described previously (Arvids-

Dox * immature neurons are abundantin the damaged striatum after stroke. A, B, Photomicrographs of Dox (4) and Dox/NeuN double (B) immunostaining in the damaged striatum 2 weeks after

son et al., 2002). We first evaluated Dcx expression in the stria-
tum because this neuronal microtubule-associated protein is ex-
pressed by virtually all neuroblasts and immature neurons and
has been used in numerous studies as a marker for adult neuro-
genesis. Dex ™ cells are rare within the striatum of contralateral
(intact) or normal control brain (Arvidsson et al., 2002; Parent et
al., 2002). However, at 2 weeks after stroke, an increase in Dcx
immunostaining is readily visible in the ipsilateral striatum (Fig.
1 A). Most of these Dcx ™ cells possessed morphologies character-
istic of migrating neuroblasts and were interspersed between the
SVZ and the damaged striatum (Fig. 1 A-E). When the S-phase
marker BrdU was injected intraperitoneally for 5 d beginning at
day 3 after induction of stroke to label newly born cells and BrdU/
Dcx double immunofluorescence performed after 2 weeks of re-
covery, we observed more BrdU "/Dex ™ cells in the ipsilateral
striatum compared with contralateral striatum (Fig. 1F,G;
10.4 £ 2.3 vs 422 =+ 18.8 cells in the contralateral vs ipsilateral
striatum; p = 0.0001 by Student’s ¢ test, n = 5 rats). This result is
consistent with previous observations (Arvidsson et al., 2002;
Parent et al., 2002; Jin et al., 2003; Teramoto et al., 2003; Thored
et al., 2006; Yamashita et al., 2006).

As the range of neuronal subtypes produced after stroke has
not been established, we phenotyped these newly produced stri-
atal neurons using a panel of neuronal markers. Very few BrdU */
NeuN " cells (mature neurons) were found in the damaged stri-
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atum 2 weeks after stroke (1 week after the
last BrdU injection). However, BrdU */
NeuN " cells were readily identified in the
damaged striatum compared with the con-
tralateral striatum after 6 weeks recovery
from stroke (Fig. 24; 1.3 £ 0.5vs 21 = 4.1
cells/0.144 mm” in the contralateral vs ip-
silateral striatum; see Materials and Meth-
ods for details; p = 0.02 by Student’s ¢ test,
n = 4 rats). To our surprise, we were un-
successful in identifying BrdU-labeled
neurons that possessed the morphological
or phenotypic features of medium-sized
spiny neurons (BrdU */DARPP-327 or
BrdU"/CB™" cells) (Fig. 2B,C). We also
did not find BrdU ™ cells labeled for PV,
SOM ™ or ChAT ™ (Fig. 2D—F). Because
neural progenitor cells in the SVZ give rise
to a very small number of dopaminergic
periglomerular cells (that tyrosine hydrox-
ylase positive, TH ") in the adult OB, we
also performed TH immunostaining. Nei-
ther single TH™ nor BrdU "/TH™ cells
were found in the contralateral or ipsilat-
eral striatum (Fig. 2G). In contrast,
BrdU "/CR™ cells were abundant in the
damaged striatum compared with the in-
tact striatum (Fig. 2H; 3.3 = 1.3 vs 23.3 =
5.6 cells/0.144 mm” in the contralateral vs
ipsilateral striatum; p = 0.02 by Student’s ¢
test, n = 4 rats). The densities of BrdU */
NeuN * cellsand BrdU */CR " cells in dam-
aged striatum were similar (21 vs 23 cells/
0.144 mm? respectively). In fact, we found
most of the BrdU-labeled CR™ cells ex-
pressed NeuN and vice versa (Fig. 2I-N).

The longest axis of BrdU */CR™ cell
bodies ranged from 5 to 13 um (7.64 =
0.12 pm; n = 4 rats). Because the longest
axis of medium-sized spiny neurons
(DARPP-327) in adult rats ranged from 8
to 16 wm (12.0 = 0.13 wm, n = 3 rats), our
results suggest the newly born CR™ cells
induced by stroke belong to class of small
interneurons in the striatum.

