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Fig. 1. Expression pattern of EGIR in the SVZ after MCAQ: (A ) low-magnification image of a coronal brain section stained with Cresyl violet on Day 7 after the
induction of cerebral ischemia. The dotied line surrounds the infarct arca. CC, corpus callosum: (B) anti-EGFR (green) and Hoechst (bluc) staining of the SVZ.
region indicated by the rectangle in (A). The number of EGFR-positive cells in the SVZ on Day 7 after the induction of ischemia (right) was larger than that in the
intact brain (left): (C and D) higher magnification images of the cells in the SVZ on Day 7 after the induction of ischemiu. The cells were stained for EGER (green)
and Mashl (red) (C) or DCX (red) (ID). Most of the EGFR-positive cells in the SVZ are Mash1-positive (arrowheads in C) but DCX-negative (13); (E) a significant
increase in the number of EGFR+/Mashl+ cells was observed in the ipsilateral $VZ on Day 7 and Day 14 atter the induction of ischemia, compared with that in
intact brain. Values are shown as the mean £ S.E. “p<0.05 vs. the value in intact brain (n=3 per group); ANOVA, Tukey correction. The scale bar is 50 wm (A) or

20 pm (B-D).

cells in the SVZ might have been caused by increased migration
and/or reduced cell viability.

To study the changes in the cell populations of the brain after
a longer period of survival, the expressions of Mashl and DCX
were observed on Day 18 after MCAO, with or without a 6-
day interval after the removal of the EGF infusion pump. In

the animals that received 14-days’ continuous infusion of EGF
until Day 18, only a few DCX+ neuroblasts were observed (data
not shown), similar to the observations made on Day 12 (Fig. 2
D and G). However, in the animals that were perfused for 6
days after the discontinuation of the EGF infusion on Day 12, a
marked increase in the number of DCX+ cells was observed in
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Fig. 2. Iiffects of EGF infusion on the SVZ and striatum after MCAO: (A—C) increase in the number of Mash1+ cells after EGF treatment; (A and B) coronal sections
of the SVZ stained for Mash1 on Day 12 (A) and Day 18 (B) alter MCAOQ; (A) EGF was infused for 7 days, starting on Day 5 after MCAQ. The mice were sacrificed
immediately after the removal of the infusion pump on Day 12 after MCAQ. The number of Mashl+ cells in the EGF-administered mice was higher than that in
the control; (B) EGF was infused for 7 days, starting on Day 5 afier MCAQ. The mice were sacrificed 6 days after the removal of the infusion pump (Day 18). The
number of Mash1+ cells in the EGF-administered mice was highber than that in the control: (C) quantification of Mash 1+ cells. A significant increasc in the number of
Mash1+ SVZ cells was observed on Day 12 and Day 18 in the EGF-infused brains; (D-I) decrease in the number of DCX+ cells immediately after the discontinuation
of EGF infusion. In contrast, an increase in the number of DCX+ cells was observed in the SVZ and striatum 6 days after the removal of the infusion pump in the
EGF-administered brains; (I, E, G, H) coronal sections of the SVZ (), E) and striatum (G, H) stained for DCX on Day 12 (D, G) and Day 18 (E, H) after MCAO;
(D, G) immediately after the discontinuation of the EGF infusion (on Day12), a significant decrease in the number of DCX+ cells was observed in the SVZ (D) and
striatum (G) of the EGP-treated mice, compared with that in the control; (E, H) on the other hand, 6 days after the discontinuation of the EGF infusion (on Day 18),
the number of DCX+ cells in the SVZ (E) and striatum (H) significantly increased. compared with that in the control. The DCX-positive cells formed a chain-like
structure in the striatum (arrowhead) similar to that in the SVZ: (F, I) quantification of the number of DCX-positive cells. Immediately after the discontinuation of
the EGF administration (Day 12), a significant decrease in the number of DCX+ cells was found in the SVZ (F) and striatum (I). On the other band, 6 days after
the discontinuation of the EGF administration (Day 18), the number of DCX+ cells in both the SVZ. (F) and striatum (1) significantly increased. Scale bar =20 pm.
Values are shown as the mean + S.E. *p <0.05 and “]J <0.01 vs. the value in the control, ¥p<0.01 vs. the value on Day 12 in the animals receiving EGI infusion
(n=13 per group) #-test.

the SVZ (2.8-fold increase; 309 & 51 versus 109 £ 39; p<0.01)
(Fig. 2 D-F) and the striatum (5.7-fold increase; 259 £ 42 ver-
sus 45 &+ 5; p<0.01) on Day 18 (Fig. 2 G-I). The DCX-positive
cells formed a chain-like structure (arrowhead in Fig. 2 H)
in the striatum, close to the SVZ and the ischemic penum-
bra. Taken together, these results suggest that 1-week’s EGF

infusion expands the population of the transit-amplifying cells
but inhibits their differentiation into neuroblasts, eventually
increasing the neuronal regeneration in the ischemic striatum,
as observed 6 days after the removal of the EGF infusion pump.

The present results obtained in a mouse MCAO model raise
additional questions that need to be resolved: can such EGF-
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induced overproliferation of SVZ cells lead to the subsequent
formation of brain tumors [181? Might human SVZ cells also
possess the capacity to regenerate striatal neurons after cerebral
ischemia, similar to the case in rodents? Clearly, more detailed
studies on the human SVZ are needed before any considera-
tion of the clinical applications of EGF can be made. Cerebral
ischemia stimulates neurogenesis in the SVZ and striatum of
monkeys [21], as well as in that of rodents. Recent studies
have suggested that the adult human SVZ also contains neu-
ral stem cells {16,191 and EGFR-positive cells similar to the
transit-amplifying cells found in rodents [22}, suggesting that
the adult human SVZ might also be potentially responsive to
EGF infusion. In conclusion, the growth factor-induced expan-
sion of transit-amplifying cells may be a promising strategy for
promoting neuronal regeneration after cerebral ischemia.
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Differentiate into Mature Neurons in the Post-Stroke
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Recent studies have revealed that the adult mammalian brain has the capacity to regenerate some neurons after various insults. However,
the precise mechanism of insult-induced neurogenesis has not been demonstrated. In the normal brain, GFAP-expressing cells in the
subventricular zone (SVZ) of the lateral ventricles include a neurogenic cell population that gives rise to olfactory bulb neurons only.
Herein, we report evidence that, after a stroke, these cells are capable of producing new neurons outside the olfactory bulbs. SVZ
GFAP-expressing cells labeled by a cell-type-specific viral infection method were found to generate neuroblasts that migrated toward the
injured striatum after middle cerebral artery occlusion. These neuroblasts in the striatum formed elongated chain-like cell aggregates
similar to those in the normal SVZ, and these chains were observed to be closely associated with thin astrocytic processes and blood
vessels. Finally, long-term tracing of the green fluorescent-labeled cells with a Cre-loxP system revealed that the SVZ-derived neuroblasts
differentiated into mature neurons in the striatum, in which they expressed neuronal-specific nuclear protein and formed synapses with
neighboring striatal cells. These results highlight the role of the SVZ in neuronal regeneration after a stroke and its potential as an

important therapeutic target for various neurological disorders.

Key words: subventricular zone; cerebral ischemia; migration; neurogenesis; regeneration; striatum

Introduction

New neurons are continuously generated within two restricted
regions of the adult mammalian brain: the subventricular zone
(SVZ) of the lateral ventricle (Alvarez-Buylla and Garcia-
Verdugo, 2002) and the subgranular zone (SGZ) of the hip-
pocampal dentate gyrus {Gage, 2000). In the SVZ, GFAP-
expressing cells include a neurogenic cell population that gives
rise to neuroblasts (Doetsch et al., 1999; Garcia et al., 2004),
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which migrate anteriorly and form an extensive network of
chains (Doetsch and Alvarez-Buylla, 1996; Lois et al., 1996). Most
of the neuroblasts migrate through the rostral migratory stream
(RMS) into the olfactory bulb (OB), in which they differentiate
into interneurons (Altman, 1969; Lois and Alvarez-Buylla, 1994;
Kornack and Rakic, 2001; Pencea et al., 2001a). These interneu-
rons in the OB integrate with the existing circuitry and function-
ally contribute to olfaction (Gheusi et al., 2000; Carleton et al,,
2003). The results of in vitro studies suggest that adult human
SVZ cells also have neurogenic potential (Pincus et al., 1998; Roy
et al., 2000; Sanai et al., 2004). In the rodent brain, cerebral isch-
emia enhances neurogenesis in the SVZ and SGZ (Liu et al., 1998;
Arvidsson et al., 2001; Jin et al., 2001), and ectopic neurogenesis
has been observed in the ipsilateral striatum in animal models of
middle cerebral artery occlusion (MCAO) (Arvidsson et al., 2002;
Zhang et al., 2002) and in degenerated hippocampal CA1 (Na-
katomi et al., 2002; Bendel et al., 2005) in animal models with
global cerebral ischemia. These newly born neurons may com-
pensate for the loss of neuronal function caused by strokes. A
precise understanding of the mechanism of neuronal regenera-
tion should contribute to devising novel strategies to treat pa-
tients with cerebral ischemia.
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There are two possible sources of the newly generated neurons
in the ischemic striatum after MCAO. The first possible source is
the SVZ, because neuroblasts born in this region have been pro-
posed to migrate toward the striatum after ischemic injury
(Arvidsson et al., 2002; Zhang et al,, 2002, 2004; Jin et al., 2003).
The second possible source is the striatal parenchyma, because it
may also contain latent progenitor cells that can be activated and
become neurogenic when stimulated by neurotrophic factors
{Palmer et al., 1995; Pencea et al., 2001b). Because more specific
cell labeling and tracing techniques were needed to identify the
source of this ectopic neurogenesis, in this study, we performed
region- and cell-type-specific cell labeling and Jong-term tracing
experiments in combination with light and electron microscopic
analyses. The results revealed the SVZ to be the principal source
of the neuroblasts that form chain-like structures migrate later-
ally toward the injured striatal regions and differentiate into ma-
ture neurons.