BrdU given intraperitoneally twice daily for 5 d after stroke
may miss to label relatively quiescent neural stem cells of the
adult SVZ, with a predicted cell cycle time of 28 d (Morshead et
al., 1994). Therefore, in another 5 rats, BrdU was given intraperi-
toneally twice daily during days 1-14 after stroke. Although more
BrdU "/NeuN " and BrdU */CR ™ cells were easily found (Fig.
20,P), no BrdU "/DARPP-32" or BrdU "/CB ™ cells were de-
tected in the damaged striatum of these animals 6 weeks after
stroke.

Figure 2.

CR™ cells in the damaged striatum are derived from the SVZ

To establish whether these newly born CR ™ small interneuron-
like cells are descendants of SVZ progenitor cells, we labeled di-
viding cells by injecting replication-incompetent retroviruses
(DAP retrovirus) encoding the marker gene alkaline phosphatase
(AP) into the SVZ 1 d before inducing stroke. Two days after
injections, most AP-labeled cells in the contralateral hemisphere
were located within the SVZ (Fig. 3A), whereas, in the ipsilateral
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New (R cells are generated in the damaged striatum after stroke. A~H, BrdU was injected intraperitoneally twice
daily on days 37 of recovery from stroke and BrdU was combined with immunostaining for neuronal markers at 6 weeks after
stroke. BrdU /NeuN ™ (4) and BrdU */CR ™ (H), but not BrdU */DARPP-32 (B), BrdU */CB * (C), BrdU */PV ™ (D), BrdU */
SOM ™ (E), BrdU " /ChAT * (F), or BrdU */TH * (G) cells are found in the damaged striatum. /-, BrdU */NeuN */CR * cells
(arrows) in the damaged striatum 6 weeks after stroke. Note that NeuN protein is lightly expressed in one newborn CR * cell (/).
0, P, BrdU was injected intraperitoneally twice daily during days 1-14 after stroke and BrdU was combined with immunostaining
for neuronal markers at 6 weeks after stroke. BrdU */NeuN ™ cells (0, arrows) and BrdU */CR * cells (P, arrows) are more
abundant in the damaged striatum. Scale bar: (in P) A—P, 10 pm.

hemisphere, some AP-labeled cells had migrated out the SVZ and
into the damaged striatum (Fig. 3B). AP/Dcx double immuno-
staining showed that most AP-labeled cells expressed Dcx (Fig.
3C,D). These cells had the typical morphology of migrating neu-
roblasts, i.e., an oval or elongated cell body with a leading process
(Petreanu and Alvarez-Buylla, 2002). Six weeks after stroke, 85 =
4% of AP-labeled cells with interneuronal morphologies were
CR™ in the damaged striatum (156 cells, 3 rats) (Fig. 3E-]).
Previous studies have suggested that most of the cells labeled by a
single injection of DAP retrovirus correspond to the dividing neu-
roblasts and transit amplifying progenitors, but not the more slowly
dividing neural stem cells (Petreanu and Alvarez-Buylla, 2002;
Geraerts et al., 2006). Indeed, very few AP-labeled cells were seen in
the SVZ and rostral migratory stream (RMS) of the rats 6 weeks after
stroke (data not shown). To label both dividing and nondividing
cells in the SVZ, we injected self-inactivating lentiviruses expressing
GFP into the adult rat SVZ 1 d before inducing stroke. Two weeks
after stroke, many GFP " cells were scattered within the damaged
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Figure3.
phosphatase (AP) were bilaterally injected into the SVZ 1 d before inducing stroke. AP histochemistry staining in the contralateral (4) and ipsilateral (B) SVZ and AP/Dcx double immunostaining (C, D) were
performed 2 d after injection. Note that most AP-labeled cells are located within the SVZ of the contralateral hemisphere (A), whereas some AP-labeled cells have migrated out of the SVZ and into the damaged
striatum of the ipsilateral hemisphere (B, D) 2 d after injection. Myelin is weakly stained with the BCIP/NBT in the contralateral (intact) striatum. E~J, AP */CR ™ cells in the damaged striatum 6 weeks after
stroke. Note that two AP * /CR ™ cells (J, arrows) are morphologically alike, and may have been generated from a single progenitor cell. Scale bars: (in B) A, B, 100 um; (inJ) C=J, 10 um.

striatum and 90.2 * 7% of GFP " cells expressed Dcx (563 cells, 3
rats) (Fig. 4). By 6 weeks after stroke, GFP/CR double immunostain-
ing showed that 79.8 = 6% of the GFP-labeled cells were CR ™ in the
damaged striatum (381 cells, 3 rats) (Fig. 5), although there were a
small number of GFP-labeled cells that weakly expressed CR protein
(Fig. 5E). Moreover, some GFP "/CR™ cells were located several
millimeters from the SVZ (Fig. 5G). Again confirming the BrdU
results, we did not find any AP- or GFP-labeled cells that expressed
DARPP-32, CB, PV, SOM or ChAT.

In accordance with published results (Geraerts et al., 2006), we
also found that, in contrast to DAP retrovirus, lentivirus-labeled cells
remained present in the SVZ 6 weeks after stroke. Confocal analysis

Retrovirus-labeled SVZ-derived cells in the damaged striatum 6 weeks after stroke express CR. 4, B, To label dividing cells, replication-incompetent retroviruses encoding the marker gene alkaline

showed that some GFP-labeled cells in the SVZ were positive for
GFAP (Fig. 5H-J), a marker for primary neurogenic stem cells.
Moreover, many GFP */Dcx ™ cells were still observed in the SVZ
and RMS 6 weeks after stroke (Fig. 5K-0) further indicating that
some slowly dividing neural stem cells were indeed labeled by stereo-
tactic injection of lentivirus into the SVZ.

Newly born immature neurons in the damaged striatum
express CR after stroke

There was also a visible increase in the number of Dcx */NeuN *
cells in the ipsilateral striatum 2 and 6 weeks after stroke (Fig.
1C-E), suggesting that Dcx * cells generated from the SVZ before
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Figure 4.
inducing stroke and GFP/Dcx double immunostaining was performed 2 weeks after stroke showing that most GFP-labeled cells in the damaged striatum express Dcx. B-G, Higher magnification of
GFP */Dex ™ cells in A (arrows). Scale bars: 4, 100 um; (in B) B-G, 10 m.

or after stroke were maturing within the damaged striatum. Be-
cause Dcx is expressed by virtually all newborn young, maturing
neurons, regardless whether they are derived from slowly divid-
ing neural stem cells or rapid dividing progenitors, we performed
immunostaining for Dcx in combination with striatal neuronal
markers to identify the phenotype of the new neurons generated
after stroke. Again, 2 weeks poststroke, >30% of the single Dcx ™
cells in the damaged striatum expressed CR (672 cells, 4 rats) (Fig.
6 A—E). None, however, expressed DARPP-32, CB, PV, SOM or
ChAT. Together, these results indicate that after stroke, neuro-
blasts derived from neural progenitor cells in the SVZ migrate
into the damaged striatum where they differentiate into CR ™
interneuron-like cells.