Materials and Methods

Animals. Adult9- to 16- week-old mice (20-32 g) were used in this study.
Wild-type ICR mice were purchased from SLC (Shizuoka, Japan). CAG-
CAT-enhanced green fluorescent protein (EGFP) transgenic mice
(Kawamoto et al., 2000) were provided by Dr. Jun-ichi Miyazaki (Osaka
University Medical School, Suita, Osaka, Japan). GFAP tv-a (Gtr-a)
transgenic mice (Holland and Varmus, 1998) were purchased from The
Jackson Laboratory (Bar Harbor, ME). All animal-related procedures
were approved by the Laboratory Animal Care and Use Committee of
Keio University and conducted in accordance with the guidelines of the
National Institutes of Health.

Focal cerchral ischemia. During surgery, the mice were anesthetized
with a nitrous oxide/oxygen/isoflurane mixture (69/30/1%) adminis-
tered through an inhalation mask. Rectal temperature was maintained at
37.0°C by placing the animals on a heating bed (model BMT-100; Bio
Research Center, Nagoya, Japan). A laser Doppler flowmeter probe
(model ALF21; Advance, Tokyo, Japan) was attached to the surface of the
ipsilateral cortex to monitor regional cerebral blood flow. MCAO was
induced by the intraluminal filament technique reported previously
(Shibata et al., 2000; Hayashi et al., 2003; Yamashita et al., 2005). In brief,
the right carotid bifurcation was exposed, and the external carotid artery
was coagulated distal to the bifurcation. A silicone-coated 8-0 filament
was then inserted through the stump of the external cerebral artery and
gently advanced (9.0-10.0 mm) to occlude the middle cerebral artery.
After 30 min occlusion, the filament was gently withdrawn, and the in-
cision was closed.

Adenovirus preparation and injection into the striatum. The Cre-
encoding recombinant adenovirus AxCANCre (Kanegae et al., 1995) was
kindly provided by Dr. Izumu Saito (University of Tokyo, Tokyo, Japan).
Concentrated and purified virus stocks (1.7 X 107 viral particles/ml)
were prepared by the standard procedure as described previously
(Kanegae et al,, 1994). The viral suspension (1 pl) was diluted in 1000 u!
of PBS before injection, and a 300 nl volume of diluted viral suspension
was stereotaxically injected into the striatal parenchyma [anterior, lat-
eral, depth (inmm): 0.5, 2.0, 3.0—-4.0} of the CAG-CAT-EGFP transgenic
mice, as shown in Figure 2 A.

In vivo plasmid transfection of subventricular zone cells. Plasmid DNA-
polyethylenimine (PEI) complexes were prepared according to the in-
structions of the manufacturer. In short, the pxCANCre plasmid DNA
(10 pg) was diluted in a sterile solution of 5% glucose to a final volume of
18.8 pl and complexed with 1.2 pl of linear PEI (in vivo jet PEI; PolyPlus
Transfection, lllkirch, France). A 2 pl volume of the PEI-plasmid com-
plexes was stereotaxically injected bilaterally into the lateral ventricle
[anterior, lateral, depth (in mm): —0.7, 1.0, 2.0] of the CAG-CAT-EGFP
transgenic mice as shown in Figure 3A.

Preparation and  transplantation of RCAS-EGFP-virus-producing
chicken fibroblasts. The plasmid for generating the replication-competent
avian retrovirus RCAS-EGFP was a gift from Hiroyuki Yaginuma (Fuku-
shima Medical University School of Medicine, Fukushima, Japan).
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Chicken fibroblast cell line DF-1 (American Type Culture Collection,
Manassas, VA) was transfected with the RCAS-EGFP plasmid using the
FuGENES transfection reagent (Roche, Mannheim, Germany) as de-
scribed previously (Sato et al,, 2002). The virus-producing cells were
washed three times with PBS to remove virus particles and pelleted by
centrifugation. The pellets were resuspended in 50 ul of PBS and placed
on ice. A 100 nl volume of the cell suspension (3-5 X 107 cells) was
stereotaxically injected into the ipsilateral striatum [anterior, lateral,
depth (in mm): 0.5, 2.7, 3.2-4.0; —0.3, 3.0, 3.2-4.0] or the SVZ (0.5, 1.2,
2.0-2.5; —0.3, 1.5, 2.0-2.5) (see Fig. 4F,I). GFAP-promoter-driven
TVA expression in striatal astrocytes was significantly increased after
MCAO (data not shown). Therefore, to label target cells at maximal
efficiency, DF-1 cells were grafted at 5 d after MCAO (see Fig. 4E). No
immunosuppressive agents were given to the animals.

Immunohistochemistry. For light microscopy, brains were fixed by per-
fusion with 4% paraformaldehyde, and, after postfixation overnight, 50
um sections were cut with a vibrating blade microtome (VT10008S; Leica,
Heidelberg, Germany). The following primary antibodies were used:
goat anti-doublecortin (Dcx) antibody, 1:100 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA); mouse anti-Bll1-tubulin antibody (Tuj-1), 1:200
(Sigma, St. Louis, MO); rabbit anti-GFP antibody, 1:200 (MBL, Woburn,
MA) or mouse anti-GFP antibody, 1:1000 (gift from Dr. Shohei Mitani,
Tokyo Women’s Medical University School of Medicine, Tokyo, Japan);
mouse anti-GFAP antibody, 1:200 (Sigma); mouse anti-neuronal-
specific nuclear protein {(NeuN) antibody, 1:200 (Chemicon, Temecula,
CA); rabbit anti-glutathione S-transferase (GST)-m antibody, 1:500
(MBL); rabbit anti-TVA antibody, 1:100 (gift from Dr. Andrew D.
Leavitt, University of California, San Francisco, CA); and rat anti-plate-
let/endothelial cell adhesion molecule-1 (PECAM-1) antibody conju-
gated with biotin, 1:100 (BD Biosciences PharMingen, San Diego, CA).
The antibodies against Dcx, BIlI-tubulin, GFP, GFAP, NeuN, GST-,
and TVA were detected with secondary antibodies conjugated with Alexa
Fluor (Invitrogen, Carlsbad, CA). For detection of PECAM-1, sections
were incubated with ABC Elite complex (Vector Laboratories, Burlin-
game, CA) and treated with a tyramide signal amplification kit (TSA
tetramethyl rhodamine system; PerkinElmer, Boston, MA). To count
Dcx-positive neuroblasts in the ischemic striatum, sections were incu-
bated with goat anti-Dcx antibody (1:500) and then with a biotin-labeled
secondary donkey anti-goat IgG antibody. After incubation with ABC
Elite complex, the signal was visualized with diaminobenzidine tetrahy-
drochloride. Sections stained without primary antibodies showed no sig-
nals (data not shown).

For preembedding immunostaining for electron microscopy, brains
were perfused with 4% paraformaldehyde and 0.1% glutaraldehyde, and,
after postfixation overnight, 50 um coronal sections were cut with a
vibrating blade microtome. The sections were stained with goat anti-Dcx
antibody (1:100) or rabbit anti-GFP antibody (1:100) as described above.

Electron microscopic analysis. Electron microscopic analyses were per-
formed as described previously (Doetsch et al,, 1997). Briefly, the sec-
tions labeled by GFP or Dcx immunohistochemistry were postfixed in
2% osmium for 1.5 h, incubated in 2% uranyl acetate for 2 h, dehydrated,
and embedded in Araldite (Durcupan ACM; Fluka BioChemika,
Ronkonkoma, NY). To study the overall organization of the SVZ and the
striatum, we cut serial 1.5 wm semithin sections with a diamond knife
and stained them with 1% toluidine blue. Sections containing GFP-
positive cells with neuronal morphology were selected under light mi-
croscopy and used for preparation of ultrathin sections. Ultrathin (0.05
) sections were cut with a diamond knife, stained with lead citrate,
and examined with a Jeol (Tokyo, Japan) 1010 electron microscope.

Quantitative analysis. The Dcx-positive cells in the peri-infarct region,
located in the medial half of the striatum, were counted under a micro-
scope (Axioplan 2; Zeiss, Tokyo, Japan) in six sections from three levels
of the caudate—putamen (1.0, 0.5, and 0 mm rostral to the bregma) of
each animal, because these sections consistently contained the infarct
area in the striatum ipsilateral to the insult. To count the number of
GFAP-positive cells in the GFAP/TVA double-labeled sections (see Fig.
4A,B), three section levels were selected as described above, and four
areas in the ipsilateral SVZ of each section were chosen randomly and
captured at 100X magnification with a confocal laser microscope



Yamashita et al. e Neurogenesis in the Post-Stroke Adult Brain

~~~~~

- @
C 2 D == :
— F 3 = & :
) - a 2000 .
o : b o 0
+ i i = £
> & < Y Ep
S-= + 2
s ; =z 100
o(% 20 S %
; T =
o i : 55
i - w
[<33 : o
-g [ i_,—.,.;la.. i - i g) 2 3 -
= + - - P .
g pre-ope 14 18 91 28 35 é - 40~200 200--300 400~60C 600--850

Days after MCAb Distance from the SVZipm,

BN ¢ Hoechst
tubulin %;,,% '

»
P

Figure1. Neuroblasts transiently appearing in the striatum after cerebral ischemia. 4, A coronal brain section, obtained 14 d
afterischemia induction and stained with cresyl violet. Dotted lines indicate the border between the intact and infarcted areas. CC,
Corpus callosum; St, striatum; LV, lateral ventricle. Scale bar, 500 pm. B, Anti-Dcx staining of coronal brain sections obtained
preoperatively (Pre-ope) and at 14 and 18 d after MCAQ. The boxed area in Bindicates the fiefd shown in £. Scale bar, 500 pm. €,
Temporal profile of Dox-positive cells in the striata of MCAO mice {n = 3 at each time point). The number of Dcx-positive cells at
18and 21 d afterischemia induction wassignificantly greater than the preoperative number. Values are means + SEM. *p << 0.01
versuss preoperative value (ANOVA, Bonferroni's correction). D, Numbers of Dox-positive cells in four regions at different distances
from the SVZ of brains {n = 3) 18 d after MCAD. £, Double immunchistochemistry of the striatum with anti-Dox antibody (red) and
anti-Bili-tubulin antibody (green) 18 d after ischemiainduction. Another neuroblast marker, Blli-tubulin, was coexpressed by 98% of the
Dax-positive cells (n = 1108 cells} in the striatum. Nuclear staining with Hoechst 33258 is shown in blue. Scale bar, 50 pum.
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is mainly located in the lateral portion of
the corpus striatum (Fig. 1A). As the first
step in identifying the source of the neuro-
blasts in the ischemic striatum, we counted
the number of cells expressing Dcx, a
marker of neuroblasts (Brown et al., 2003;
Yang et al., 2004), in the ischemic brains
fixed preoperatively and at 14, 18, 21, and
35 d after ischemia induction (Fig. 1B,C).
The numbers of Dcx-positive cells 18 and
21 d after ischemia induction were signifi-
cantly greater than the preoperative num-
ber (Fig. 1C). Dcx-positive cells were dis-
tributed widely in the striatum at 18 d after
MCAQ (Fig. 1D), similar to results re-
ported previously (Thored et al., 2006).
Ninety-eight percent of the Dcx-positive
cells (m = 1108 cells) found in the striatum
18 d after MCAO were positive for the
neuronal marker Blil-tubulin (Lee et al.,
1990) (Fig. 1 E), indicating that they were
of the neuronal and not the glial lineage.
Based on this finding, we designed a series
of experiments in which we performed
region- and cell-type-specific labeling and
tracing to identify the source of the Dcx-
positive neuroblasts in the striatum (see
below).

Striatal cells do not

generate neuroblasts

Because of the regionally restricted emer-
gence of neuroblasts in the striatum (Fig.
1), we hypothesized that striatal cells gen-
erate neuroblasts when subjected to isch-
emia. To test this hypothesis, we specifi-
cally labeled striatal cells and traced their

(LSM510; Zeiss). For the cell-type-specific marker/GFP (sec Fig. 2-6) or
BllI-tubulin/Dcx (see Fig. 1 E) double-labeling immunohistochemistry,
confocal images were taken from four areas in the peri-infarct region of
the striatum. LSM510 software was used to measure the distance between
GFP/Dcx double-positive neuroblasts and the ventricular wall.

The spatial relationships between the neuroblasts and blood vessels in
the striatum were studied by capturing a series of 0.8 wm optical sections
with a confocal laser microscope from PECAM-1/Dcx double-
immunostained sections and reconstructing them into stacked
Z-dimension images with Volocity software {(Improvision, Lexington,
MA). Based on their morphology, Dcx-positive neuroblast aggregates in
the striatum were classified as either “spherical clusters” or “chains” as
reported previously (Zhang et al,, 2004).

Statistical analysis. Values are expressed as means * SEM. The differ-
ences in numbers of Dcx-positive cells in the striatum were evaluated for
statistical significance by ANOVA with Bonferroni’s correction. The ori-
entation of chain-forming neuroblasts was classified as mediolateral or
dorsoventral. The frequencies of chains in each orientation were com-
pared using the x? test. Statistical significance was assumed at a p value of
0.05.

Results

Focal cerebral ischemia induces a transient increase in
neuroblasts in the adult mouse striatum

In this study, we used a mouse model of middle cerebral artery
occlusion (Yamashita et al., 2005), in which the infarcted region

fates with a Cre-loxP recombination sys-
tem (Zinyk et al., 1998). We stereotaxically
injected the Cre-encoding adenoviral-
vector AXCANCre (Kanegae et al., 1995; Araki et al., 2000) into
the striata of the CAG-CAT- EGFP transgenic mice, in which GFP
expression is induced in Cre-introduced cells and their progeny
under control of the ubiquitous CAG promoter (Kawamoto et
al., 2000). Because adenoviral vectors efficiently infect most, if
not all, cell types, regardless of their mitotic activity (Benihoud et
al.,, 1999), if the Dcx-positive neuroblasts were born in the stria-
tum, some should be labeled with GFP. The brain was examined
for the presence of GFP-labeled cells after inducing MCAO (Fig.
2A,B). At 5 d after AXCANCre injection, GFP-positive cells were
present exclusively in the striatum (Fig. 2C), although none were
detected around the SVZ, the other possible source of striatal
neuroblasts (see below). Close examination of the sections re-
vealed that virtually all of the cells labeled with Hoechst 33258
expressed GFP in the vicinity of the injection sites (Fig. 2 D).
These GFP-positive cells expressed the astrocytic marker GFAP
(Fig. 2 E) (22 cells per 56 GFP-positive cells), the mature neuronal
marker NeuN (Fig. 2F) (13 cells per 50 GFP-positive cells), the
oligodendrocyte marker GST-ar (Hsieh et al., 2004) (Fig. 2G) (8
cells per 55 GFP-positive cells), the endothelial marker PECAM-1
{Sheibani et al.,, 1997) (Fig. 2H) (6 cells per 55 GFP-positive
cells), or NG2, which is reportedly expressed in neuronal progen-
itor cells in the cortex (Dayer et al., 2005) (Fig. 21) (8 cells per 44
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GFP-positive cells), suggesting that this
method labels various types of striatal
cells. We then investigated whether the
GFP-positive cells in the striatum were la-
beled with Dcx at 18 d after MCAO. None
of the striatal GFP-positive cells observed
(n = 695) expressed Dcx (Fig. 2J,K), sug-
gesting the Dcx-positive neuroblasts to
have been derived from brain regions out-
side of the striatum.

SVZ cells generate neuroblasts that
migrate toward the ischemic striatum
The results of previous studies have sug-
gested the SVZ as another possible source
of striatal neuroblasts (Arvidsson et al.,
2002; Zhang et al., 2002, 2004; Jin et al,,
2003). A specific and efficient method of
labeling cells in the SVZ, a very thin cell
layer lining the ventricular wall that is dif-
ficult to target, is needed to investigate
whether these cells generate striatal neuro-
blasts. In this study, we chose intraventric-
ular injection of plasmid DNA mixed with
PEIL, because it has been demonstrated to
introduce foreign genes specifically into
the SVZ (Lemkine et al., 2002). To verify
the specificity and efficiency of this
method, the Cre-encoding plasmid px-
CANCre mixed with PEI was injected into
the lateral ventricles of CAG-CAT-EGFP
transgenic mice (Fig. 3A4), and GFP-
positive cells were observed in the SVZ
alone at 5 d after the injection (Fig. 3C).
We thus concluded that the Cre expression
was specifically targeted to the regions
close to the ventricular wall. Cell counts
revealed that 50% of the GFP-expressing
cells (n = 42) were GFAP-positive astro-
cytes and 6.3% (n = 111) were Dcx-
positive neuroblasts. Analysis of the fate of
the GFP-labeled SVZ cells in the non-
ischemic control mice (n = 4) and MCAO