The migration of large numbers of SVZ-derived CR ™" cells
into the damaged striatum after stroke raises the possibility that
production of newly born CR ™ cells in the OB may be reduced.
To address this question, we examined the distribution of CR ™
cells in the RMS and OB 2 weeks after stroke. Surprisingly, we
found that there were many Dcx */CR™ cells in the RMS, its
surroundings and the OB (Fig. 6 F-K), but there was no visible
difference in distribution of CR * cells between the contralateral
(or normal control) and ipsilateral RMS and OB. We also injected
BrdU intraperitoneally twice daily during days 3—7 after stroke to
label newly born neurons in the OB. Six weeks after stroke, there
was also no significant difference between the number of BrdU */

Lentivirus-labeled SVZ-derived cells in the damaged striatum 2 weeks poststroke express Dcx. 4, Self-inactivating lentiviruses expressing GFP were injected into the SVZ 1 d before

CR ™ cells in granular cell layers (342 + 22.5 vs 407.7 = 18.9 cells
in the contralateral vs ipsilateral OB; p = 0.25 by Student’s ¢ test,
n = 3 rats) or glomerular layers (339.3 * 47.8 vs 288 *+ 14 cellsin
contralateral vs ipsilateral OB; p = 0.47 by Student’s ¢ test, n = 3
rats). This is not surprising considering that >50% of new cells
are lost after they migrate into the OB, suggesting that new neu-
rons are produced in excess in the OB and then later selected for
survival (Petreanu and Alvarez-Buylla, 2002). Moreover, previ-
ous studies have shown that SVZ progenitor cells first proliferate
after stroke (Arvidsson et al., 2002; Parent et al., 2002). Thus, the
number of newly born CR " cells in the OB seemed unaffected by
stroke.

CR™ cells accumulate in the ipsilateral striatum at long
recovery times after stroke

Many Dcx ™ cells in the ipsilateral striatum could be still observed
after 6 months recovery from stroke (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material), suggesting
that adult striatal neurogenesis after ischemic injury is sustained
for several months (Kokaia et al., 2006; Thored et al., 2006). If
only CR-expressing cells were generated, continued neurogenesis
should induce more CR-expressing cells in the ipsilateral stria-
tum after long term recovery from stroke. As anticipated, we
observed a large number of CR * cells in the damaged striatum 6
months after stroke (Fig. 7). These CR™" cells were either clus-
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Figure 5.
inducing stroke and GFP/CR double immunostaining was performed 6 weeks after stroke showing that most GFP-labeled cells in the damaged striatum express CR. B—G, Higher magpnification of
GFP /R ™ cells in A (arrows). Note that one GFP ™ cell in E lightly expresses (R protein. H—J, Photomicrographs of A GFP */GFAP ™ cell (arrow in J) in the SVZ 6 weeks after stroke. K-0,
Photomicrographs of GFP */Dex ™ cells in the SVZ (arrow in M) and RMS (arrow in 0) 6 weeks after stroke. Scale bars: 4, 100 m; (in B) B-0, 10 pum.

tered or scattered and displayed different morphologies; most
were small striatal interneuron-like cells (Fig. 7B, D,E). Com-
pared with the density of BrdU */CR ™ cells at 6 weeks poststroke,
only a very low density of BrdU "/CR™* cells were found in the
damaged striatum 6 months after stroke (23 vs 3 cells/0.144 mm?
respectively), suggesting that newborn CR ™ cells are gradually
eliminated in the damaged striatum. Quantitative analysis re-
vealed that the number of CR™ cells in the ipsilateral striatum
was significantly higher than that in the contralateral striatum
(405 = 53.6 vs 815 * 196.4 cells in contralateral vs ipsilateral
striatum; p = 0.04 by Student’s t test, n = 5 rats), although loss of
ipsilateral striatal volume occurred due to the ischemic injury.
This result further supports the conclusion that virtually only
CR™ cells are generated in the damaged striatum after stroke.