mice (7 = 6) on day 18 (Fig. 3B) revealed
large numbers of GFP-positive cells in the
OB and RMS of all brains in both the con-
trol group and the MCAO group (data not
shown), but examination of the striatum
revealed a significant difference in the dis-
tribution of GFP-positive cells between
these two groups. GFP-positive cells were
restricted to the SVZ in the control group,
with none being observed in the striatum
(Fig. 3D). In contrast, in the MCAO
group, GFP-positive cells (82.0 = 12.1
cells per hemisphere) were found in the
ipsilateral striatum (Fig. 3E), and 37%
{n = 45 cells) were positive for Dcx and
had a long leading process (Wichterle et
al., 1997), similar to that of the neuroblasts
migrating in the RMS (Fig. 3F). The distri-
bution pattern of these SVZ-derived GFP/
DCX double-immunopositive cells (Fig.
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Figure 2.  Striatal cells do not generate neuroblasts. A, Diagram showing the injection site. AxCANCre, an adenoviral
vector encoding Cre recombinase under control of the CAG promoter, was injected into the striata of CAG-CAT-£GFP
transgenic mice, which carry a floxed EGFP gene under control of the CAG promoter. B, AxCANCre was injected 5 d before
MCAO, and the animals were killed 18 d after MCAO. €1, Expression of GFP in the striatum on day 0 (5 d after injection).
€, Large numbers of GFP-positive cells (green) are present in the striatum, although there are none in the SVZ. Scale bar,
500 . LV, Lateral ventricle; St, striatum. D~1, High-power confocal images of the injection site indicated by the boxed
areas in C. D, All Hoechst 33258-positive cells (blue) express detectable GFP {green) in the vicinity of the injection site.
Scale bar, 20 pm. E-1, Double stainings with cell-type-specific markers reveal that the GFP-encoding adenovirus-infected
cells express GFAP (E), NeuN (F), GST-ar (6), PECAM-1 (H), and NG2 (7). Scale bar, 10 um. Arrowheads point to GFP-
positive cells colabeled with the indicated marker. J, Distribution of GFP-positive cells (green) in the striatum 18 d after
MCAQ. Scale bar, 500 wm. K, High-power confocal image of the injection site indicated by the boxed area in J. All
GFP-labeled cells {n = 695) observed in three MCAQ mice are negative for Dcx. Scale bar, 20 m. [, Orthogonal view of a
GFP-positive cell indicated by the boxed area in K. Among all of the GFP-positive cells analyzed (n = 62}, each cell had an
intact nucleus. Scale bar, 10 pm.
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Figure 3.  Neuroblasts migrate from the SVZ into the striatum after cerebral ischemia. 4,
Diagram showing the injection site. The Cre-encoding pxCANGre plasmid was injected into the
lateral ventricles of CAG-CAT-FGFP transgenic mice, which carry the floxed £GFP gene under
control of the CAG promoter. B, pxCANCre plasmid plus PEl was injected into the lateral ventricle
5 d before MCAO, and the animals were kifled 18 d after MCAQ. €, B, In the normal brain (n = 4
ateachtime point), GFP-positive cells (green) areobserved onlyin the SVZat 5 and 23 d after the
injection (corresponding to days 0 and 18, respectively, in B). Scale bars, 200 wm. E, in the
ischemic brain (n = 4), many SVZ-derived GFP-positive cells (green) are observed in the peri-
infarct striatum 23 d after the injection {corresponding to day 18 in B). The numbers and thin
dotted lines indicate distance (in micrometers) from the SVZ. F, High-power confocal image of
aGFP/Dex-expressing cell exhibiting morphology typical of migrating neuroblasts, Thirty-seven
percent of the GFP-positive cells (n = 45) in the striatum expressed Dex. Scale bar, 10 um. 6,
Numbers of GFP/Dcx double-positive cells in four regions at different distances from the SVZ
18 d after MCAQ. This distribution is very similar to those of GFP-positive cells (Fig. 10). No
SVZ-derived GFP/Dcx double-immunopositive cells were observed in the striatum of the non-
ischemic brain.

3G) was very similar to that of DCX-positive cells (Fig. 1D). These
results suggest that SVZ-derived neuroblasts migrate toward the
striatal parenchyma after a stroke.

SVZ GFAP-expressing cells generate striatal neuroblasts after
cerebral ischemia

Previous studies have shown that SVZ GFAP-expressing cells in-
clude a neurogenic cell population, which gives rise to neuro-
blasts that migrate anteriorly in the RMS and differentiate into
neurons in the OB (Doetsch et al., 1999; Garcia et al., 2004; Imura
et al., 2006). To determine whether SVZ GFAP-expressing cells
are the source of neuroblasts in the damaged striatum, we admin-
istered the RCAS-EGFP avian retrovirus (Sato et al., 2002) into
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the brains of Grv-a mice, in which only GFAP-positive cells ex-
press TVA, areceptor required for infection by the avian retrovi-
rus (Holland and Varmus, 1998; Doetsch et al., 1999; Seri et al.,
2001). To confirm that TVA is specifically expressed in GFAP-
positive cells in the ischemic brain, we performed double immu-
nohistochemistry for GFAP and TVA. Confocal microscopic
analyses of the SVZ tissue sections from Giv-a transgenic mice,
8 d after ischemia induction, revealed that virtually all of the
TVA-expressing cells were positive for GFAP (Fig. 44,B), al-
though the different subcellular localizations of each of the pro-
teins did not allow quantitative analysis. In addition, all of the
TVA-expressing cells (n = 327) were negative for Dox (Fig.
4C,D). Injection of the RCAS-EGFP virus into wild-type ischemic
brains yielded no labeled cells (data not shown), indicating that
infection with this virus is dependent on TVA. Thus, only GFAP-
positive cells should be infected with RCAS-EGFPretrovirus even
in the ischemic brain.

In this study, we transplanted the chicken fibroblast cell-line
DF-1 cells producing the RCAS-EGFP virus, because it was
shown to yield high virus titers at injection sites for gene transfer
(Holland and Varmus, 1998). We transplanted DF-1 producing
the RCAS-EGFP virus into the SVZ or the striatum of the Gtv-a
transgenic mice 5 d after MCAO and characterized the fate of
GFP-positive cells 18 d after MCAO (Fig. 4 E). Most of the GFP-
positive cells in the brains, of which the striatum had been in-
jected with RCAS-EGFP-producing cells (Fig. 4F), were still
positive for GFAP (Fig. 4G), and no GFP/Dcx double-
immunopositive cells were observed (none of 498 GFP-positive
cells) (Fig. 4H), consistent with the results of the adenoviral in-
fection experiment (Fig. 2). Conversely, when cells producing the
RCAS-EGFP virus were transplanted into the SVZ (Fig. 41), all of
the brains studied (n = 3) contained GFP/Dcx double-positive
cells (5 cells per 13 GFP-positive cells in total) in the peri-infarct
region of the striatum at 18 d (Fig. 4)). We therefore concluded
that SVZ GFAP-expressing cells produce the neuroblasts ob-
served in the ischemic striatum.

Migrating neuroblasts form chain-like structures along blood
vessels in the striatum

The results described above (Figs. 2—4) indicate that most of the
Dcx-positive neuroblasts migrating in the ischemic striatum
originated in the SVZ. We then examined the Dcx-positive cells
migrating in the striatum by immunofluorescence and electron
microscopic techniques to study the morphology of the SVZ-
derived neuroblasts in greater detail. Recent studies have found
blood vessels to be involved in the regulation of neuronal progen-
itors in vitro or in vivo (Palmer et al., 2000; Louissaint et al., 2002;
Shen et al., 2004), and insult-induced neurogenesis in the stria-
tum is also reportedly influenced by blood vessels (Sun et al.,
2003; Chen et al.,, 2005). Possible interactions between the mi-
grating neuroblasts and blood vessels in the striatum were exam-
ined 18 d after MCAO in sections of the brain that had been
stained for Dcx and PECAM-1, a marker of vascular endothelial
cells (Sheibani et al., 1997). Some of the neuroblasts formed ag-
gregates and others remained isolated in the striatum. The neu-
roblast aggregates were classified as spherical clusters or chains
based on their morphology, as described previously (Zhanget al.,
2004). All of the spherical clusters (n = 6) were identified at some
distance from PECAM-1-positive vascular endothelial cells (Fig.
5A), whereas all of the chains (n = 12) were wound around
vascular endothelial cells (Fig. 5B,C) (supplemental movie 1,
available at www jneurosci.org as supplemental material). Most
of the neuroblasts in the chain were elongated parallel to the
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SVI GFAP-expressing cells are a source of the neuroblasts that migrate into the
striatum after cerebral ischemia. A-D, Double immunofluorescence of an SVZ section stained
with anti-TVA antibody (red), in combination with anti-GFAP antibody (green) (4, B) or with