The vast majority of newborn neurons in the damaged
striatum express the transcription factor Sp8

The above results do not exclude the possibility that some pro-
jection neurons or other types of striatal interneurons are gener-

Lentivirus-labeled SVZ-derived cells in the damaged striatum 6 weeks after stroke express CR. 4, Self-inactivating lentiviruses expressing GFP were injected into the SVZ 1 d before

ated after stroke. For instance, such cells may be generated, but
are not fully differentiated and/or die in the damaged striatum.
The transcription factors COUP TFl-interacting protein 2
(Ctip2) and forkhead box P1 (Foxp1) are expressed by young and
mature striatal medium-sized spiny projection neurons but not
striatal interneurons (Tamura et al., 2004; Arlotta et al., 2008).
The LIM-homeobox factor Isletl is expressed by striatal cholin-
ergic interneurons (Elshatory and Gan, 2008). Indeed, during
development, many Dcx * cells in the lateral ganglionic eminence
(striatal primordium) express Ctip2, Foxpl and Isletl (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material) (Arlotta et al., 2008). However, none of these transcrip-
tion factors were detected in Dcx * cells in the stroke-damaged
striatum of adult rats (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).

Previous studies have shown that Sp8, a new member of the
Sp1 zinc finger transcription factor linked to survival, migration
and correct specification of a large proportion of OB interneu-
rons, is expressed by most neuroblasts, but not by transit-
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Newly born young neurons in the damaged striatum express (R. A, Dcx/CR double immunostaining in the damaged striatum 2 weeks after stroke. B—E, Higher magnification of the

boxed areas in A showing Dox */CR ™ cells in the corpus callosum (B) and damaged striatum (C=E). F, G, Photomicrographs of CR (F) and Dx/CR double (6) immunostaining in the RMS and 0B of
the normal adult rat brain (10 weeks old). H—K, Higher magnification of the boxed areas in G showing Dcx */CR ™ cells in the RMS and its surroundings (H-J) and the OB (K, arrows). Scale bars: (in

A)A, F,G,100 wm; (in B) B-E, H-K, 10 um.

amplifying progenitor cells in the mouse SVZ and RMS (Waclaw
etal., 2006). Sp8 continues to be expressed by fully differentiated
interneurons of the mouse OB (Waclaw et al., 2006). Therefore,
we first evaluated Sp8 expression in neuroblasts of the adult rat
SVZ. By double immunostaining for Dcx and Sp8, we found that
>96% of neuroblasts in the SVZ along the entire lateral wall of
the ventricle expressed Sp8 (Fig. 8 A—D; 1800 of 1856, n = 3 rats).

This suggests that the majority of neuroblasts of the adult rat SVZ
are homogeneous in terms of Sp8 expression. Similarly, the vast
majority of the neuroblasts in the rat RMS also expressed Sp8
(supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material) (Waclaw et al., 2006).

Surprisingly, we found that the vast majority of Dcx ™ cells in
the damaged striatum expressed Sp8 2 weeks after stroke (Fig. 8 F;
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Figure 7.

supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material; 745 of 757, n = 2 rats). Moreover, all of the
CR"/Sp8 ™ cells had diameters corresponding to small interneu-
rons (7.51 = 0.11 wm; mean = SEM, the longest axis), whereas all
of the CR "/Sp8 ~ cells had features of medium-sized aspiny in-
terneurons (11.4 = 0.13 wm) in the normal and damaged stria-
tum (Fig. 8G,H ). The ratio of CR */Sp8 ™ cells vs CR */Sp8 ~ cells
is 0.7:1 in normal striatum whereas it is 2:1 in the damaged stri-
atum 6 weeks after stroke. These results suggest that Sp8 is ex-
pressed by the vast majority of newly born neurons in the dam-
aged striatum. This conclusion is reinforced by the observation
thatall BrdU */CR * cells in the damaged striatum expressed Sp8
(Fig. 8I-L; 69 cells counted). In the adult OB, among all newly
generated neurons, the majority are granular cells; a small num-
ber of them are periglomerular cells and a very small number are
external plexiform interneurons (Altman, 1969; Bayer, 1983; Lois
and Alvarez-Buylla, 1994; Winner et al., 2002; Hack et al., 2005;
Batista-Brito et al., 2008; Yang, 2008). Notably, many of the
newly born granular cells, the majority of the newly born periglo-
merular cells and all of the newly born external plexiform inter-
neurons express CR (Winner et al., 2002; Batista-Brito et al.,
2008; Yang, 2008). It is exactly these groups of interneurons ex-
pressing Sp8 in the OB because the majority of Dcx ™ young
neurons (Fig. 9) and nearly all CR" mature interneurons in the
granular cell layer, external plexiform layer and glomerular layer
of the OB express Sp8 (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material) (Waclaw et al., 2006).
Collectively, our results show that, after stroke occurs, a subset of
the SVZ neuroblasts that normally migrate anteriorly into the
adult OB via the RMS turn a corner and migrate into the damaged
striatum, where they eventually differentiate into CR™
interneuron-like cells. During this process, neuroblasts in the
SVZ, newly born young and mature neurons in the damaged
striatum constitutively express the transcription factor Sp8, sug-
gesting that the vast majority of neurons produced in the dam-
aged striatum after stroke remain intrinsically specified to pro-
duce a single lineage of interneurons (Fig. 10).

(R™ cells are more abundant in the ipsilateral striatum 6 months after stroke, compared with the contralateral
striatum. 4, B, Photomicrographs of CRimmunostaining in the contralateral (4) and ipsilateral (B) striatum 6 months after stroke.
€, Higher magnification of the boxed area in (4). D, E, Higher magnification of the boxed areas in B showing morphology of (R *
cells in the damaged striatum. Scale bars: (in B) 4, B, 200 m; (in E) (~E, 50 um.
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Discussion

It is well established that the slowly divid-
ing SVZ neural stem cells (type B cells)
generate rapidly dividing transit amplify-
ing progenitors (type C cells), which in
turn generate neuroblasts (type A cells)
that migrate forwards along the RMS into
the OB, where they give rise to olfactory
interneurons throughout life (Doetsch et
al., 1999; Mirzadeh et al., 2008). Brain in-
jury, such as stroke, results in the death of
large numbers of both projection neurons
and inhibitory interneurons in the dam-
aged striatum. Previous studies have sug-
gested that newly born neurons generated
from the adult SVZ progenitor cells can
differentiate into neurons with region-
appropriate phenotypes within damaged
areas after stroke or other brain injuries
(Magavi et al., 2000; Arvidsson et al., 2002;
Nakatomi et al., 2002; Parent et al., 2002;
Teramoto et al., 2003; Collin et al., 2005).
In particular, studies have suggested that
the neuroblasts of the SVZ produce
medium-sized spiny neurons after stroke
(Arvidsson et al., 2002; Parent et al., 2002).
Our findings show that although robust production of new neu-
rons in the damaged striatum from the adjacent SVZ occurs after
stroke, these newborn neurons are restricted to a single subtype:
CR ™ small interneuron-like cells, resulting in the accumulation
of these cells in the damaged striatum at long recovery times after
stroke. Because CR */Sp8 ™ cells are the major population of OB
interneurons that are constantly produced in the SVZ of the nor-
mal adult brain, we propose that newly born CR ™ interneuron-
like cells in the damaged striatum after stroke are mostly misdi-
rected OB neurons. However, we did not examine disruption of
integrity of the glial tubes in the SVZ and RMS by electron mi-
croscopy as a possible reason for the misdirected migration of OB
interneurons into the damaged striatum after stroke. It is also
important to point out that even in undamaged adult rat brain, a
very small number of neuroblasts (Dcx ™ cells), which appear to
migrate from the SVZ into the striatum, differentiate into CR *
interneurons (Dayer et al., 2005). These Dcx ™ cells also express
Sp8 (Fig. 8 E), so it is possible that these newly born CR */Sp8 *
cells are indeed “striatal interneurons” that are produced only at
an extremely low frequency in the intact brain, but markedly
augmented after striatal damage. But in either case, the transcrip-
tion factor Sp8 is expressed constitutively during this entire pro-
cess. Therefore, we conclude that the intrinsic differentiation po-
tential of adult SVZ neuroblasts is not altered after brain injury
(Fig. 10).