anti-Dox antibody {green) (€, D) 8 d after induction of ischemia {Gtv-a transgenic mice). B and

Figure 4.
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blood vessels, and, interestingly, most of the chains (83%, # = 10)
were oriented in the mediolateral direction (Fig. 5D-F). These
findings suggest blood vessels to be involved in the chain forma-
tion and lateral migration of SVZ-derived neuroblasts toward the
injured tissue. To further investigate the fine morphology of the
chain structure, we examined anti-Dcx-stained sections electron
microscopically. The morphology of the neuroblasts in the stria-
tum resembled that in the intact SVZ (Doetsch et al., 1997). Their
nuclei were spindle-shaped and dark, and the cytoplasm was
smooth and scant (Fig. 5H). Zonula-adherens-like small junc-
tional complexes were observed between these neuroblasts (Fig.
51,K). The chains of neuroblasts were frequently associated with
thin astrocytic processes aligned close to blood vessels (Fig. 51,7 }.
Thus, the chain-like structures that developed in the striatum
exhibited cellular organization and morphology similar to those
of the normal SVZ.

SVZ-derived neuroblasts differentiated into mature neurons
and formed synapses in the striatum

Previous studies have shown that a small population of striatal
neuroblasts in the ischemic brain can survive and mature into
neurons (Arvidsson et al., 2002; Teramoto etal., 2003). We tested
whether SVZ-derived neuroblasts were capable of differentiating
into mature neurons after prolonged survival. For this purpose,
we analyzed GFP-positive cells labeled by injection of the PEI-
pxCANCre plasmid complex 90 d after MCAO (Fig. 6A, B). The
results showed that a subpopulation of the GFP-positive cells
(29%; n = 5 cells) in the striatum expressed NeuN, a marker of
mature neurons (Fig. 6C), and the GFP-labeled cells frequently
showed a morphology typical of mature neurons (Fig. 6D).
Moreover, immunoelectron microscopic examination revealed
that the GFP-positive axons contained abundant presynaptic ves-
icles and formed synapses with neighboring cells (Fig. 6 E,F).
These observations indicated that SVZ-derived neuroblasts are
capable of differentiating into mature neurons and being inte-
grated into the preexisting neuronal circuit.

Discussion

SVZ GFAP-expressing cells produce neuroblasts in the
peri-infarcted striatum

Migration of SVZ neuroblasts toward the injured striatum in
MCAO models similar to ours has been suggested previously by
the results of experiments using bromodeoxyuridine (BrdU) la-
beling (Arvidsson et al., 2002; Parent et al., 2002; Sundholm-
Peters et al., 2005; Thored et al., 2006) or Dil labeling (Jin et al.,
2003). Intraperitoneally administered BrdU can be incorporated
into dividing cells and dying cells throughout the body (Kuan et
al., 2004), such that it is not useful for determining where the cells
were labeled. Because Dil is lipid soluble and transported to
neighboring cells, when Dil is injected into the lateral ventricles,
it labels various types of cells directly adjacent to or projecting

€

Dshow high-power views of the field indicated by the boxed areasin 4 and €, respectively. Note
that all of the TVA-expressing cells contain detectable signals of GFAP but not Dex. 8, D, 10 em.
E, DF-1 cells transfected with the RCAS-EGFP plasmid were transplanted into the striatum
(F~H) or SVZ{1,4) 5 d after MCAO, and the animals were killed 18 d after MCAO. F~H, In the
brains (n = 16} in which RCAS-£GFP-producing DF-1 cells were transplanted into the striatum
(F), GFP/GFAP double-positive cells were frequently observed (G). However, all GFP ™ cells
examined {n = 498) were negative for Dcx {H). Scale bar, 20 pm. 1, J, All brains {n = 3)in
which RCAS-£GFP-producing DF-1 cells were transplanted into the SVZ (I} contained GFP/Dcx
double-positive cells (5 cells per 13 GFP-positive cells in total) in the peri-infarct region of the
striatum at 18 d (/). Scale bar, 20 pum.
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Figure 5.  Migrating neuroblasts formed elongated aggregates associated with blood vessels in the ischemic striatum. A-C,
Double immunohistochemistry of the striatum with anti-PECAM-1 antibody (red) and anti-Dex antibody (green) 18 d after
ischemia induction. 4, Spherical clusters of Dex-positive neuroblasts (7 = 6) are at some distance from the PECAM-1-positive
vascular endothelial cells. B, €, Chains of neuroblasts (n = 12) wind around the vascular endothelial cells. Note that this chain
appears to extend toward the injured region (on the right, in this figure) and to beconnected with a spherical cluster of neuroblasts
that is not associated with blood vessels. See also supplemental movie 1 (available at www.jneurosci.org as supplemental
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into the ventricular wall independently of
cell migration (Frielingsdorf et al., 2004).
Both BrdU and Dil are diluted by cell di-
visions, which makes it difficult to study
the phenotypes of the matured progeny of
labeled cells after a long period. Moreover,
the SVZ is a very thin cell layer lining the
ventricular wall and is difficult to specifi-
cally target by stereotaxic viral injections.
To overcome these technical limitations,
we injected Cre-encoding plasmid into the
lateral ventricles of transgenic mice carry-
ing a floxed GFP gene, which made it pos-
sible to specifically label SVZ cells and
trace their progeny until 90 d after MCAOQ.
The results of our experiments provide di-
rect evidence that the SVZ is the principal
source of the neuroblasts that migrate into
the ischemic striatum and differentiate
into mature neurons. We also performed
cell-type-specific labeling by the RCAS-
TVA system (Bell and Brickell, 1997),
which has been used to study the fate of
GFAP-expressing cells in vivo (Holland
and Varmus, 1998; Doetsch et al., 1999;
Seri et al., 2001). The results of previous
studies indicate that SVZ GFAP-
expressing cells generate only olfactory
bulb neurons in the normal brain
(Doetsch et al., 1999), whereas the results
of our study strongly suggest that SVZ
GFAP-expressing cells give rise to neuro-
blasts that migrate into the injured stria-
tum. However, because we could not di-
rectly show that the cells originally
infected with the RCAS-EGFP virus were
actually expressing GFAP, we cannot rule
out the possibility that other cell types in

the SVZ generated the EGFP-positive neu-

<«

material). Arrowheads, Spherical cluster of neuroblasts; ar-
rows, elongated chain-like aggregate of neuroblasts. LV, Lat-
eral ventricle. Scale bars, 20 um. D, The chains were classi-
fied on the basis of their dorsoventral (d-v) and mediolateral
{m-) orientations. d, Dorsal; v, ventral; m, medial; 1, lateral. £,
F, The number of mediolaterally oriented chain-like neuro-
blasts (blue) was significantly larger than the number of dor-
soventrally oriented neuroblasts (red). *p < 0.05 { * test).
G, Dox-stained semithin section of the striatum. The ectopic
chain of neuroblasts in the electron micrograph in H is
marked by arrowheads. H—A, Electron microscopic view of
neuroblasts migrating within the striatum. H, Each Dox-
positive celt contains abundant lax chromatin, two to four
small nucleoli, and a smooth scant cytoplasm, similar to neu-
roblasts in the SVZ. , Dox-positive neuroblasts are located
dlose to blood vessels. Asterisks, Blood vessels. The boxed
areas in / indicate the fields shown in J and K. Scale bar, 2
m.J, Dex-positive neuroblasts are adjacent to the thin pro-
cesses of astrocytes (arrowhead) associated with endothelial
cells (arrow) of blood vessels. Asterisks, Cytoplasm of Dox-
positive neuroblasts. Scale bar, 500 nm. K, A zonula-
adherens-like contact (arrowhead) is observed between two
Dex-positive neuroblasts. Scale bar, 500 nm.
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Figure 6.  SVZ-derived neuroblasts differentiate into mature neurons and form synapses in
the striatum by 90 d after MCAQ. A, Diagram showing the injection site. B, The pxCANCre
plasmid was injected into the lateral ventricle 5 d before MCAO, and the animals were killed 90 d
after MCAO. €, Confocal three-dimensional reconstruction image of a GFP/NeuN double-
positive cell. At 90 d after MCAO, 29% of the SVZ-derived GFP-positive cells (n = 13} in the
striatum expressed NeuN, a specific marker for mature neurons. Scale bar, 20 em. D, A GFP-
positive cell exhibiting neuronal morphology. Scale bar, 20 pm. E, An electron micrograph
showing a GFP-positive axon {asterisk) containing presynaptic vesicles. Scale bar, 0.5 um. F,
High-power magnification view of the region indicated by the boxed areain £. The postsynaptic
density is indicated by arrowheads.

roblasts. Interestingly, SVZ cells have been implicated in the gen-