Adult somatic (tissue-specific) stem cells are defined as clono-
genic, self-renewing progenitor cells that can generate one or
more specialized cell types. The developmental plasticity of these
cells has potentially important theoretical implications. How-
ever, although this definition accurately describes the behavior of
adult hematopoietic stem cells both in vivo and in vitro (Morrison
et al., 1995), it does not necessarily reflect the behavior of adult
neural stem cells in vivo (Merkle and Alvarez-Buylla, 2006). In the
culture dish, neural stem cells both in the hippocampal dentate
gyrus and SVZ can be passaged and differentiated into astrocytes,
neurons, and oligodendrocytes (Doetsch et al., 1999; Suh et al.,
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Merge _

Newly born neurons in the damaged striatum express Sp8. A-D, Dcx ™ cells in the adult rat SVZ express Sp8. E, F, Dox ™ cells in the normal (E) and damaged (F) striatum express Sps.

G, H,(R*/Sp8 " cells are small interneuron-like cells in the normal (G) and damaged (H) striatum. Note that a (R ™ medium-sized aspiny neuron does not express Sp8 (arrow in G). I-L,
Photomicrographs of a BrdU */CR /Sp8 ™ cell in the damaged striatum 6 weeks after stroke. Scale bar: (in L) A=L, 10 jum.

2007; Mirzadeh et al., 2008). In the adult brain, neural stem cells
can produce both neurons and glial cells (Ahn and Joyner, 2005;
Menn et al., 2006; Suh et al., 2007) and retain substantial devel-
opmental “plasticity,” as demonstrated by the ability to switch
from neuronal to glial fates when exposed to a new source of
positional information (Hack et al., 2005; Jackson et al., 2006;
Colak et al., 2008; Jessberger et al., 2008). This developmental
plasticity is not unlimited, however, since neural stem cells seem
to be restricted with respect to the types of neuroblasts they can
generate and these neuroblasts are not susceptible to being re-
specified (Merkle et al., 2007). Moreover, we do not know
whether individual neural stem cells have the potential to give rise
to both neurons and glial cells in the adult brain.

Reduced plasticity in adult neuroblasts may be due to the
expression of specific transcription factors. Indeed, two tran-

scription factors, Pax6 and Sp8, have been identified in migrating
neuroblasts and continue to be expressed in differentiated OB
interneurons (Hack et al., 2005; Kohwi et al., 2005; Waclaw et al.,
2006). Although we found that there are some Pax6 "/Sp8 ™ cells
in the SVZ-RMS-OB system, we did not find any Dex */Pax6 *
cell in the damaged striatum in our experiments (data not
shown). This raises the possibility that only CR */Sp8 * commit-
ted neuroblasts have the ability to migrate out the SVZ and into
the damaged striatum after stroke. In line with this interpreta-
tion, previous studies have shown that olfactory bulbectomy does
not stop the production of neuroblasts in the SVZ, nor their
migration, but these neuroblasts are more likely to differentiate
into CR ™ neurons and to integrate into neighboring brain paren-
chyma (Jankovski et al., 1998; Kirschenbaum et al., 1999).

It has been reported that subsequent to ischemic injury in the
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Figure 9.
deep (I-L) granular cell layer of the 0B. Scale bar: (in L) A-L, 10 um.

adult rat, the newly generated neurons are predominantly
medium-sized spiny projection neurons (Arvidsson et al., 2002;
Parent et al., 2002). Both studies have clearly shown that SVZ
progenitor cell proliferation plays a major role in neurogenesis in
the damaged striatum after stroke. To investigate the type of
newly born neurons after adult stroke, both studies used
DARPP-32 as a marker for medium-sized spiny neurons. One
study, however, found that DARPP-32 was expressed in the SVZ-
RMS-OB system of both the damaged (ipsilateral) and undam-
aged (contralateral) hemispheres. They suggested that newly
formed neurons may transiently express DARPP-32 after stroke
(Parent et al., 2002). This provides a possible reinterpretation of
their results, but this remains to be clearly demonstrated. An-
other study used expression of the transcription factors Pbx and
Meis2 to mark developing striatal medium-sized spiny projection
neurons (Arvidsson et al., 2002). However, many interneurons in
the adult OB, including a subset of CR ¥ cells express these two
factors (supplemental Fig. 6 A—C, available at www.jneurosci.org
as supplemental material) (Redmond et al., 1996; Allen et al.,
2007). Moreover, we found that some CR ¥ cells in the normal
striatum and some newly born CR ™ cells in the damaged stria-
tum after stroke express Pbx as well (supplemental Fig. 6 D-G,
available at www.jneurosci.org as supplemental material). Thus,
although virtually all Dex ™ cells express Pbx and Meis2 in the
damaged striatum after ischemic stroke (Arvidsson et al., 2002),

The majority of Dex ™ cells in the adult OB express Sp8. A-L, Photomicrographs of Dex */Sp8 * cells in the glomerular layer and external plexiform layer (A-D), superficial (E~H) and

these two factors could not be used as specific markers for young
or mature medium-sized spiny projection neurons in the
striatum.

Because the vast majority of Dex ™ cells in the damaged stria-
tum that were generated from the SVZ express Sp8 and these cells
eventually differentiate into CR * interneurons, our results indi-
cate that the transcription factor Sp8 and the calcium-binding
protein CR can be used as markers for neurogenesis in the SVZ-
RMS-OB system in normal and damaged brains. Merkle et al.
(2007) reported that CR * granular cells and periglomerular cells
of the OB are produced in the medial wall of the anterior SVZ. A
small number of OB CR ™ cells are also produced in dorsal SVZ,
but very few CR * cells are derived from the lateral wall of the SVZ
(Merkle et al., 2007). Interestingly, we found that many Dcx *
cells and Dcx */CR ™ cells were located very close to the dorsolat-
eral SVZ (Fig. 6C). Because tangentially migrating neuroblasts
distribute along the length of the lateral ventricle wall and tra-
verse a complex network of interconnected paths before joining
the RMS (Doetsch and Alvarez-Buylla, 1996), it is possible that
newly born CR ™ cells in the damaged striatum are derived from
the neural stem cells that reside in different regions, such as me-
dial or dorsal part of the SVZ. Nevertheless, the locations of neu-
ral stem cells in the SVZ that give rise to CR * cells in the damaged
striatum after stroke remain to be clearly determined.

It would be interesting to know the function of newly born
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CR ™ inhibitory interneurons in the dam-
aged striatum. Because CR " interneurons
represent only 0.5% of all striatal neurons
in the adult rat brain (Rymar et al., 2004),
our data collectively suggest that the re-
generative capacity of the neural progeni-
tor cells and their descendants (neuro-
blasts) in the SVZ after stroke is limited.
Although we cannot exclude the existence
of very rare newborn neurons other than
CR™ cells that escaped detection because
not all Dex™ cells expressed Sp8 in the
damaged striatum after stroke in our ex-
periments (supplemental Fig. 4, available
at www.jneurosci.org as supplemental ma-
terial), or the possibility that we still
missed to label a few slowly dividing neural
stem cells that might have contributed to
production of DARPP-32" projection
neurons in the damaged striatum because
we used periodic intraperitoneal injections
of BrdU, not continuous supply through
drinking BrdU-containing water, it is un-
likely that these rare cells significantly con-
tribute to functional recovery of striatal
circuits.

The fact that neural progenitor cells are
not readily respecified in the embryonic
cortex (Shen et al., 2006), spinal cord
(Mukouyama et al., 2006), postnatal SVZ
(Merkle et al., 2007) and damaged brain
(this study), suggests that the strategies for
brain repair that are based only on increas-
ing adult neurogenesis need to be reevalu- 9
ated. It is likely that epigenetic reprogram-
ming of the dividing neural stem cells in
the adult SVZ will be required for the de-
velopment of successful cell-based thera-
pies for repairing a damaged brain.

Figure 10.
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