eration of glial cells in the mechanically injured cerebral cortex
(Goings et al., 2004) and the corpus callosum damaged by exper-
imental autoimmune encephalomyelitis (Picard-Riera et al,
2002). Thus, it is possible that SVZ GFAP-expressing cells gener-
ate various types of progenitors, which have the ability to migrate
to diverse damaged brain regions and replace the various types of
cells lost by brain injury or brain disease.

Yamashita et al. e Neuregenesis in the Post-Stroke Adult Brain

Striatal cells do not generate neuroblasts in the

ischemic brain

The results of this study suggest neuroblasts appearing in the
peri-infarcted striatum to be derived from brain regions outside
of the striatum (Fig. 2), and this finding is consistent with the idea
that the distribution of the neurogenic cell population is re-
stricted to a niche in which a special microenvironment supports
their survival and function in the adult brain (Herrera et al., 1999;
Shihabuddin et al., 2000). However, we were unable to rule out
the possibility that the striatum contains a population of rare
neurogenic cells undetectable under our experimental condi-
tions. Previous in vitro studies have revealed that cells isolated
from the striatum can generate new neurons when stimulated by
intrinsic or extrinsic factors (Palmer et al., 1995; Wang et al,,
2004), suggesting that latent neural progenitor cells reside in the
striatal parenchyma. These latent neural progenitor cells may be
activated by manipulating the signaling pathways that determine
their cell fate. Noggin, an antagonist for bone morphogenetic
protein, has been reported to promote neuronal differentiation
of stem cells (Lim et al., 2000). Moreover, forced expression of
Pax6 (paired box gene 6) (Heins et al.,, 2002) and a dominant-
negative Olig2 (oligodendrocyte lineage transcription factor 2)
mutant (Buffo et al., 2005) induce neurogenesis in the cortex.
These factors may be useful for activating the neurogenic poten-
tial of progenitor cells in the striatal parenchyma.

Neuroblasts emigrate from the SVZ into the injured region
The present results show that neuroblasts that migrate into the
ischemic striatum form elongated aggregates that are morpho-
logically similar to those in the SVZ, as reported previously in rats
(Zhang et al,, 2004). The chain-like structures were observed to
be in contact with thin processes of astrocytes in the striatum,
similar to those in the RMS (Lois et al., 1996) and SVZ (Doetsch
et al,, 1997). Astrocyte-derived migration-inducing activity has
been reported to stimulate chain migration by neuroblasts in
vitro (Mason et al., 2001) and may be involved in the lateral chain
migration in the ischemic striatum as well.

Our SVZ-specific labeling experiments using a Cre-loxP sys-
tem provided direct evidence that a subpopulation of SVZ neu-
roblasts, which migrate anteriorly in the normal brain, are later-
ally redirected to the injured striatum. There are two possible
mechanisms to explain the ischemia-induced change in the di-
rection of neuroblast migration. First, ischemia may disrupt
mechanisms that restrict neuroblasts within the SVZ. Second,
ischemia may promote lateral migration by neuroblasts through
altered expression of guidance molecules, such as Slit proteins,
which determine the direction of neuroblast migration in the
SVZ as repellents (Wu et al., 1999; Sawamoto et al., 2006). Che-
motactic cytokines, such as stromal cell-derived factor 1a, ex-
pressed in the injured striatum may also be involved in this pro-
cess (Robin et al.,, 2006; Thored et al,, 2006). Our results
demonstrate that SVZ-derived neuroblasts directionally migrate
in chain-like structures parallel to blood vessels toward the in-
farcted region. Blood vessels in the damaged striatum may play a
crucial role in the migration and/or survival of these neuroblasts,
perhaps by releasing diffusible factors, such as BDNF (Louissaint
etal., 2002).

SVZ cells generate mature neurons in the striatum

Previous reports have described BrdU-labeled newborn cells as
expressing markers for mature neurons within the damaged stri-
atum as early as 30 d after the induction of ischemia (Arvidsson et
al., 2002; Parent et al., 2002). In the present study, we examined
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the phenotype of SVZ-derived GFP-labeled cells by light and
electron microscopy after an extended survival period (90 d). The
labeled cells were found to possess long processes, express NeuN,
and form synaptic structures in the damaged striatum 90 d after
ischemia induction. These results strongly suggest SVZ cells to
have the ability to generate functional mature neurons that sur-
vive in the damaged striatum for considerable periods.

Based on all of the results of this study, we conclude that SVZ
is the main source of the neuroblasts that migrate toward the
brain region infarcted by cerebral ischemia, in which they differ-
entiate into mature neurons. Our findings indicate that, as an
important endogenous cell source, SVZ is a promising therapeu-
tic target for various neurological disorders. However, it remains
unclear what types of neurons are generated, although some of
the SVZ-derived neurons showed a dopaminergic phenotype
(our unpublished observation). In addition, the number of new-
born neurons is too small for recovery of neurological functions
(Arvidsson et al., 2002). Thus, it will be necessary to add appro-
priate interventions to enhance the proliferation, survival, and/or
neuronal maturation of SVZ cells and their progeny. The mech-
anisms of insult-induced neurogenesis described herein are an-
ticipated to be of fundamental importance to studying molecular
mechanisms that control SVZ cells and their progeny and for
developing novel neuronal self-repair strategies.
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Neurogenesis in the subgranular zone of the hippocampal dentate gyrus and olfactory bulbs
continues into adulthood and has been implicated in the cognitive function of the adult brain.
The basal forebrain cholinergic system has been suggested to play a role in regulating neurogenesis
as well as learning and memory in these regions. Herein, we report that highly polysialylated
neural cell adhesion molecule (PSA-NCAM)-positive immature cells as well as neuronal nuclei
(NeulN)-positive mature neurons in the dentate gyrus and olfactory bulb express multiple acetyl-
choline receptor subunits and make contact with cholinergic fibers. To examine the function
of acetylcholine in neurogenesis, we used donepezil (Aricept), a potent and selective acetyl-
cholinesterase inhibitor that improves cognitive impairment in Alzheimer’s disease. Intraperitoneal
administrations of donepezil significantly enhanced the survival of newborn neurons, but not
proliferation of neural progenitor cells in the subgranular zone or the subventricular zone of
normal mice. Moreover, donepezil treatment reversed the chronic stress-induced decrease in
neurogenesis. Taken together, these results suggest that activation of the cholinergic system promotes
survival of newborn neurons in the adult dentate gyrus and olfactory bulb under both normal

and stressed conditions.

Introduction

Neurogenesis, the production of neurons, continues in
two regions of the adult mammalian brain: the subgran-
ular zone (SGZ) of the hippocampal dentate gyrus (DG)
and the subventricular zone (SVZ) of the lateral ventricle
(Altman 1969; Kaplan & Hinds 1977; Cameron et al. 1993;
Doetsch & Alvarez-Buylla 1996; Eriksson ef al. 1998).
In the DG, newborn neurons are generated in the SGZ,
then migrate and differendate into mature neurons in the
granule cell layer (GCL), where they are functionally
integrated into the neural circuit in the DG (van Praag
et al. 2002). Neural stem cells in the SVZ generate
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neuroblasts, which migrate through the rostral migratory
stream (RMS) towards the olfactory bulb (OB), where
they differentiate into interneurons (Luskin 1993; Doetsch
& Alvarez-Buylla 1996). Learning enhances neurogenesis
(Gould er al. 1999; Rochefort er al. 2002). Conversely,
neurogenesis in the DG and OB is involved in memory
and learning tasks (Gheusi et al. 2000; Madsen ef . 2003).
Therefore, it is likely that neurogenesis and the function
of newborn neurons are regulated by common molecular
mechanisms.

Acetylcholine (ACh) is one of the most important
neurotransmitters in learning and memory (Zaborszky
et al. 1986; McGurk et al. 1991). The two neurogenic
regions, the DG and the OB, are extensively innervated
with basal forebrain cholinergic BFC) neurons (Wenk et al.
1977; Zaborszky er al. 1986; Fibiger 1991; Changeux ef al.
1998). Neurons in the DG and OB abundantly express
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nicotinic acetylcholine receptors (nRAChRs) (Wada er al.
1989; Le Jeune et al. 1995; Quik et al. 2000}, a family of
ligand gated ion channels composed of five polypeptides
{Changeux ¢t al. 1998), and metabotropic muscarinic
acetylcholine receptors (mAChRs) (Levey eof al. 1995;
Rouse ¢f al. 1999), a family of G-protein coupled recep-
tors classified into five subtypes (ml-m5) (Caulfield &
Birdsall 1998). Blocking cholinergic input significantly
impairs memory and learning tasks (McGurk et al. 1991;
Ravel et al. 1994; Leanza et al. 1995), indicating the
cholinergic system to play an important role in memory
and learning in neurogenic regions. Decreased cholinergic
system function also impairs neurogenesis (Cooper-Kuhn
et al. 2004; Harrist ef al. 2004). In vitro studies indicate
that cholinergic stimulation modifies the proliferation
and survival of neural precursor cells (Berger ef al. 1998;
Coronas et al. 2000; Ma et al. 2000). Thus, it is possible
that cholinergic input is involved in control of neuro-
genesis as well as the activity of neurons generated in the
OB and DG. However, direct connections of cholinergic
fibers to newborn neurons have not been demonstrated.

Herein, we report that cholinergic fibers innervate
both the OB and the DG, where neuronal progenitor
cells and immature neurons express various subtypes of
acetylcholine receptors (AChRs). The data suggest the
progenitors and immature neurons to be directly con-
trolled by cholinergic input.To study the effect of enhanced
cholinergic neurotransmission on neurogenesis, we used
donepezil, a potent acetylcholinesterase inhibitor (ChEI),
which is widely used for the treatment of Alzheimer’s
disease to ameliorate cognitive impairment and memory
disturbance. Based on the present results, we demonstrate
that cholinergic stimulation promotes survival of newborn
neurons in the adult DG and OB.

Results

New neurons express ACh receptors in the adult
mouse DG and OB

Previous studies have revealed that various types of
nicotinic and muscarinic AChRs are expressed on mature
granule cells in the DG and OB (Wada et al. 1989; Le
Jeune et al. 1995; Levey et al. 1995; Rouse et al. 1999;
Quik et al. 2000). However, little is known about their
expression on immature neurons.As a first step to under-
standing the role of the cholinergic system in adult
neurogenesis, we investigated the distribution of major
AChR; using antibodies specific for the B2 subunit of
nAChR and mwscarinic receptors (ml, m2 and m4),
and a rhodamine-conjugated ligand to a7nAChR
(o-bungarotoxin) in combination with antibodies against

Genes to Cells (2006) 11, 1145-1159

NeuN, a marker of mature granule cells, and polysia-
lylated neural cell adhesion molecule (PSA-INCAM), a
marker of newborn immature granule cells in the DG
and migrating neuroblasts in the SVZ, RMS and OB
(Bonfanti et al. 1992; Seki & Arai 1993, 1995). Localiza-
tion of each AChR on inumature and mature neurons
was analyzed by confocal laser microscopy. In accordance
with previous reports (Wada et al. 1989; Le Jeune ef al.
1995; Levey et al. 1995; Rouse ef al. 1999; Quik et al.
2000), 67 and P2 nicotinic AChRs and ml and m4
AChR s were detectable on most NeulN-positive mature
granule cells in the DG (Fig. 1F-I) and OB (Fig. 1P-S).
In contrast, m2-positive cells were sparse in the GCL in
the DG and OB, both of which were negative for NeuN
(Fig. 1J,T) and PSA-NCAM (Fig. 1E,O). PSA-NCAM-
positive immature neurons in the DG were colabeled
with o7 (Fig. 1A;72.5%, n = 138), B2 (Fig. 1B; 82.7%,
n=104), ml (Fig. 1C;57.9%, n = 133) and m4 (Fig. 1D;
35.0%, n = 103). Similarly, PSA-NCAM-positive cells
in the GCL of the OB were colabeled with B2 (Fig. 1L;
95.2%, n = 124), m1 (Fig. 1M; 45.8%, n = 107) and m4
(Fig. 1N; 62.0%, n = 158), but rarely with o7 (Fig. 1K;
19.6%, n = 270). Thus, immature neurons in the DG
and OB, as well as mature granule celk, expressed multiple
types of AChRs, suggesting that newborn neurons can
receive cholinergic stimulation directly.

Cholinergic fibers innervate adult neurogenic
regions

To study the distribution of cholinergic fibers in adule
neurogenic regions, mouse brain sections were stained
for ChAT, a marker of cholinergic neurons, and PSA-
NCAM. ChAT-positive cholinergic fibers were widely
observed throughout the DG (Fig. 2A), consistent with
previous reports (Frotscher & Leranth 1985, 1986). Not-
ably, relatively higher densities of the cholinergic fibers
were observed in the inner GCL and SGZ, the regions
in which immature cells localize (Fig. 2A,B,D), in additon
to the molecular layer. In the GCL, cholinergic fibers
were seen to be in contact with PSA-NCAM-positive
postmitotic neurons {Fig. 2D.E, arrows) as well as PSA-
NCAM-negative mature granule neurons. ChAT-positive
fibers were also recognized on PSA-NCAM-positive
cells in the SGZ (Fig.2B,C, arrows). Similatly, cholin-
ergic fibers were frequently observed to be in contact
with PSA-NCAM-positive neuroblast in the OB (Fig.
2F-H, arrows). Quantitative analysis revealed that about
80% (350 cells/436 cells) of PSA-NCAM-positive
neuroblasts in the DG and 40% (77 cells/181 cells) of
those in the OB had these contacts.We found no ChAT-
positive fibers in the SVZ (Fig. 2L]), although there

@ 2006 The Authors
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Figure 1 Lxpression of AChRs in the DG (A-]) and OB (K-T). Laser scanning confocal images of AChRs (red) labeled with
fluorescence-conjugated aBTX (2 ligand for a7nAChR) (A EK,P) or antibodics for B2nAChR. (B,G,L,Q), m1 (C,I1,M,R),md (DIN.S)
or m2 (],01), in combination with neuronal markers (PSA-NCAM for inunature neurons and NeuN for mature neurons) {green)
and nuclear staining (Floechst, blue). { ligher magnification views of the regions indicated by rectangles are shown to the right.
Co-localization of AChRs and neuronal markers (PSA-NCAM or NeuN) is indicated by arrows. Color sets of high magnification views
of nicotinic AChR ~positive cells are shown on the lower side (A,B,EG,K,L.P.Q). Scale bars = 20 pm.

were abundant ChAT-positive fibers in the striatum
adjacent to the SVZ. In the RMS, which contains
neuroblasts migrating from the SVZ towards the OB,
ChAT-positive fibers were rarely observed between the
cells (Fig. 2K,L). Thus, cholinergic fibers innervate and
contact immature neurons in the OB and DG.

ChElI-treatment promotes survival of newborn
neurons in the adult brain

To study the function of ACh in regulating adult neuro-
genesis, we examined the effects of long-term treatment

«© 2006 The Authors

with donepezil (Aricept), a selective, non-competitive
and long-lasting inhibitor of acetylcholinesterase, which
continuously increases extracellular ACh in the brain and
ameliorates cognitive impairments in Alzheimer’s disease
(Rogers & Friedhoff 1996; Rogers et al. 1998). To
investigate the effect of an increased ACh level on cell
proliferation, BrdU was administered at the completion
of ChEI-treatment, and numbers of BrdU-labeled cells
were then counted 24 h later (Fig. 3A). There was no sig-
nificant difference in the number of BrdU-positive cells
labeled 24 h before fixation in the DG, SVZ, RMS and
OB between the control and ChEI-injected groups
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Figure 2 Cholinergic innervation of neurogenic regions in the adult mouse brain. Double-immunofluorescence of ChAT (green),
a marker for cholinergic neurons, and PSA-NCAM (red), 2 marker for inumature neurons in the DG (A-E), OB (F~11), SVZ (1,]) and
RMS (I,1). All nuclei are labeled with Hoechst (blue). (A) ChAT=positive fibers are distributed throughout the DG including the GCL
and SGZ.. (B,D) High magnifications of the GCL and SGZ. in which immuature neurons reside. ChAT-positive fibers are dispersed adjacent
to or in contact with PSA-NCAM-positive immature neurons in the SGZ. (B, arrows) and reladvely mature PSA-NCAM-positive cells
in the GCI (D, arrow). (C,E) Higher magnifications of (B) and (). Contacts between ChAT-positive fibers and PSA-NCAM-positive
cells are indicated with arrows. (F) ChAT-positive fibers are widely distributed throughout the OB, especially prominently in the outer
GCL and mitral cell layer. {G) Higher magnification of the GCL. Numerous ChAT-positive fibers in contact with PSA-NCAM negative
and positive cells in the GCL can be seen. () A higher magnification of (G). Contacts between ChAT-positive fibers and PSA-NCAM-
positive cells are indicated with arrows. (1.J) ChAT-positive fibers are abundant in the striatum, but undetectable in the SVZ where
PSA-NCAM positive cells are present. (K,L) In the RMS, a few ChAT-positive fibers are observed but they are not in contact with
PSA-NCAM-positive neuroblasts. Scale bars = 100 um (A,1D); 50 um (G,1.K); 20 pum (B,E,FJ,L); 5 um (C,F). gel, granule cell layer;
sgz, subgranular zone; mi, molecular layer; mcl, mitral cell layer; rins, rostral migratory streamy; LV, lateral ventricle.

(P > 0.05) (Fig. 3B—G), indicating that ChEl-treatment  counted (Figs 4A and 5A). Numbers of BrdU-positive
does not affect cell proliferation. To investigate the effect  cells in the DG, labeled at the beginning of treatment,
of ChEI-treatment on the survival of newborn cells, were significantly increased after 1 week of treatment
BrdU was injected at the beginning of ChEI-treatment,  with 1.0 mg/weight (kg)/day of donepezil (P = 0.0232),
and numbers of remaining BrdU-labeled cells were then  and 4-week treatment at doses of 1.0 and 2.0 mg/weight

Genes to Cells (2006) 11, 1145-1159 € 2006 The Authors
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Figure 3 ChEI does not affect cell proli- (AY Brdl SVZ
feration. (A) Experimental procedure for ChEi ip. } £y, '
chronic Chll-treatmient. Mice were intra- e ewi
peritoneally administered either saline (Sal,
#=6), as a control, or ChEI {donepezil,
0.5, 1.0 or 2.0 mg/weight (kg)/day, n = 5)
once a day for 2 consecutive weeks, injected
with BrdU at the completion of the ChEI-
treatment, and then transcardially perfused
24 h later. (B,C.E,F) BrdU labeled cells in
the DG (B,C) and SVZ (E,F) of mice injected
with (B,E) saline or (C,F) ChEI (donepexil,
1.0 mg/weight (kg)/day). (ID,GG) There are
no significant differences in the number of
BrdU-positive proliferating cells in the DG
(D), SVZ (G, left), RMS (G, middle) or OB
(G, right) between the saline- and ChEL-
injected groups (P > 0.05, respectively).
LV, lateral ventricle. Scale bars = 100 pm.
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Figure 4 ChEl promotes cell survival in the DG. (A) Experimental procedure. The animals received BrdU injections at the beginning
of the procedure, followed by either 1 or 4 weeks of treaument (i.p) with saline (Sal, # = 5) or ChEl (donepezil, 0.5, 1.0 or 2.0 mg/weight
(kg)/day, n = 4 or {5) before perfusion. (B,C) Photographs of BrdU-libeled cells in the DG of mice injected with saline (B) or ChEI (C)
for 4 weeks. Scale bars = 100 pm. (D) Number of BrdU-labeled cells in the DG. In the DG, 1 week of treaument with 0.5 or 1.0 mg/
weight (kg)/day (left), and 4 weeks of treatment with 1.0 mg/weight (kg)/day of donepezil {right) significantly increased BrdU-labeled
cells (1 week; P = 0.0232, 4 weeks; P = 0.0420). (E) The density of pyknotic cells in the DG was significantly decreased in mice treated
with ChEl for four weeks (P = 0.0001). () The number of cells expressing Ki67, a marker of proliferating cells, in the DG of mice
injected with ChEI or saline for 4 weeks. There is no significant difference between the groups (P > 0.05).
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Figure 5 ChEI promotes cell survival in the RMS and OB. (A) Experimental procedure. The animals received BrdU injections at the
beginning of the procedure, followed by either 1- or 4-week weatment (1.p.) with saline (Sal, # = 5) or ChEl (donepezil, 0.5, 1.0 or
2.0 mg/weight (kg)/day,n = 4 or 5) before perfusion. (B,C) Photographs of BrdU-labeled cells in the OB of mice injected with (B) saline
or (C) ChEl for 4 wecks. Scale bars = 100 pm. (D) Numbers of BrdU-labeled cells in the SVZ-OB of mice treated for 1 week. There
were no significant differences between groups in any of the regions examined (P > 0.05). (£) Numbers of BrdU-labeled cells in the
SVZ-OB of mice treated with ChEI or saline for 4 weeks. The numbers of BrdU-labeled cells were significantly increased in the RMS
(middle, P = 0.0198) and OB (right, P < 0.0001) by 4 wecks of treatment with ChEL (F) 'T'he number of pyknotic cells in the OB was
significantly decreased in mice treated with ChEL for 4 weeks (P = 0.0006). (G) The number of cells expressing Ki67, a marker of
proliferating cells,in the SVZ, (left), RMS (middle) and OB (right) of inice injected with ChEI or saline for 4 weeks. There is no significant
difference between the groups (P> 0.03).

(kg)/day (P = 0.0420) (Fig. 4B-D).They were also increased
in the OB after 4 weeks (P < 0.0001) (Fig. 5B,C.E, right),
but not 1 week, of ChEI-treatment at all doses used
(P> 0.05) (Fig. 5D, right). The 4-week ChEI-treatment
also slightly increased the number of BrdU-positive cells
in the RMS (Fig. 5E, middle). However, no significant
difference was observed between these groups in the
SVZ (P> 0.05) (Fig. 5E, left). These data suggest that
ChEl-treatment promotes the survival of newborn

Genes to Cells (2006) 11, 1145-1159

cells in both the DG and the OB, and the finding that
1-week treatment increased the survival of newborn
cells in the DG implies that this treatment affects not
only mature but also immature cells. Nuclear staining
revealed that 4 weeks of ChEI-treatment decreased
the number of pyknotic cells in the DG (P = 0.0001)
(Fig. 4E) and OB (P = 0.0006) (Fig. 5SF). There were no
significant differences in the number of Ki67-positive
proliferating cells with 4 weeks treatment in any of the
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Figure 6 ChEl increases the number of newborn neurons in the DG and OB. (A,B,E,F) Double-immunofluorescence for BrdU (red)
and NeuN (green) in the DG (A,B) and OB (E,F) of mice injected with saline (Sal) or ChEI (donepezil, 1.0 my/weight (kg)/day) for
4 weeks {sce Figs 4A or 5A), and higher magnifications of double-labeled cells in (C) the DG and (G) the OB. Scale bars = 50 pum
(AB.E,F); 10 um (C); 5 wm {G). (D) In the DG, the number of newborn neurons labeled with BrdU and NeuN was significantly
increased in mice injected with ChEL (donepezil, 1.0 mg/weight (kg)/day) for 4 weeks (left, = 0.0392). There is no significant change
in the proportion of NeuN-positive neurons in the BrdU-labeled cell population (right, P> 0.05). () In the OB, the number of
newborn neurons labeled with BrdU and NeuN was significantly increased in mice injected with ChE! (left, P = 0.0059). There is no

sigmificant change in the proportion of NeuN-positive neurons in the BrdU-labeled cell population (right, P> 0.05).

regions examined (P > 0.03, respectively) (Figs 4F and 5G).
Thus, ChEI-treatment promotes the survival of new-
born cells without affecting the proliferative capacity.

To further investigate the impact of ChEI-treatment
on neurogenesis, we examined the effect of 4 weeks of
ChEl-treatment (Figs 4A and 5A) on the numbers of
NeuN-positive mature neurons labeled with BrdU (Fig. 6).
In both the DG and the OB, numbers of BrdU+NeulN+
neurons wete significantly increased by ChEI-treatment
(DG, Fig. 6A-D, left, P = 0.0392, OB, Fig. 6E-G,H, left,
P = 0.0059). There was no significant difference in the
percentage of NeulN+ cells in the BrdU+ cell population
between the control and ChEI-treated groups (DG,
Fig. 6D, right; OB, Fig. 6H, right; P> 0.05, respectively).
These results indicate that ChEI-treatment increases the
supply of new neurons in the DG and OB without affect-
ing NeuN expression in newborn cells. Taken together,
the ChEI-treatment increased neurogenesis by promoting
the survival of newborn cells.

ChEI-treatment reverses the stress-induced decrease
in adult neurogenesis

It has been reported that exposure to chronic stress
impairs hippocampal neurogenesis as well as hippocampus-
dependent memory and learning (Luine efal. 1994;

€ 2006 The Authors

Bodnoff et al. 1995; Nishimura et al. 1999; Czeh et al.
2002; Pham et al. 2003). Acute-stress-induced increases
in glucocorticoids, in which the BFC afferent to the hippo-
campus functions as an important negative-feedback
system (Sithichoke & Marotta 1978; Han et al. 2002;
Helm et al. 2002), are reportedly involved in the stress-
induced decrease in cell-proliferation (Cameron ef al.
1995; Gould ef al. 1997; Tanapat et al. 2001). However, the
mechanisms underlying the inhibition of neurogenesis
caused by chronic stress remain unknown. To investigate
the effects of cholinergic stimulation on the stress-induced
decrease in neurogenesis, mice were exposed to chronic
restraint while receiving ChEI-treatment. We chose 1.0 mg/
weight (kg)/day of donepezil, as this dose showed the
maximal promoting effect on the survival on newborn
cells in normal mice (Figs 4-6). Following 1 week of
treatment with saline (i.p., for mice in the control and
the restraint group) or ChEI (i.p., for mice in the ChEI-
treated group), BrdU was injected. Mice were then placed
in a close-fit restrainer for 6 h per day for 4 consecutive
weeks (Fig. 7A), and were treated immediately before
each restraint session with saline or ChEI Plasma corti-
costerone levels measured at the end of the experimental
period, before the last restraint session, did not differ
significantly between the groups (P > 0.05) (Fig. 7B).
Consistent with a previous study (Tanapat et al. 2001),
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